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The presence of tropical species has been reported in Atlaid-European waters with
increasing frequency in recent years. Unfortunately, theistory of their migrations is not
well understood. In this study, we examined the routes and miing of sh migrations
in several ecosystems of the East Atlantic Ocean, combiningeveral publicly available
and unpublicized datasets on species occurrences. The spees studied were those
noted as exotic or rare outside their previous known area of idtribution. We used sea
surface temperature (SST) data obtained from 30 years of sallite observation to de ne
three distinct time periods. Within these periods, temperare trends were studied in six
ecosystems: the North Sea, the Celtic Sea, the South Europea Atlantic Waters, the
Mediterranean Sea, the Canary Current, and the Guinea Cumé We also incorporated
bathymetry data to describe the distribution of species. Masurement across a relatively
large spatial extent was made possible by incorporating theapabilities of GIS. While SST
increased consistently over time in all of the ecosystems aderved, the change in number
of species differed among ecosystems. The number of speciein the middle regions,
such as the South European Atlantic Shelf and the Western Megkrranean Sea, tended
to increase over time. These regions received numbers of spées from the lower or the
upper latitudes according to season. Of all of the species okerved in the recent period,
seven species from the Canary Current tended to be found in tnWestern Mediterranean
Sea, and six species from these two regions extended their diributions to the South
European Atlantic Shelf. Twelve species from the Canary C@nt moved seasonally to
the Guinea Current. In the northern regions, 13 species mowkseasonally in the North
Sea and the Celtic Seas, and 12 of these species reached the Sgh European Atlantic
Shelf. This study presents a picture of routes and timing of gecies migration at the
biogeographical scale. It shows how species have shifted tir area of distribution (mostly
northward) along the Eastern Atlantic ecosystems or have aneased their depth ranges
probably to remain within their preferred temperature rangin response to long-term and
seasonal environmental changes.
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INTRODUCTION from tropical to temperate waters, and including transition
zones where many species have their northern or southern
The presence of tropical sh species has been reported igjstribution limits. In addition, this paper shows the shiff o
Atlantic-European waters since the 19603u¢ro et al., 1997  species distribution in time and space due to environmental
Although such incidences have become much more commoghange through observational data at biogeographic scales i
in recent years and have involved a large number of pelagigreas where the data are rarely publicly available (as in the
demersal, and deep-water shspeciBsiion, 200) the histories  Canary Current and the South European Atlantic Shelf). The
of their distributions are not well understoodsimmerson et al., acceleration of biodiversity changes makes the developwfent
2007. Moreover, the routes and timing of their migrations are techniques to assess and monitor species distribution amtirge
not well documentedJohnston and Purkis, 20).1 issue if large-scale ecological questions are to be address
Global change has facilitated the introduction of orgarssm (Chiarucci et al., 2091
to areas outside their natural range. Some of these organism |n this paper, we examine the pattern of species distribution
have been able to establish a viable populatiSacetariat of and numbers of species in several ecosystems in the Eastern
NOBANIS, 201}, e.g.,Seriola fasciataa species of Atlantic- Atlantic during the period 1983-2012. The species studied are
origin that is now established in the Mediterranean Seaifun  the sh species that have been observed outside their known
et al., 201). These new species as they may become invasiygtural distributions. We inspect the routes and timing o&th
threaten the native community. Invasive species are corsile migrations using an innovative, large dataset assembleah fr
the second cause of biodiversity loss after habitat desonic  various widely used sources and personal data. We use Sea
accelerating the decline of native communities alreadyeund Surface Temperature (SST) data obtained from 30 yearsitsatell
environmental stressS(reftaris and Zenetos, 200&s well as gbservation to de ne three distinct time periods studies and
changing local and/or regional species compositidiiflink and  trends in the study area. We also incorporated bathymetry data

Hofstede, 2008 from the General Bathymetric Chart of the Oceans (GEBCO) to
Growing awareness of the necessity to protect maringescribe the distribution of species.

environments and marine resources has highlighted the fieed
ecosystem baseline information for long-term monitoringda
for estimating the geographic extent of critical habitatsr{dblad MATERIALS AND METHODS
et al., 200§ Furthermore, the acceleration of biodiversity lossStudy Area
has spurred the development of techniques to assess and monitphe study area extends from the northern coast of the UK to
biodiversity toward addressing large-scale ecologicaktions the coast of the Republic of the Congo. It covers six marine
(Chiarucci et al., 2091 ecosystems: the North Sea, the Celtic Seas, the South Enropea
The impact of global change on a species' distribution di ersatlantic Shelf, the Western Mediterranean Sea, the Canary
geographically and seasonally depending on environment&@urrent, and the Guinea Currentr{gure 1A). Boundaries of
conditions as well as the biological characteristics and/othe northern ecosystems in European waters were de ned
sensitivity of the specieblargules and Pressey, 200Measuring by ICESInternational Council for the Exploration of the Sea
this impact to promote e ective conservation requires detile (Nathalie, 201% The recent modication of the northern
knowledge of species' spatial distributiongagchner et al., ecosystem boundaries by ICES in 2015 was not applied in this
2009. At large spatial scales, the measurement, and monitoringtudy. The boundaries of the southern ecosystems in the dxfric
techniques become challenginghiarucci et al., 20)1Aquatic  waters were based upon the LMBfge Marine Ecosystems
species are not as easily spotted and monitored as terrestri@herman and Hempel, 2009; O'Reilly, 213
species Johnston and Purkis, 20).1For marine species, The zoogeographic importance of these latitudinal areas,
measurement is costly, especially for highly mobile specids wiespecially the regions in the middle, has long been recodiae
large rangesT(ttensor et al., 2010 they represent the transition zone between the warm-temperat
Several studies of climate change eects on maringorth-eastern Atlantic and the cold-temperate regiof@o(nes,
biodiversity within specic regions have been performed2003. Many species have their southern or northern distribution
(Perry et al., 2005; Edwards et al., 2013; Auber et al.,)201fimits in the central region, which makes the zone an areaey
Many of those studies used a smaller-scale observation datensitivity for the detection of climate changée(xeira et al.,
Thus, their analyses dealt with limited taxa and focus omlyao  2014. This is one of the reasons this area was selected. Despite
regional scale in the temperate waters of North Atlantic veher the migration of several marine sh species into these regjon
most data are availablé/ipntero-Serra et al., 2015; Poloczanskastudies of species distribution in these areas are rare cardpar
etal., 201} Studies at the global scale have also been performed adjacent areas, such as the relatively closed water bathg of
(Sorte et al., 2010; Kaschner et al., 2011; Przeslawski20H2; Mediterranean Sea.
Powell and Xu, 200)5but many of those study are theoretical
or a prediction using a global model. Thus, the e ect of climatePeriod of Study
change on shifting species distribution among ecosystems #s preliminary study on the evolution of SST in the area of
still not clear due to a very low spatial resolution. In comstra interest showed a decadal trend of SST rise. Thus, numbers of
there have been few studies of linked regions that togethespecies were calculated over three decadal periods from ©982 t
encompass a wide latitudinal range of species distribution2012, based on the availability of SST data obtained froatlgat
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FIGURE 1 | (A) Ecosystems studied; and(B) distributions of species occurrence records in the area ohierest by their data sources.

observation: 1983-1992 (Period 1), 1993-2002 (Periodatj Overall, in the middle zone of the study area, 465 species

2003-2012 (Period IlI). were identi ed as rare outside their previous known area of
distribution from 1982 to 2012Quero et al., 1986, 1991, 1994,
Species Studied and Occurrence Records 1999, 2000, 2003, 2004, 2005, 2009; Peristeraki et al., 2006;

Bilecenoglu et al., 2009; Oral, 2010; Brito et al., R0These

are species of temperate or tropical origin. Eighty-nine specie
ere selected based on the availability of occurrence dscor
ﬁ1e threshold value was 80 occurrences). A checklist of the

selected species along with the information of a nity, nuntbe

of occurrences per ecosystem, and sources of articles used for

species identi cation are available in Supplementary Table 1.

al%ox-plots of the latitudinal distribution of the 89 speciesdiad

are presented ifrigure 2

Species Studied

This work focuses on studying sh species that have bee
observed outside their known natural range. These speci
were noted as exotic or rare outside their previous know
area of distribution by various sources. In the Mediterramea
for instance Acanthurus monrovigea species with tropical
origin, was noted as exotic in 2002 by tH&ESM (2002)
and this species is now well established in the Mediterrane
Sea Zenetos et al., 2005Another example isArius parkii,
consideredalien by CIESM (2002)in the Mediterranean Sea.
In the Atlantic-European waters, two species also of tropicalSpecies Occurrence

Atlantic origin, Anthias anthias,and Solea senegalensare The species occurrence records in this study were derivedynos
now observed with high biomass in the Galician waters (NWfrom OBISOcean biogeographic information systémtp://
Spain) of the South European Atlantic SheBaion et al., www.iobis.org) and GBIR3lobal biodiversity information facility
2010. (http://www.gbif.org). In these databases, the data denisity
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FIGURE 2 | Latitudinal distribution of the 89 species studie  d (ordered by median/stripe in box-plot). ~ Each box-plot represents one species. Labels on
abscissa: species' scienti c names abbreviated to eight chaacters (see Supplementary Table 1).

well- nanced or more economically developed countries.(i.e TABLE 1 | Number of occurrence records of the 89 species select  ed.
surveys conducted in European waters) was much higher than ] ] ] ]
for the developing countries. Hence, for the areas with lesdl® Da@vase  Period! Period |l -~ Period lll  All Periods
available occurrence records, such as the Canary Currehthan (1983-1902)  (1993-2002)  (2003-2012)  (1983-2012)
Guinea Current, we added data from three additional surveys OBIS 91.300 215110 266,461 572.871
the ISTAM Projectimprove smer_m ¢ and tec_hnlcal_ advices, GBIF 7507 10205 14,385 32,007
for sheries manage_mer(ht'.[p://hal|eut.roazhon.mra.frhstam)_, 3. ISTAM 10,702 5626 _ 16,328
the AMPHORE ProjecWlarine Protected Areas and sheries, .. o-c _ 57 205 550
management by optimization of Resources and Ecosystgnis Nansen 161 147 B 308
www.ird.fr), and the Nansen survegéetersdal et al., 199%ee
Figure 1B Thus, these incorporated data sources have mutually Total 109,670 231,345 281,141 622,156
complementary coverage.

Neither information on sampling techniques nor sampling ) ) )
e ort was uniform in these databases. Analyses on abundance From the various databases mentioned previously, we
and biomass therefore, could not be conducted. From theewari 9athered information on species name, location expressed in
of biodiversity indices available, only number of speciagatbe  latitude and longitude, and the date of observation (montiua
calculated. This study used presence/absence data witiga la Year): The data were combined into a single.csv le. The rows
areas, and analyses were conducted qualitatively. with latitudinal and longitudinal information were convesd

Heterogeneous data sources at this biogeographic extelf© point features of the common GIS formahape le(see
show varying degrees of condence. Hence, maintainingPWchartin Figure 3.

data quality required detailed investigation. SUSpiCiOUEI

occurrences with absent or false coordinate or that showe . . R
he number of species per ecosystem was obtained by joining

species misidenti cations were removed from the databas&]e points of occurrence with the ecosystem polygons based on

f)sbesees:tpi)g*evryeergtzgo I;Ifclllailet);‘ré)rrcliﬁ(rarzrr]]?;si?thom time Ospatial location. The tool used was tAecGISM Join-Datatool.

. ) : Joining data based on spatial location means that the infaionat
The spatial selection process of species occurrence was based - .

) o . or each ecosystem (the id/name of the ecosystem) is appended to
on the ecosystem polygons, with addition of inland water areas . :
. - . .~each point of occurrence based on the location of the occueen
in all study area to include occurrences observed in esteari

waters (Supplementary Figure 2). The inland water shape le‘ls'he number of species was then calculated based on the id/name

i obtaned 1om DIVAGIS program (i cha .o i T PACSge oo, 2031of e
org). Bu er zones of 10 km on the boundaries of the study are

were constructed to include points of occurrence in the \vitgin The three periods studied and for each ecosysteigufe 3.

anticipating the di erent scales of data sources. The ocawee The directions of species migration were symbolized using the
counts within these bu ered zones are giveriliable 1 following IDs:

umber of Species and ID of Species Migration
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Sources of Species’ Occumrence Records
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of R stat. software
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Species biogeographical shiﬂsJ

v

FIGURE 3 | Flowchart summarizing the procedure for occurrence ¢ ollection and calculation of the number of species.

CDG: ID for species found both in the Canary Current and  CDN: ID for species found in both the Celtic Seas and the
the Guinea Current. North Sea.

CDW: ID for species found both in the Canary Current and  ALL: ID for species found in all areas (temperate, subtropical
the Western Mediterranean Sea. These species are not amongand tropical waters).
the species noted as exotic in the Mediterranean S&agM, D (stands for doubtful): ID for species with low occurrences.
2003.

CW: ID for Atlantic-origin species (the Canary Current) Rarefaction and Jaccard Similarity
found in the Western Mediterranean Sea in recent yearsThe number of species could be strongly dependent on sampling
Most of the occurrences of these species were excluded in thigensity, both for sample size and individual density. For
study due to the strict selection criteria applied to occumen standardization, a rarefaction procedure was applied to aralyz
records. These species are noted alien in the Mediterraneaine number of species in each ecosystem and period. This
Sea byCIESM (2002) procedure consists in plotting randomized species number
CWS ID for species found in the Canary Current and the against the sampling intensity to estimate the number of sgecie
Western Mediterranean Sea, and recently found in the Soutim an ecosystem. Rarefaction curves report the averagesvafue

European Atlantic Shelf. randomized species number derived from re-sampling without
NCS ID for species found seasonally in the North Sea, theeplacementRossi, 201)1 These curves were used to determine
Celtic Seas and the South European Atlantic Shelf. possible ranges in species richness. When the rarefactior curv
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FIGURE 4 | Number of species (bars) and number of occurrences (d  otted lines) by period in each ecosystem. (A)  North Sea; (B) Celtic Sea;(C) South
European Atlantic Shelf{D) Western Mediterranean Sea(E) Canary Current;(F) Guinea Current. Transparent bars represent periods with suf cient data (details are
in Supplementary Table 2).

did not stabilize, the sampled occurrences were considerdzhthymetry are generally regarded the main drivers of species
not representative of true species richness and that curve wasstribution (Summerson et al., 2007; Zenetos et al., 2010
excluded from the analysis. THichpackage fronR was used and the data for these factors are available at the spatial and
to perform this analysis. Further details about the raraéact temporal scale of this study. Thus, in this study, we limited o
procedure can be found iRossi (2011) analyses to these two limiting factors. The e ects of the other
Some species were present in several ecosystems studeaironmental parameters will be addressed in the discossio
Jaccardsimilarity analysis was performed to obtain initial section.
information of the closeness of the ecosystelascardimilarity Comprehensive and consistent time series data are necessary
summarizes the number of species shared between ecosystdmslucidate the e ects of continuously changing environnagnt
divided by the total number of species found in the ecosystemsonditions on species distributions. The only sources oadait
The tool used wa¥egdisfunction from theVegarnpackage irR.  comprehensive are satellite sensors.

Environmental Data Sea Surface Temperature (SST)

Numerous environmental parameters inuence the rangeAmong many modern satellite sensors available today, only
of species distribution, such as temperature, bathymetrnAVHRR (the Advanced Very High Resolution Radiomgten-
salinity, substrate, coastline exposure, ocean circulatiotrient  board the NOAA polar-orbiting satellites, has produced a
availability, and disturbance by human activity. The immact successful long-term global SST dataset from the same dlass o
of these parameters dier in degree, from low to critical.instrument Casey et al., 20).0

Accounting for all of these parameters is beyond the scope We observed the changes of the SST in each ecosystem
of this study, and the data are not available at the scalesing the most recent version of th&VHRR SST dataset

of this study. Direct observation through eldwork is costly (Path nder version 5Rfrom the NOAA polar-orbiting satellite

and limited to relatively shallow waters. Temperature andavailable from 1982 to 2012). These data are accessible and
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FIGURE 5 | Occurrence distributions of (A)  S. senegalensis and (B) D. vulgaris . The colors of each point indicate the decadal period of obsesation.

downloadable through FTP access http://data.nodc.no&h.gocalculated and tested using the() function in R for using linear
path nder/Version5.2. regression. The owchart of the SST data processing is shown i
The AVHRR SST les were stored iNetCDF.Each le  Supplementary Figure 3.
contains one global daily image, from day 304 ( rst of Novearjb
1981 to day 365 of December 2012. These daily les were
combined into a mean monthly le. The format of the les was Bathymetry
converted into a common GIS format leGeoTIFEto facilitate ~ Water depth is a critical factor for species distribution, espéc
working with the GIS software. The SST unit in the originalon the continental shelf and coastal zones, although it is
dataset was converted from Kelvin into Celsius. The areds witnot as vital as water temperatur&dlil and Zenetos, 2002
no data attached, such as terrestrial values or areas cbbgre The bathymetry data we used came from tBRTM30_PLUS
clouds during acquisition were setMULLor 9999. V9.0 dataset aSRTMformatted le. The data were available
Mean monthly SST values were obtained for each ecosystemline at http://topex.ucsd.edu/WWW _html/srtm30_plus.html
using the Zonal statistics as tabi®ol in ArcGISM software. TheSRTM30_PLUB8ata consisted of (1) land and ice topography
The tool works by summarizing the raster statistics of a igive coming from theSRTM3andICESatiopography, and (2) ocean
zone in a shape le. Statistics, such as the mean value, mimimu bathymetry based on a new satellite-gravity model where the
maximum, standard deviation and number of pixels, weregravity-to-topography ratio was calibrated using 298 million
calculated for each ecosystem polygon. A script writteRython  edited soundingsgecker et al., 2009n the SRTM30_PLU8ata
was used to automate the process for all SST les. Fyion  structure, the area of interest lies on four tile€20s10x020n40
code listed all of the monthly SST rasters, took each raster f w020n90 and wO60n40(Supplementary Figure 4). These les
calculation, and put the result in a DBF-formatted le. This were merged (mosaicked) and then converte@toTi format
process was conducted for the rst raster of the rst monthto facilitate working with the GIS software. The land values
(January 1982) to the last raster of the last month (Decembencluded in the data were setto NULL 0r9999. The bathymetry
2012). The DBF les resulting from this process were thervalue was extracted at the location of each species' ocagren
opened inR for further analysis. The SST in each ecosystem wakhe owchart of the bathymetry extraction process is shown in
analyzed seasonally. The slopes of the seasonal SST trards Vi#ipplementary Figure 3.
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FIGURE 6 | Distribution of A. tobianus . The points are the species' occurrences with colors represeting season accordingly. Depth is indicated by degradatio of
blue color.

The use of a Geographic Information System (GIS) in thisnsu cient for rarefaction analysis (see rarefaction cessin
study allowed us to work with a large quantity of spatialSupplementary Table 3).
and temporal data, as well as both species occurrence recordsin the Canary Current, although the number of occurrences
and environmental data. This technique is especially useful decreased considerably over time, the number of species
mapping and studying species distribution patterns over timme, odecreased only slightlyF{gure 45. A similar pattern was
identifying the geographical areas occupied by potentialet@rg observed in the Guinea CurrenfFigure 4P. In the third period,

for conservation. the numbers of occurrences for both ecosystems were insaftcie
for rarefaction analysis (see rarefaction curves in Suppléangn
RESULTS Table 3).
) ) In the northernmost ecosystems (North Sea and Celtic Seas)
Number of Species by Period by species occurrences seem to increase over the time periods and
Ecosystem this is accompanied by stable or slightly decreasing numbers

Analyses of number of species over time in the study area a@f species. The central-most region (South European Atlantic
presented irFigure 4 (see Supplementary Table 2 for details).  Shelf and Western Mediterranean), on the other hand, appears

In the North Sea, the number of species increased slightlip be characterized by marked increases in both the number
from the rst period to the second period following an increaseof occurrences and the number of species over time. Finally,
of occurrence recordsF{gure 4A). In the recent period of the southernmost region (Guinea current and Canary curyent
2003-2012, number of species in this region decreasedlglightexhibits a decrease in both occurrences and the number of
following a slight decrease of occurrences. species. These results seem to point to an overall enhancement

In the Celtic Seas, the number of species decreased ovarthe biodiversity and biomass in the central region to the
time despite an increase in the number of occurrence recorddetriment of the southernmost region.
(Figure 4B). This implies there were more individuals of less The cases d8. senegalendBiplodus vulgarigndA. tobianus
species. are presented for further analysis on observational histiry

In the South European Atlantic Shelf, the number of speciespecies migrationS. senegalensiad D. vulgarisare presented
increased considerably over time following an increasimgber ~ as examples of species with a northward migration pattern,
of occurrence recordsF{gure 40). Similarly, in the Western Wwhilst A. tobianusis presented as an example of species with
Mediterranean Sea, the number of species increased over tiraedistribution pattern likely related to seasonal migratsoand
along with the increase of occurrencdSgure 4D). In the rst  possibly extending its depth range. In addition, these speeies h
period, the numbers of occurrences for both ecosystems weeehigh commercial value and are therefore, well studied.
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In spring, the temperature of the North Sea was close to that of
160 y . . i ‘ the Celtic Seas. The temperature in the South European Atlantic
Shelf reached the range of the winter temperature of the Weste
Mediterranean Sea. The mean SST of the Western Mediterranean
Sea during this season was close to that of the Canary Current.

In summer, the temperature increased in all ecosystems except
for the Guinea Current, which showed an opposite trend. The
mean SST in the South European Atlantic Shelf was in the range
of spring temperatures of the Canary Current and of the Western
Mediterranean Sea.

In autumn, the mean SST decreased slowly in almost all
ecosystems. The temperature in the South European Atlantic
Shelf during this season was in the range of summer tempegsatur
of the North Sea and of the Celtic Seas.

The analysis ofJaccardsimilarities between ecosystems
distinguished two general groups of ecosystems: one including
40} i the South European Atlantic Shelf, the North Sea and the €elti
i— Sea, the other including the Guinea Current, the Canary Enirr
and the Western Mediterranean Séagure 9).

T In the northern part of the study area, the North Sea

: : shares many species with the Celtic Sdaguie 9. Some of
—m J — ; —_ these species reach the South European Atlantic Shelf, such as
Winter Spring Summer Autumn All Salmo salaand A. tobianus In the southern part of the study
area, the Canary Current shares many species with the Western
FIGURE 7 | Distribution of depth of ~ A. tobianus by season. Mediterranean, such a€oris julis and Pomatomus saltatrix
The Canary Current also shared many species with the Guinea
Current, such ad\. parkiiand Caranx crysos

140}

120} +

80
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100} T
I
|
|
|
|
I
|
1

60

++
-----lm + o+ 4+ 4+

20+

In the rst and second period of study$. senegalenssd Migration Routes
D. vulganswe_re only observed in the Canary Curr(_ant and theOut of the 89 selected species, we found 13 species that edtende
Wegtern Mediterranean S ea (green and yellow pomFs ON MaRReir area of distribution northward. Among these species,
in Figure 5. These species were recently observed in the thir pproximately seven species that were initially found in the

period of _stu_dy in the South European Atlantic Shelf (red pOintSCanary Current were recently found with marked records ie th
on;\naps |C|;Ft|gurte i) tv found in the North S Western Mediterranean Sea (ID: CW FKigure 10A Table 3.
mmodytes toblanusvas mostly found in the Tor 2 six species that were initially in both the Canary Current and

during W'?r:.er (gregn pomtlz (k))n ;nap ('jﬁt;gltjt:e. 6),('h|n (s:pﬁpgsand rtI‘:IEte Western Mediterranean Sea were recently found in thetSout
summer, this species could be found both in the Celtic Seas a ropean Atlantic Shelf (ID: CWS).

Itht(?t l\(ljorth f?ﬁa.Bln a:éu_mn' '_t (t:rc:mg b(tah%bserved lztlth;;jcgver Thirty- ve species shared their area of distribution with the
atituces otthe bay ot Biscay In fhe south European Alia adjacent ecosystem or moved among ecosystems according to

(purple points on map irFigure 6). . season. Among these species, 10 species were always found in
. In the rst three seasonsh. tob|a_nuswas g_enerally found both the Canary Current and the Western Mediterranean Sea
In areas between 2 and 1OQ m deéjigire 7). Fifty percent of éID: CDW). Twelve species from the Canary Current had ranges
!ts occurrences were found in areas between 20 9nd 52.m de Rat included the Guinea Current (ID: @G). Thirteen species
g]d:ccatlrég Its preferretd iz%th rgnge. In autumn, this species ¢ were present in both the Celtic Seas and the North Sea (ID:
efoundinareas up to m deep. CDN), and among those 13 species, 12 also reached the South
. . European Atlantic Shelf (ID: NCSYéble 3.
Evolution of SST and Similarity of Regarding the last 41 species studied, it was unclear whether
Ecosystems they are moving or not. Among these species, 27 were always
Figure 8 presents the movement of mean seasonal SST in all pfesent in all ecosystems and at all periods of the study (I: AL
the studied ecosystems from 1982 to 2012. The monthly SSil Table 3, and 14 species were present with very low occurrence
values in each ecosystem are available in SupplementarysTabilecords (ID: D inTable 3.
4-6. The species of Atlantic-origin that have been observed in
In winter, large di erences of mean SST were observed amonlgediterranean waters in the last period are among the species
ecosystems, except between the South European Atlantic SHedfed as exotic for the Mediterranean Sea by @eSM (2002)
and the Western Mediterranean Sea. These two ecosystems b@ifh: CW in Table 3. Six species originated from the Canary
have mean SSTs that range from 12.9 to 1420{detail in  Current and the Mediterranean Sea have been recently found in
Table 2. the South European water€hlorophthalmus agassig@itharus
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FIGURE 8 | Mean seasonal SST in each ecosystem over time (color  ed lines). The slope andP-values are given inTable 2.

linguatula, Dactylopterus volitans, D. vulgaris, S. sdeegs, The increasing number of species in an ecosystem was
and Sphoeroides pachygast&@hese ndings highlighted the generally followed by the decreasing number of species in
importance of the South European Atlantic Shelf as a transitiothe adjacent region. For example, in the Celtic Seas, despite
zone and as a target zone for southern species when wat#e increase of occurrence records over time, the number of
temperature rises. species showed a decreasing treR¢re 4B); in contrast, the
All of the species studied were mostly found in the areanumber of species was increasing in the South European Atlanti
less than 200m deegrigures 10B 11). The values of depth Shelf, and stable in the North Sea even though the number
presented here are the depths of the area where the species waccurrences in the last period was decreasing. The studies
observed. A total of 1801 occurrences with unique depth wlueonducted byHiddink and Hofstede (2008in the latter region
were recorded. Ninety percent of these occurrences weredfouriound that the species richness in the northern part of the
in area less than 166 m deep. North Sea increased over time. This result was also con rmed b
Cheung et al. (2009)
Information is sometimes insu cient for political and/or
DISCUSSION nancial reasons in some areas, as is the case for Portugal
. and Moroccan waters in our study. In contrast, many observed
The results of our study present the e ect of climate chang@cc\rrences are available from well- nanced, data-sharing
on sh species distributions. It conrms and shows how .o hries, even if the real densities may be higher elsewhere
SPe‘?'eS_ responq to cllmate change by shifting their area ?Eeck et al., 2004 Our study covers a wide latitudinal area
distribution and increasing their depth range. Many souther qica| subtropical, and temperate waters) to obtain a catepl
species extended their area of dlst_rlbutlon into the m'ddlepicture of species distribution. Despite the high number of
region of the South European Atlantic Shelf and the Westerny .. rrences (above 100,000 records) coming from numerous
Mediterranean SeaF{gure 9), highlighting the importance of = gqjon c expeditions in the temperate regions (the North 8ad

these areas as a transition zones. Among the species statlied, o coltic Seas), species diversity is lower than that obsenve
least seven species from the Canary Current tended to be foung, tropical regions, where scienti ¢ observations are ranel

in the Western Mediterranean Sea, and six species from these e consequently have fewer than 7000 recorded occurresees:
regions extended their area of distribution to the Southdpean

. . againFigure 4.
Atlantic Shelf when the temperature become suitable. As for™ gj,qin species occurrences could lead to a distorted view of the

the northern species, the response to the environmental 8ngy, 5 ern of species distribution¥gng et al., 20)3Several factors
noticeable through the extension of their depth area range (s can cause such biases, such as spatial scale, survey lpcation

Figures § 7 for the case ofA. tobianug. Other species Move gympling techniques, misidenti cation, and species mobility

among ecosystems according to seasons. The quality issues of some data sources, such as their lack of

transparency, have been noted by many authors and publicly
Number of Species criticized Soberén et al., 2002; Graham et al., 2007; Yesson
The number of species varies and decreases with increasiag al., 200y, especially for records coming from the natural
latitude, the tropical area being often several times ricimer history museums that are rarely collected optimally. Nediviip
species than temperate onézston, 200)) and the causes being access to several biodiversity databases that are not yétlgub
still under debateClarke and Gaston, 206 available is a near-future task, as stresseddnson et al. (2007)
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FIGURE 9 | Ecosystems clustered by Jaccard similarity. Ecosystems with very similar species compositions are grqued together.

TABLE 2 | SST statistics by season in each ecosystem (1982-20 12). Value of alpha D 0.05.

No Seasons Stat. Ecosystems
North S. Celtic S. South Europ. Western Medit. Canary C. Guin  eaC.
1 Winter Mean 5.9 9.3 12.9 14.0 18.7 26.9
STD 0.76 0.4 0.39 0.3 0.7 0.4
Slope 0.038 0.037 0.013 0.014 0.037 0.027
P-value 0.009 2.70E-06 0.087 0.053 0.005 0.002
2 Spring Mean 9.0 10.7 14.8 17.6 19.6 26.9
STD 0.8 0.5 0.5 0.7 0.6 0.4
Slope 0.063 0.044 0.042 0.057 0.04 0.012
P-value 2.40E-05 2.40E-06 1.60E-05 8.20E-07 0.00014 0.125
3 Summer Mean 14.6 14.3 19.0 24.2 22.6 24.9
STD 0.9 0.6 0.6 0.6 0.5 0.5
Slope 0.055 0.031 0.028 0.037 0.039 0.025
P-value 0.001 0.008 0.009 0.001 9.70E-05 0.006
4 Autumn Mean 10.0 11.6 15.9 18.6 22.3 26.9
STD 0.6 0.6 0.6 0.5 0.7 0.5
Slope 0.035 0.037 0.027 0.02 0.042 0.035
P-value 0.001 0.00031 0.012 0.047 0.001 1.80E-05

North S, North Sea; Celtic S, the Celtic Sea; South Europ, the South Europeanh8lf; Western Medit, the Western Mediterranean Sea; Canary C, the CanaCurrent; Guinea C, the
Guinea Current.

Thus, data gaps in certain areas could be lled. NeverthelesaJthough the increasing numbers of species in the South
many improvements have been achieved and large amounts Biropean Atlantic Shelf and the Western Mediterranean Sea
good-quality data are already available, are increasirmgd and  was in uenced by the increasing number of occurrence resprd
encourage research in many applications. many studies con rm the increasing frequency and biomass
In the middle and southern ecosystems of the study areaf tropical species in these areas (iegidun et al., 2011
our data in the last period were insu cient for analysis of Bafion et al. (2010psuggested that the presence of tropical
species richnes§&igures 4E, . Nevertheless, the middle regions species of African origin in the central region of the studgar
of the study area (the South European Atlantic Shelf ande ects actual natural changes rather than increased sangpli
the Mediterranean Sea) received many tropical species fromort. The recent observations of tropical-Atlantic specissch
the lower latitudes that furthermore change the pattern ofas S. senegalenssd D. vulgaris,in the central study area
species distribution as well as species richness in this areturing autumn suggest that these species' ranges have expande
Zenetos et al. (2010%tated that the presence of tropical- northwards. Borges et al. (2004and Bafon et al. (2010)
Atlantic species in the central region con rms the phenomenonopined that these phenomena were probably linked to global
of “tropicalisation” of both pelagic and demersal specieswarming.
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FIGURE 10 | (A) Species movement ow in the study area. The arrows indicate th direction(s) of movement/migration. IDs and numbers in routed rectangles
indicate the number of moving/migrating species of that typesee Table 3 for details. (B) Depth distribution. Most of the species studied were foundn the area with
depth less than 200 m (see alsdFigure 11).

Evolution of Temperature and Similarity of seems to have altered the traditional species distributiotepas
Ecosystems in the area, and they have argued that this is probably linked t

Many studies have identied temperature as the dominantglobal warming. Although temperature is not the only paramete
environmental factor limiting species distributionSgntos, 2001; in uencing species distribution, the dierence of mean SST
Borges et al., 20):3The vast majority of sh species do not have between the middle and the southern ecosystems during summer
the capability to regulate body temperature, thus their apto ~ Was reduced (3.6 seeTable 9. This condition could allow the
avoid or select environmental temperature is one of thealti Southern tropical species to migrate to the central regiom¢ot
components of their behavioral repertoire. Temperature colstr  limiting factors not considered). However, the absenceuovey
reproduction, growth and the availability of foods(mmerson data or low records of species occurrences in the earlier grerio
et al., 200y, Although temperature is not the only forcing in this region limit our view and prevent us from de nitively
parameterCheung etal. (200%tated that the response of marine attributing this phenomenon to ocean warming. Nevertheless
species to environmental change, such as ocean warming, &Ny studies suggested that increasing temperatures were th
expressed by a shifting of their latitudinal or depth range andnajor cause of the presence of tropical species, as mentioned
changes in the pattern of species richness. previously. Moreover, the steady increase of SST observed in
In the southern part of the study area, newly recordeddll regions (Supplementary Figure 5) may promote species
tropical species in the South European Atlantic Shelf (ID Cw®migration, especially in the intermediate regions. Thingirt
in Figure 10 could conrm the e ect of climate change in distribution range is expectedly expanding, as stated also by
shifting species distributions. Six species originatingnfrthe  Kaschner et al. (2011)
Canary Current and the Western Mediterranean Sea extend thei In the northern part of the study area, the movements of
distributions to this areaKigures 8 10). Bafion et al. (2010) species distribution seem to be strongly correlated witlsseal
stated that the arrival of numerous tropical sh in this regio environmental changediddink and Hofstede (20083tated that
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FIGURE 11 | Distribution of depth area of all species studied in all seasons. 75% of the total 1801 unique depth occurrences were found in geas
less than 120 m.

biodiversity at high latitudes in the subtropical and temgera mentioned that the success of sh recruitment is strongly
waters seem to be highly sensitive to climate chaAg&bianus in uenced by three categories (known as the fundamentaldyi

is mostly found in the South European Atlantic Shelf duringof oceanographic processesirichment(such as upwelling and
autumn, while in spring and summer, it can be found both in theriver run-o ), concentration(occurs in areas such as fronts
North Sea and the Celtic Seas. The mean autumnal temperatuaad river plumes) andetention(such as fronts, currents, and
in the South European Atlantic Shelf was close to summetirculation patterns).

temperatures in the Celtic Seas and the North Seale 2. The Fronts are narrow boundary zones that separate water masses
mean SSTs during spring and summer of the North Sea and th@/lason et al., 2005 Fronts have stronger gradients of many
Celtic Seas are close to each other (seeFidgoe 8). water properties and are more productive, with increased
nutrient and plankton concentrations. These environmentsym
Migration Routes bene tadult sh as well as larvae and eggs. Fronts are ulogsi

Our study suggests a generally northward route of specidgatures in the South European Atlantic Shelf or in easteeaac
migration. We are somewhat con dent of the records of tropica boundaries that act as barriers and reduce the export of gestic
Atlantic species’ presence in the middle region of the stugypar from coastal waters to the continental shéfkun, 200% Thus,
In this study, seven species from the Canary Current weredounthey act also as potential barriers to planktonic dispersal and
in the Western Mediterranean Sezenetos et al. (201Gjoted ~ adult migration Figure 12): seeMason et al. (2005pr details.
the increasing number of alien sh species in this regionwit ~ Nutrient availability, salinity, dispersal rates, the semro
a parallel increase in the number of the Atlantic migrant sh Pro le, and oceanographic force can also in uence the patterns
speciesDeidun etal. (2011foted 33 exotic sh of Atlantic origin  Of species distribution and species composition. All of these
present in the Mediterranean Sea. Many of these species hat@mbined factors can lead to sh migrations, especially ohhjig
already become well established and expanded their disioibu  tolerant and naturally adaptable invasive speclesiqink and
into the entire basin, suggesting also an eastward movemehtofstede, 2008
(CIESM, 2009 The upwelling zones (o the Portuguese coast in the South
Our study showed also that species' preferential depth anguropean Shelf and o the Moroccan and Mauritanian coast in
seasonal variation are important factors on species movemerthe Canary Current) with nutrient-rich water increase prirga
Some species could be observed more in the North Sea pioduction and in turn food for higher trophic levels, hence
certain seasons, while in the other seasons; they would lse mgsupporting high sh production fggrey-Fynn, 2007 During
observed in the Celtic Seas or in the South European Atlantigummer, from June to OctobeBorges et al. (2004pentioned
Shelf Figure 6). The northernmost area of the North Sea hasthat the upwelling system of the Canary Current ecosystentreac
deeper waters than the southern area. As a consequence,sspeBiertugal waters and brings colder and nutrient-rich watess
with a preferential depth of 100-200 m, suchLapidorhombus the surface. This could be one of the reasons of the presence
whi agonis, are more comfortable in the northern part of the Of tropical Atlantic waters in the area. FurthermorBprges
region, while species with preferential depth less than 50ngt al. (2004)also mentioned that the presence of denser, more
such asA. tobianus are much more often present in the saline Mediterranean waters in this transitional zone briag
southern part of the region. Hence, if the winter or springnumber of Mediterranean species to the regidmfion et al.
temperature increasels, whi agonis would migrate northwards, (2010)explains that upwelling o Cape Finisterre from March
while A. tobianuscan migrate eastwards rather than northwardsto October Figure 12Q is probably the reason for the presence
considering its preferential depth rangeigure 6). Bakun (2006) of cool-water species in this area, while they are absent ecesca
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FIGURE 12 | Mean SST seasonal climatology of the study area, 19  82-2012. (A) Winter; (B) spring; (C) summer; (D) autumn; (E) main hydrological structures
(Koutsikopoulos and Le Cann, 1996; Peliz et al., 2002, 2005; Mson et al., 2005).

in the Bay of Biscay. The water in Cape Finisterre is notigeabHiddink and Hofstede, 2008 Disturbance from shing
colder than in the northern Galician coast and the Bay of 8jsc activities may in uence species distributions by reorgamigzi
In contrast, warm-water species are present in the Bay of Biscéhe sh assemblageSummerson et al., 20p7Garrison and
and absent or scarce o Cape Finisterre. Jason (2000%tated that the spatial di erences in exploitation
The sharp north-to-south temperature gradient in therates can modify the pattern of species distribution. Fishing
South European Atlantic Shelf, the bathymetry with a narrowactivities remove and reduce the regional abundance of poeda
continental shelf, and the condition oceanographic in thespecies, which cascades to lower trophic leviélsriins et al.,
area mentioned above could restrict the distribution of man 2019. If the abundance of the less exploited or less predated
species Borges et al., 2004; Bafnon et al., 20Eigure 12. species increases, expansion of their distribution as anentir
Other limiting factors such as over-exploitation and habita impact is then possibleMartins et al., 2012 An FAO statistics
loss are also important in uencing species diversity pattermmeport (FIGIS, 201p showed a diminishing trend of catches
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