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ABSTRACT: The Portuguese coast has overlapping distributions of species of both boreal and
Lusitanian origins; a large number of cold- and warm-water species have their southern or north-
ern distributional range edges here. A latitudinal gradient in ocean climate, particularly sea sur-
face temperature (SST) and primary production, has been described along this coast. Here, we
took advantage of this gradient in ocean climate to explore affinities in the biogenic landscape
structure of subtidal shallow reefs (the abundance of habitat patches), as well as in the assemblage
structure of macroalgae and associated fishes, between each of 3 regions: Viana do Castelo
(41.5°N), Peniche (39.2°N) and Sines (37.8°N). Five reefs were sampled to determine the abun-
dance of biogenic habitats and the assemblage structure of macroalgae and fishes in each region.
The structure of the landscape, and of macroalgal and fish assemblages, differed between Viana
do Castelo and Peniche and between Viana do Castelo and Sines, but not between Peniche and
Sines. Viana do Castelo was the only region with conspicuous kelp forests, while Peniche and
Sines were dominated by patches of foliose turf-forming and filamentous algae. Our study
revealed an abrupt macroecological change from northern Portugal to central and southern
Portugal, suggesting a possible biogeographical reconfiguration and recognition of a wider tran-
sitional area from the Atlantic into Mediterranean waters.
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INTRODUCTION

Most species vary in their ecology across latitude in
response to large-scale environmental variability
(Brown 1984); these responses include changes in
demography (Boyce 1978, Wernberg et al. 2010,
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2011a). Describing such large-scale patterns, and
elucidating the processes that create them, can make
an important contribution to ecology, evolutionary
biology, and conservation (Briggs 1974, Luning 1990,
Roy et al. 1998). For example, understanding how lat-
itudinal gradients in climatic variables influence the
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distribution, abundance and fitness of organisms
may be relevant for predicting the effects of climate
change, because shifts in distribution patterns along
these gradients are among the principal detectable
responses to climate change by both aquatic and
terrestrial organisms (Southward et al. 1995, Walther
et al. 2002, Parmesan & Yohe 2003, Poloczanska et
al. 2007, Hawkins et al. 2009, Wernberg et al. 2011Db,
2012).

In the marine realm, biogeographic classifications
are a crucial tool for reaching international agree-
ments in marine conservation. Biogeographic units
have been defined using sets of hierarchical criteria,
within which the biogeographic affinities of biologi-
cal entities and assemblages are a key component
(Ltning 1990, Spalding et al. 2007). Considerable
heterogeneity in the composition and abundance of
biological communities may exist within any particu-
lar biogeographic level, mainly within large spatial
units, and so a more detailed classification system is
recommended (Spalding et al. 2007, Waters et al.
2010). This is particularly pertinent as shifts in the
distributional ranges of several species are occurring
in most oceans of the globe as a result of global
change (e.g. Southward et al. 1995, Last et al. 2011,
Philippart et al. 2011, Wernberg et al. 2012). In this
context, it is crucial to test whether biogeographical
affinities at distinct levels of biological organization
are consistent within biogeographical units. At a
landscape level, there are several habitat types that
vary in composition, extent and patchiness at local to
biogeographical scales (Connell & Irving 2008,
Wernberg et al. 2011a), while individual species may
respond to compounded changes in environmental
conditions and/or habitat structure, causing changes
in the composition, diversity and abundance of
assemblages (Brown & Maurer 1989, Liining 1990,
Witman & Roy 2009).

Landscapes dominated by macroalgae are conspic-
uous elements of many temperate coasts (Luning
1990). These landscapes are often irregular mosaics
of distinct habitats, providing a complex set of inter-
spersed physical and biological environments that
affect the development and maintenance of the asso-
ciated fauna, including invertebrate (e.g. Dayton et
al. 1992, Tuya et al. 2008) and fish assemblages (e.qg.
Tuya et al. 2009, 2011).

The coast along continental Portugal has overlap-
ping distributions of species of both boreal and Lusi-
tanian origins (Southward et al. 1995, Lima et al.
2007) and is included within the South European
Atlantic Shelf ecoregion (Spalding et al. 2007). A
large number of cold- and warm-water species have

their southern or northern distributional range edges
along this stretch of coastline (Fischer-Piette &
Prenant 1957, Ardré 1971, Lima et al. 2007), while
other species show latitudinal clines in abundance
(Santos 2000, Boaventura et al. 2002, Lima et al.
2006, Pereira et al. 2006). Latitudinal gradients in
ocean climate, particularly year-round seawater tem-
perature and primary production (Peliz & Fiuza 1999,
Lemos & Pires 2004) have been highlighted as an
explanation for these macroecological patterns,
which are exacerbated by intense upwelling events
during the warm season (Lima et al. 2007). Relax-
ation of the upwelling has been shown to cause shifts
in species distributions (Lima et al. 2006). Here, we
took advantage of this gradient in ocean climate to
explore latitudinal affinities in the biogenic land-
scape structure of subtidal shallow reefs, defined as
the relative abundance of habitats (sensu Wernberg
etal. 2011a), as well as in the assemblage structure of
macroalgae and associated fishes. These results raise
questions about the adequacy of current biogeo-
graphical configurations for this region and an alter-
native model is suggested.

MATERIALS AND METHODS
Field sampling design

This study included 3 regions across continental
Portugal: Viana do Castelo (VIA), Peniche (PEN)
and Sines (SIN) (Fig. 1) across ~5° latitude. Each
region included a stretch of coast between 10 and
20 km long. This coastline is almost rectilinearly
oriented from north to south, maintaining a similar
overall exposure to dominant NW and W swells
among regions. The shore is characterized by
extensive sandy beaches interspersed with lime-
stone, sandstone, shale or granitic reefs in both the
intertidal and the shallow subtidal. Within each
region, 5 rocky (mostly granitic at VIA and PEN
and shale and sandstone at SIN) reefs, 1 to 5 km
apart, at 6 to 11 m depth, were selected randomly.
All reefs were outside no-take areas, and all sam-
pling was done during summer 2011 (VIA: 2 to 20
June; PEN: 14 to 17 June; SIN: 12 August and 2
September).

Oceanographic patterns

Sea surface temperature (SST) and chlorophyll a
(chl a) concentration data were acquired from
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Fig. 1. Bathymetric map of continental Portugal showing
location of the 3 study regions: Viana do Castelo (41.5°N),

Peniche (39.2°N) and Sines (37.8°N), and the 5 reefs (grey
dots in insets) sampled in each region

monthly Level-3 Standard Mapped Image files gen-
erated by the MODIS Aqua sensor, available on
NASA's Ocean Color Web (oceancolor.gsfc.nasa.
gov/). The SST4 product was selected for SST data,
which corresponds to SST derived from near infrared
bands detected by the MODIS sensor during night-
time. Data files in HDF format were extracted from
pixels that encompass all reefs within each study
region from monthly images produced from January
of 2003 to July 2011. During field work (see below),
water samples (n = 3) were collected on each reef,
approximately 1 m above the bottom and immedi-
ately filtered and stored on ice until return to land.
Samples were then frozen (-20°C) until chemical
analysis for nutrients (phosphates, nitrates and
ammonia) using a Skalar autoanalyzer.

Landscape structure and kelp densities

The overall biogenic landscape structure of each reef
was quantified by running six 25 x 2 m transects along
haphazard compass bearings and recording the dis-
tances (to nearest 10 cm) of habitat change. This tech-
nique has previously been successfully applied to de-
scribe habitat structure on rocky subtidal habitats
(Connell & Irving 2008, Wernberg et al. 2011a). We
distinguished between 3 major algal habitat types: (1)
kelp (forest) canopy (>90% constituted by either
Laminaria hyperborea, L. ochroleuca, Sacchoriza
polyschides or Phyllariopsis spp.); (2) foliose turf-
forming algae (including non-crustose calcareous
species, e.g. Asparagopsis armata, Dyctiota di-
chotoma, Plocamium cartilagineum, and calcareous
species, e.qg. Corallina officinalis), usually from 5 to
15 cm in height, which typically constitute multi-
species thin sheets or bush-like patches; and (3) fila-
mentous algae, usually <5 cm in height (e.g. Hetero-
siphonia plumosa, Pterosiphonia spp, Polysiphonia
denudata) (Tuya & Haroun 2006). In addition, 2 types
of habitats lacking erect algae were identified: (4)
barren areas, i.e. patches devoid of erect vegetation
as a result of intense grazing by sea urchins, particu-
larly Paracentrotus lividus, and covered by crustose
coralline algae; and (9) filter feeders patches, usually
dominated by actinians (e.g. Anemonia viridis) and
soft corals. The distinctions between these habitat
types were based on previous studies documenting
how they affect their immediate surroundings differ-
ently and support different associated phytal, sessile
and mobile assemblages (Wernberg et al. 2005, Irving
& Connell 2006, Tuya et al. 2008); the adopted classifi-
cation has been previously tested and implemented in
the study area (Tuya & Duarte 2012). The density of
kelp species was also counted at all reefs along each
transect, since kelps are key elements of shallow sub-
tidal temperate reefs determining overall community
structure (Schiel & Foster 1986, Graham 2004, Irving
& Connell 2006, Wernberg et al. 2011a). To take ac-
count of any concurrent changes in biogenic land-
scape structure of reefs with changes in reef bottom
topography, we also noted, along each transect, the
extent of each of 3 bottom (substratum) categories:
reef plateau, boulders and pebbles, as percentages
relative to the total 25 m length of the transect.

Algal assemblages

At each reef, we harvested all vegetation from 6 x
0.25 m? quadrats randomly deployed on horizontal
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reef surfaces; samples were then frozen until pro-
cessed in the lab. All algae within each sample were
identified to the lowest feasible taxonomic level,
mostly species, and weighed (wet weight after shak-
ing for excess water). Algal species were assigned to 2
bioclimatic groups: ‘cold-water’ Atlantic boreal spe-
cies and '‘'warm-water' Lusitanian species (Table S1in
the supplement at www.int-res.com/articles/suppl/
m466p009_supp.pdf), based on algal classifications
for the northern Atlantic (Alvarez et al. 1988, Liining
1990), as well as on the historical distribution of algae
along the coasts of Europe and North Africa and the
presence of southern or northern distribution limits on
the Portuguese or adjacent Spanish coasts (Ardré
1971, Barbara et al. 2005, Lima et al. 2007, Araudjo et
al. 2009). A third group, ‘widely distributed’ species,
included the considerable number of algae that have
broad distribution ranges across the Atlantic.

Fish assemblages

Fishes were surveyed at each reef through 5 ran-
domly oriented 25 x 4 m belt transects by SCUBA
divers, who identified, mostly to species level, and
counted all adult and sub-adult fishes during transect
tape deployment. When rolling up the transect,
divers counted the number of large (>1 m) and small
(<1 m) topographic elements of the rocky substrata
(i.e. cracks, crevices, caves, holes) (Tuya et al. 2008).
Fishes were classified in 2 bioclimatic groups: cold-
water boreal fishes and warm-water Lusitanian
fishes (Table S2 in the supplement), following previ-
ous categorizations for the eastern Atlantic (Wheeler
et al. 2004, ter Hofstede & Rijnsdorp 2011) and taking
into account their distributional ranges across the
eastern Atlantic (Froese & Pauly 2008). Boreal cold-
water fishes are absent, or present sporadically, in
the Mediterranean. Two species with broad, amphi-
Atlantic distributions were classified as widely dis-
tributed species.

Statistical analyses

Pearson product moment correlation (r) was used to
describe the relationship between the mean values of
oceanographic variables per region (SST, chl a and
nutrient concentrations) and latitude. Non-metric
multi-dimensional scaling (NMDS) was used to visu-
alize differences in landscape and algal and fish
assemblage structure among regions, while differ-
ences were tested by 2-way mixed PERMANOVA

(Anderson 2001), with Region as fixed factor and
Reef as a random factor nested within Region. The
calculated proportional measures of the extent of
each bottom category were included as covariates in
the permutational multivariate analysis of variance
(PERMANOVA) model testing for differences in
biogenic landscape structure, in order to remove
the potential effect of the local reef topography that
may confound biogeographic responses (i.e. differ-
ences among regions). Similarly, we included the
number of large and small topographic elements of
the rocky substrate as covariates for the PERM-
ANOVA testing for differences in reef fish assem-
blage structure, in order to remove the effect of local
influences (reef local ‘architecture’) that could poten-
tially mask fish biogeographic responses. Analyses
were based on Bray-Curtis dissimilarities from
square-root transformed abundance data. All multi-
variate procedures were carried out using the
PRIMER 6.0 & PERMANOVA package (Anderson et
al. 2008); for all analyses, p-values were calculated
using 4999 permutations. Finally, differences in the
density of kelp species (univariate responses) among
regions and reefs were tested by 2-way ANOVA,
applied to the same model outlined above. No trans-
formation rendered variances homogeneous
(Cochran's test, p < 0.05 for all types of transforma-
tion). The significance level in these tests was, how-
ever, set at 0.01 instead of 0.05 to compensate for the
increased probability of Type I error (Underwood
1997). Differences in the proportion between cold-
water and warm-water algal and fish species among
regions were tested by chi-square (y;?) tests.

RESULTS
Oceanographic patterns

The 3 regions span a year-round latitudinal gradi-
ent in SST of ~1 to 2°C (Fig. 2A, r=-0.99, n =3, p<
0.01). Latitudinal gradients also occurred in both
chl a (Fig. 2B, r = 0.98, p < 0.01), nutrient concentra-
tions of phosphates (r = 0.91, n = 3, p < 0.01) and
ammonia (r = 0.99, n = 3, p < 0.01); only nitrate con-
centration did not show a significant correlation with
latitude (r = 0.50, n = 3, p > 0.05) (Fig. 2C).

Landscape structure and kelp densities

The biogenic structure of subtidal reefs differed
between VIA and PEN, and between VIA and SIN
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Fig. 2. Oceanographic patterns at 3 study regions along a

latitudinal gradient in continental Portugal: (A) sea surface

temperature (SST, n = 103 monthly values); (B) surface chl a

concentration (n = 103 monthly values); (C) concentration of

nutrients immediately above the bottom (n = 15 samples per

region). Error bars are SD of means. Viana do C.: Viana do
Castelo

(Figs. 3A & 4A) (2-way PERMANOVA, Region,
F,71y=5.28, p = 0.0008, Table 1). However, the land-
scape structure did not differ between PEN and SIN
(Figs. 3A & 4A; pairwise comparison, p > 0.05). Reefs
at all regions were largely dominated by plateaus
(Fig. 3B). VIA was the only region with conspicuous
kelp forests (i.e. average coverage > 50 %, Fig. 3C),
though the density of kelps was significantly higher
at VIA relative to the other 2 regions only for Lami-
naria hyperborea (Fig. 3C) (2-way ANOVA, Region,
Fp,75 = 10.95, p = 0.0026, Table 1). Densities of the
kelps L. ochroleuca and Sacchoriza polyschides
greatly varied among reefs, particularly at VIA, and
this likely prevented detection of significant differ-
ences among regions (Fig. 3C) (2-way ANOVA,
Region, F; 75 = 1.47, F375 = 1.09, for L. ochroleuca
and S. polyschides respectively, p > 0.05 in both
cases, Table 1). Phyllariopsis spp. was exclusively
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Fig. 3. Differences in (A) biogenic landscape structure,

(B) bottom topography and (C) total kelp density between

3 study regions along a latitudinal gradient in continental

Portugal (n = 30 transects). Error bars are SD of means.
Viana do C.: Viana do Castelo
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Fig. 4. Two-dimensional non-metric multidimensional scal-
ing plot showing similarities between centroids of reefs
within 3 study regions along a latitudinal gradient in conti-
nental Portugal for (A) biogenic landscape structure, (B) the
structure of algal assemblages, and (C) the structure of fish
assemblages. Viana do C.: Viana do Castelo

observed at SIN, though at small densities that pre-
vented detection of significant differences at the
scale of regions (Fig. 3C) (2-way ANOVA, Region,
F,75=2.15, p > 0.05, Table 1). In contrast to VIA, the
landscapes at PEN and SIN were largely dominated
by patches of foliose turf-forming and filamentous
algae (Fig. 3A).

Algal assemblages

A total of 92 algal taxa were observed across conti-
nental Portugal in this study (Table S1 in the supple-
ment) including 20 taxa growing as epiphytes on
kelps. Significant differences in algal assemblage
structure were observed among regions (2-way
PERMANOVA, Region, Fj 75 = 8.54, p = 0.0002,
Table 1). The algal assemblage structure differed
between VIA and PEN and VIA and SIN (Fig. 4B;
pairwise comparisons, p < 0.01), but not between
PEN and SIN (Fig. 4B; pairwise comparison, p >
0.05). About 37% of the algal species observed at
VIA were cold-water Atlantic boreal species (Fig. 5A,
Table S1 in the supplement), whereas PEN and SIN
were largely dominated by warm-water Lusitanian
and widely distributed algal species (Fig. 5A,
Table S1). The proportion of cold- versus warm-
water species significantly differed between VIA and
PEN (% = 82.14) and VIA and SIN (x,? = 114.07; p <
0.00001 in both cases), but did not differ between
PEN and SIN (y;%= 1.71, p = 0.2287).

Fish assemblages

A total of 25 fish species were encountered
(Table S2 in the supplement). Significant differences
in reef fish assemblage structure among regions was
detected (2-way PERMANOVA, Region, F, 55 = 1.64,
p = 0.0002, Table 1). Pairwise comparisons indicated
that fish assemblages from VIA were different from
those observed at PEN and SIN (p < 0.01, Fig. 4B).
More than one-third of the fishes at VIA were cold-
water boreal species (Fig. 5B, Table S2), whereas
species at PEN and SIN were mostly warm-water
Lusitanian species (Fig. 5B, Table S2). The propor-
tion of cold- versus warm-water species significantly
differed between VIA and PEN (x> = 5.00, p =
0.0251) and between VIA and SIN (x;2 = 7.16, p =
0.0074) but did not differ between PEN and SIN
(x12=2.16, p = 0.1410).

DISCUSSION
Latitudinal patterns

Our results have demonstrated clear differences in
the organization of the biogenic landscape and in the
structure of 2 biological assemblages (algae and
fishes) inhabiting subtidal reefs between northern
Portugal (VIA) and central and southern Portugal
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Table 1. Results of multi- and univariate ANOVA testing the effects of Region
and Reef within Region on the structure of the landscape, the structure of
macroalgal and fish assemblages, and the density of 4 kelp species at 3 study
regions along a latitudinal gradient in continental Portugal: Viana do Castelo

(VIA), Peniche (PEN) and Sines (SIN)

under reduced nutrient availability
and high temperatures (Bartsch et al.
2008, Pereira et al. 2011), which could
then explain the absence of kelp beds
at PEN and SIN in the present study.

df MS F P Pairwise Importantly, however, our study re-
comparisons vealed an abrupt change in the struc-
ture of the landscape and algal and
Landscape structure ;
Covariate 4 30206  5.9848 0.0002 fish assemblages from VIA to PEN
Region 2 29110 52829 0.0008 VIA#PEN, SIN and SIN, while the latter 2 regions
Reef (Region) 12 6590.6 13.058  0.0002 were considerably similar from a
Residual 71 504.71 macroecological perspective. Abrupt
Algal assemblages changes in topography, climate and/
Region 2 58084 8.5429 0.0002 VIA # PEN, SIN or hydrography can explain sudden
Reet (Region) 12 67991 5.9805 0.0002 latitudinal changes in the composi-
Residual 75 1136.9 atitu g comp
. tion and abundance of marine biota,
Fish assemblages . . .
Covariate 2 4128.4 1.6411 0.04 e.g. fishes (O]eda et al. 2000, Tolim-
Region 2 25765 5.8237 0.0002 VIA #PEN, SIN ieri & Levin 2006). A cold-water
Reef (Region) 12 46324 1.8415 0.0002 ‘pocket’ encompassing northern Por-
Residual o8 2515.6 tugal (i.e. VIA) and south Galician
Laminaria hyperborea waters has long been recognized as
Region 2 92865 10.957 0.0026 VIA > PEN, SIN havi . tant infl
Reef (Region) 12 84752 14.667  0.0002 aving an important intiuence on
Residual 75 577.82 marine biota along this stretch of the
L. ochroleuca coast (Southward et al. 1995, Peliz &
Region 2 12146 1.4725 0.2672 - Fiuza 1999). Two previous studies
Reef (Region) 12 82483 46.882  0.0002 (Ardré 1971, Lima et al. 2007), more-
Residual 75 175.94 over, located a biogeographical dis-
Sacchoriza polyschides continuity in the composition of in-
Region 2 5953.6 1.0909 0.429 - tertidal al . tral Port 1
Reef (Region) 12 54577 15135  0.0002 ertidal algae 1n central Fortugal
Residual 75 360.6 particularly between Cabo Carvoeiro
Phyllariopsis spp. (39.2° N) (Ardré 1971) and the Nazaré
Region 2 15527  2.1542  0.0956 - Canyon (39.6° N) (Lima et al. 2007).
Reef (Region) 12 72.536 3.4667 0.0014 This discontinuity separates PEN and
Residual 75 20.923 SIN, to the south, from VIA to the

(PEN and SIN). Mean annual SST was negatively
correlated with latitude across continental Portugal,
as found by previous studies (Lemos & Pires 2004,
Lima et al. 2007), but this can only partially explain
the corresponding changes in the organization of
biological entities on reefs, as a number of other envi-
ronmental factors typically covary across latitudinal
gradients (Wernberg et al. 2011a). For example, our
results showed that the decrease in SST with increas-
ing latitude is accompanied by an increase in chl a
and nutrient concentrations (except nitrates) across
continental Portugal. This oceanographic gradient
with latitude may partially explain differences
among regions in the relative abundance of biogenic
habitats and the assemblage structures of macro-
algae and fishes. For example, the reproduction of
kelps within the Laminariales significantly decreases

north. The Nazaré Canyon crosses
the Portuguese continental margin
from the coast to abyssal depths down to 4500 m (Fig.
1), intercepting slope sediment transport (Slagstad &
Wassmann 2001) and, most likely, along-shore routes
of dispersion of marine organisms (King et al. 2008),
with possible important consequences for past and
current patterns of distribution of organisms across
continental Portugal.

During the Pleistocene glaciations, the Atlantic
Iberian coasts suffered a progressive cooling due to
an intense displacement of the polar front towards
lower latitudes (Crowley 1981). Many species cur-
rently living in the eastern Atlantic survived the
cold phases of the glaciations in the adjacent Medi-
terranean, along north-western subtropical African
coasts and Macaronesia, i.e. a southern refugia
(Briggs 1974, Domingues et al. 2007). A subsequent
replenishment of species from the south into north-
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Fig. 5. Total number of (A) algal (n = 30 quadrats) and (B)

fish species (n = 25 visual counts) at 3 study regions along a

latitudinal gradient in continental Portugal. Viana do C.:
Viana do Castelo

ern Atlantic waters occurred when temperature
conditions turned favourable, i.e. during interglacial
phases. However, the dispersal of species towards
the northern Atlantic might have been limited by
the Nazaré Canyon. This study confirmed previous
findings that numerous cold-water macroalgal spe-
cies are found north of this discontinuity, while spe-
cies to the south are commonly found in the Medi-
terranean and in African waters (Ardré 1971, Lima
et al. 2007; Table S1 in the supplement). Similarly,
our results indicated that more than one-third of
those fish species found to the north of this disconti-
nuity (i.e. at VIA) are cold-water boreal species,
while species found to the south (i.e. at PEN and
SIN) were mostly warm-water Lusitanian species,
widely found in the entire Mediterranean Sea and
adjacent Atlantic waters (Froese & Pauly 2008,
Table S2 in the supplement).

At a global scale, the main habitat on temperate
reefs is provided by laminarian (kelps) and fucalean

canopy-forming algae. Kelps are cool-water species
and relatively high temperatures have negative
effects on their growth, survival and overall fitness,
including reproduction and recruitment (Steneck et
al. 2002, Wernberg et al. 2010, 2012, Merzouk &
Johnson 2011)—as reported for Laminaria ochro-
leuca and Sacchoriza polyschides in the NE Atlantic
by Pereira et al. (2011). As a result, the abundance of
kelps is expected to decrease with increasing ocean
temperature. However, empirical evidence of the
decrease in kelp abundance across latitudinal gradi-
ents of temperate coasts is lacking worldwide (Mer-
zouk & Johnson 2011). Our study revealed the pres-
ence of kelp forests at VIA, but not at PEN and SIN.
Although the lack of previous quantitative subtidal
sampling in continental Portugal prevents an ade-
quate long-term comparison, there are local con-
cerns, mostly based on anecdotic and personal obser-
vations along the entire coast of continental Portugal,
that the abundance and distribution of kelps have
been reduced in the last decades (Assis et al. 2009).
For example, Laminaria hyperborea, a kelp with an
affinity for cooler water, had its southern distribution
limit at PEN in the 1970s (Ardré 1971) and 1980s
(Izquierdo et al. 1993), while our surveys and those
performed by Assis et al. (2009) observed this kelp
exclusively in the waters off northern Portugal. This
retreat in kelp presence matches a similar pattern
observed along the north Iberian Peninsula (Fernan-
dez 2011), providing further support to the notion of
a reduction of kelp forests along the Iberian Penin-
sula. In this context, there have been significant
changes in the distribution of intertidal algae in the
last decades across continental Portugal, with some
warm-water species colonizing new areas (Lima et
al. 2007). This pattern follows a global trend with
cold-water species retreating poleward and a simul-
taneous advance of warm-water species (Helmuth et
al. 2006), including seaweeds (Wernberg et al.
2011b). These distributional changes are correlated
with the increase in SST, which has shown a steady
year-round increase off continental Portugal from
1941 onwards, averaging >0.01°C yr! in coastal
waters (Lemos & Pires 2004, Lima et al. 2007). This
increase in temperature has been explained by a
decrease in the intensity of upwelling events from
1941 onwards, which has concurrently reduced the
input of nutrient-enriched waters into the coast
(Lemos & Pires 2004). The relaxation of the upwelling
has led to local advances northwards of some inter-
tidal invertebrates, e.g. the limpet Patella rustica
(Lima et al. 2006). This concomitant decrease in
nutrient concentrations might also have negatively
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affected the performance of kelps across continental
Portugal, since the reproduction of Laminariales is
significantly reduced under reduced nutrient avail-
ability (Bartsch et al. 2008).

Biogeographical implications:
a reconfiguration of ecoregions?

Ecoregions are areas with relative homogeneity in
terms of their ecological systems, organisms and
environment (Spalding et al. 2007). The Strait of
Gibraltar was generally considered to divide 2 mar-
ine biogeographical regions: the Mediterranean Sea
and the north-east Atlantic (Briggs 1974). Evidence
to support this division was provided by studies on
intraspecific genetic variation for a variety of organ-
isms, including barnacles (Pannacciulli et al. 1997),
fish (Naciri et al. 1999) and cephalopods (Pérez-
Losada et al. 1999). However, a clear phylogenetic
break has never been observed (Stamatis et al. 2004),
and a relevant number of species show no genetic
differentiation at all between Atlantic and Mediter-
ranean populations (e.g. Bargelloni et al. 2003,
Stamatis et al. 2004). More recently, the Strait of
Gibraltar has been considered as a geographical
pivotal point at the junction of 3 adjacent ecoregions
(Spalding et al. 2007) within the temperate northern
Atlantic realm: (1) the South European Atlantic Shelf,
embracing the Atlantic Iberian Peninsula, (2) the
Sahara upwelling off the west coast of Africa, both
within the Lusitanian province, and (3) the Alboran
Sea, within the Mediterranean province. The Albo-
ran Sea is a small transitional ecoregion encompass-
ing waters flowing from the Atlantic into the Western
Mediterranean. A large number of species, more-
over, have range edges in this ecoregion. This bio-
geographical configuration clearly recognizes At-
lantic influences over Mediterranean waters, but
neglects a reciprocal effect of Mediterranean waters
over the biota inhabiting the adjacent Atlantic, which
our results seem to suggest from a macroecological
perspective. This suggests a possible reconfiguration
of ecosystems that acknowledges the existence of a
wider transitional area from the Atlantic into Medi-
terranean waters, involving either a sub-division of
the South European Atlantic Shelf, or even a dis-
placement of the division between the South Euro-
pean Atlantic Shelf and the Alboran Sea towards
central Portugal, i.e. around the Nazaré Canyon.
However, further data from southern Portugal and
the north-west African coast would be required to
reinforce this view.
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