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Reconstructions suggest a massive decline of nearly 1400 ha of kelp forest in North Western Spain in
2007. In line with global rising temperatures, we hypothesized that Sea Surface Temperature (SST)
surpassed a lethal threshold for kelp. We examined whether changes in SST correlated to the proposed
decline in kelp forest. All investigated SST characteristics suggested to affect kelp abundance increased
significantly during the past thirty years, reaching extreme values during the last decade. In addition over
the past two decades, the landscape formerly dominated by both cold and warm temperate canopy
forming and understory species changed to one dominated by warm temperate understory species,
resulting in a loss of vertical community structure. Fisheries landing data of kelp associated species was
used to support the suggested change in kelp abundance. Subsequent recovery of the kelp appears to be
occurring in deeper waters.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Kelp often form dense beds on hard substrate in the shallow
subtidal and intertidal zones of temperate and polar waters. These
forests form the foundation for many ecological and physical pro-
cesses, providing numerous ecosystem services (Lünning, 1990;
Steneck et al., 2002). Kelp acts as both substratum for many
sessile animals and algae and as habitat for mobile organisms living
in and feeding directly on the kelp or their associated species
(Duggins, 1980; Christie et al., 2009). A decline in habitat-forming
subtidal kelp unsurprisingly results in major changes in near
shore community composition (Schiel et al., 2004; Wernberg et al.,
2012).

Elevated temperatures negatively affect survivorship, growth,
reproduction, recruitment and resilience to disturbances of kelps
from temperate coasts (Vandenhoek, 1982; Izquierdo et al., 2002;
and Climate Change Cluster,
Sydney, NSW 2007, Australia.
erman).

ll rights reserved.
Wernberg et al., 2010, 2011a,b). Thus temperature thresholds are
a major determinant of broad-scale kelp distribution, with their
tolerance to summer maxima being critical for controlling their
biogeographical boundaries (Breeman, 1988; Lünning, 1990; Schils
andWilson, 2006). Warming of the planet has accelerated in recent
years and is predicted to continue over the next century (IPCC,
2001; Burrows et al., 2011). Subtidal kelp may be especially
vulnerable to changes in sea surface temperature (SST) due to their
cold-water affinities (Lünning,1990). Therefore, changes in subtidal
algae distribution are expected with increased SST (Muller et al.,
2009).

The central coast of North West (NW) Spain straddles an
important geographic boundary between colder and warmer wa-
ters. In contrast to the often observed transitions in north-south
direction, a longitudinal thermal gradient exists along the coast of
Asturias in summer (Garcia et al., 2011). This makes Asturias a key
location for the study of kelp in relation to changing SST. Several
kelp species that dominate subtidal communities along the Atlantic
coast of Europe show a continuous distribution from the Arctic to
Brittany. Further south they are only present in areas of intense
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upwelling, where cool water is transported to the ocean surface.
This leads to a transition between cold and warm temperate floras
south along the coast of Portugal (Tuya et al., 2012) and north in
Asturias (Lünning, 1990; Gutiérrez morán, 1994). In Asturias, up-
welling events are frequent in summer driven by north-easterly
winds. The presence of Cape Penas (Fig. 1) strengthens wind-
driven upwelling to the west, further accentuating differences in
SST (Valencia et al., 2004). Consequently kelp species in Asturias
occur close to their upper temperature limit, restricted by warm
summer SST to the east. In 2007 anecdotal evidence indicated a
massive decline of the main kelp species Laminaria ochroleuca
Bachelot de la Pylaie. This was supported by qualitative assessment
of the region by independent professional divers with an extensive
knowledge of the study area.

Often no prior information on species distribution or abundance
is available when unexpected ecological changes occur. In these
circumstances employing fisheries as natural experiments offers a
tremendous opportunity for testing the effects of perturbations in
natural systems (Jensen et al., 2012). The use of commercial fish-
eries has been widely employed as an indicator for ecosystem
change (e.g. habitat modification and changes in primary produc-
tivity) (Libralato et al., 2004; Okada et al., 2005), and climate
change (Qui et al., 2010). In particular, studies demonstrate a pos-
itive relationship between kelp and decapod abundances (Johns
and Mann, 1987; Daly and Konar, 2010; Irigoyen et al., 2011). In
this study we make use of this relationship by employing decapod
landing data as an indication of changes in kelp abundance, as no
quantitative data on kelp abundance was present directly prior to
the decline.

The aim of this study was to evaluate whether changes in SST
characteristics were responsible for the proposed decline of the
main kelp species L. ochroleuca. In line with global rising temper-
atures, we hypothesized that summer SST reached a lethal
threshold causing changes in the kelp forest community.

Firstly, starting from the 1980s, we analyzed the trends in SST
characteristics suggested to affect kelp abundance using satellite
data. Additionally we evaluated changes in kelp forest community
over the past 20 years in NW Spain. We estimated area loss of kelp
forest by the indicated former distribution of kelp by the inde-
pendent divers. Thereby we compared semi-quantitative abun-
dance data of kelp communities after the decline, with a semi-
quantitative reference study from the early 1990s. Changes in
kelp associated decapods landing were analyzed to support the
suggested kelp decline. Finally we provide an assessment of the
potential recovery of lost kelp forest, important for considering
long term effects of climatic perturbations of marine ecosystems.
This study provides an assessment of potential mechanisms behind
kelp loss, a worldwide phenomenon of great concern, and the use
of fisheries as a valuable tool for indicating changes in habitat
availability when no other data is available at the necessary spatial
or temporal scale.
Fig. 1. Map of study area with
2. Materials and methods

2.1. Study area

This study was conducted in Asturias, along the mid northern
coast of Spain at the southern end of the Bay of Biscay (North-
eastern Atlantic), where a transition in summer SST and between
cold and warm temperate floras can be found around Cape Penas
(Anadon and Niell, 1980; Lünning, 1990) (Fig. 1).
2.2. SST variables

SST data was obtained from Advanced Very High Resolution
Radiometer sensors from the NOAA-12 to NOAA-18 satellites. SST
time series from the NOAA Optimum interpolation 0.25� daily sea-
surface temperature analysis (OISST version 2) were used. The se-
ries is based on the methods described in Reynolds et al. (2007),
and it is produced and maintained by C. Liu and R.W. Reynolds at
NCDC (www.ncdc.noaa.gov/oa/climate/research/sst/oi-daily.php).
Individual daily time series at 29 pixel locations between January
1982 and December 2011 between 43.4� and 44.0� N and �8.0
and �4.0� W were used to describe patterns in the coastal area of
Asturias, and were analyzed as described below.

Mean summer and winter SST of the period 1982e1992 were
calculated. Summer was defined as the threewarmest (July, August,
September) and winter as the three coldest months (January,
February, March). The period of 1982e1992 was suitable as the
reference period as it represents the thermal habitat of the historic
vegetation of the 1990s referred to in this study. Differences be-
tween mean SST of winter and summer months over the period
2000e2012 in relation to the reference period are calculated for all
satellite data points (N ¼ 29) and visualized by interpolation by a
thin-plate smoothing spline procedure with SAGA GIS (version
2.0.8, 2011) (Boehner and Antonic, 2009).

Data from one satellite data point, situated in the middle of the
study area (43,625�N, 6625�W), was used to calculate the yearly
number of days of (i) SST>20 �C, (ii) maximum consecutive days of
SST >20 �C, (iii) mean summer and (iv) yearly maximum SST.
Trends were analyzed using linear regression analyses.
2.3. Macroalgae data

Since no data on the distribution of kelpwas available prior to its
decline in 2007, an estimate was made by soliciting the experience
of 3 independent professional divers with experience in the
collection of algae and with extensive knowledge of the study area.
Each of the divers highlighted the former distribution of
L. ochroleuca on maps of the study area in detail. Their indications
overlapped extremely well. The indicated distributions were then
combined to form one, schematic estimation (by Alvarez Raboso,
location of sampling sites.

http://www.ncdc.noaa.gov/oa/climate/research/sst/oi-daily.php
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2009). This was mapped in Quantum GIS (version 1.7.4) and
analyzed for area cover.

In order to follow changes to the kelp forest community from
2009, twelve transects west of Cape Penas were positioned along
150 km of coastline (Fig. 1). The transects were surveyed annually
(2009e2011) during the months of MayeAugust to detect the
abundance of macroalgal taxa in the subtidal at 0e25 m depth
below Lower Low Water level (LLW). Transects were distributed
along the coast at places which, according to the just described
methods, would have been formerly covered with L. ochroleuca
forest in order to investigate any potential recovery.

At each station algal abundance, depth and distance from the
starting point were measured and the algae abundance in the form
of percentage surface cover was estimated visually (in situ) in plots
of 2� 2m2. Photos were taken of each plot, and checked for surface
cover estimates. Algae were identified to species level, or assigned
to higher taxonomic categories where species identification was
not possible.

For the investigation of changes in kelp forest communities over
past decades, the survey of 2009 was compared with three 100 m
transects surveyed perpendicular to the coast by McNeill in 1992
(McNeill, unpubl. report). In the study by McNeill all macroalgae
were identified, and abundances were recorded using a 2 � 2 m2

quadrat at 2 m intervals. McNeills transects were less than 1 km
from transects t4, t8 and t9 (Fig. 1).

McNeills main conclusions were that kelp forests (Saccorhiza
polyschides and L. ochroleuca) were [translated quote] “dominant as
canopy species at 0e2 m depth, while understory species were also
very similar in the three transects. Between 2 and 6 m depth up to
30 individuals of S. polyschides per m2 and a mixed assemblage of
L. ochroleuca and Laminaria hyperboreawere found. Between 6 and
10m depth S. polyschides density dropped to 6 plants per m2 and an
increase in L. ochroleuca and Cystoseira bacatta was observed”.
Overall, kelp species were the dominant feature in the three tran-
sects. The semi-quantitative surveys of 1992 and 2009 were
compared for the 0e10 m depth interval, as in 1992 only the
shallow subtidal was sampled.

To visualize changes in kelp forest community composition,
characteristic algae of depth zones 0e2, 2e6 and 6e10 m depth
were described according to the methods of McNeill (1992, unpubl.
report), for comparison. The algae of 1992 were identified as
dominant when present in at least 20% of the descriptions (three
descriptions per transect). As McNeill (1992, unpubl. report) did not
describe a threshold in abundance for dominant or non-dominant
species, the algae of the survey in 2009 were indicated dominant
when present with a minimal surface cover of 20% in at least 20% of
the stations. In total 63 stations divided over 12 transects were
sampled in the 0e10 m depth interval in 2009 (Fig. 1).

The categorization in vertical zonation (canopy forming or un-
derstory algae) was adopted fromMcNeill (1992, unpubl. report). To
determine changes in community composition in terms of species
thermal affinities, the geographic distribution of each taxon,
assumed to reflect their thermal affinities, was explored. Thermal
affinities of the key species were adjusted from their known distri-
bution in Lünning (1990), and indicated as either northern, cold
temperate, or southern, warm temperate species. Taxa that were
identified as northern, cold temperate, typically had a distribution
from the coast of Norway southwards and with a most southern
distribution north or in central Portugal. Species with a southern,
warmtemperate, distributionwerepresent further south, sometimes
until Cape Verde (West Africa). Where no information was given in
Lünning (1990), the distribution as determined by Gorostiaga et al.
(2004), Barbara et al. (2005) and Araujo et al. (2009) was adopted.
Taxawere indicated as cosmopolitanwheneverno clear restriction in
distribution was found. L. ochroleuca is a Lusitanian species, with a
distribution from Morocco up to the northern Hebrides (United
Kingdom), and its distribution in the NW Iberian peninsula is prob-
ably associated with the Galician upwelling system.

Potential recovery of L. ochroleuca was further examined by
investigating changes in abundance measured as absolute fre-
quency, i.e. the number of stations inwhich L. ochroleuca is present.
A separationwas suggested by Gutiérrezmorán (1994) between the
shallow subtidal (0e10 m) and the deeper subtidal (12þ m), as
changes occur in species composition around this depth in Asturias.

In order to obtain a balanced design 2 plots per depth level per
transect were selected at random. This excluded the use of transect
#1 and transect #2. Separate analyses were carried out for the
different life stages (juvenile and adult). Changes in abundance of
life stages (as absolute frequency) between the years 2009e2011
were investigated for each depth level separately with a Pearson’s
Chi square test. This analysis was also used to compare the differ-
ence in abundance (as absolute frequency) of each life stage be-
tween depth levels in each year (2009e2011). Chi square tests were
conducted in Past, version 2.15 (Hammer and Harper, 2001).

2.4. Decapod landing

All target species were caught with traps, placed just under LLW.
Five fishing vessels were selected based on whether they had been
fishing for the selected associated species. Target species were crab
species Necora puber Lineus and Maja squinado Herbst and slipper
lobster Scyllarus arctus Lineus, selected based on their close associ-
ationwithkelp as their food resource orhabitat (Freire andGonzález-
Gurriarán, 1998; Norman and Jones, 1992; Bernárdez et al., 2000).
Fluctuations in abundance of the selected kelp-associated species
should be interpreted with care as a direct connection between the
selected species and kelp forest abundance has not yet been inves-
tigated for communities as present in NW Spain. A direct link be-
tween the investigated species and increased SST was not expected,
as the natural range of these species extends to the warm Mediter-
ranean Sea (Ingle, 1980; Flores and Paula, 2001; Sekiguchi et al.,
2007). Landing data was supplied by the Fisheries Institute of Astu-
rias (DirecciónGeneral de Pesca, Asturias). No data is available on the
exactfishing effort. However by the continuity of the vessel size, gear
used, number of fishermen, expertise of the fishermen and area
fished in,we assumed that effortwas constant through the years, and
landing depended on the availability of the target species.

3. Results

3.1. SST trends

Mean (and standard deviation; SD) winter and summer SST
were 12.7 �C (SD ¼ 0.089, N ¼ 29) and 19.4 �C (SD ¼ 0.575, N ¼ 29)
respectively for the period 1982e1992. In summer SST was highest
east of Cape Penas, with a thermal divergence of nearly 2 �C be-
tween the eastern and western part of Asturias.

We observed an increase in mean SST in both summer and
winter between 1982e1992 and 2002e2012, over the full extent of
the coastal zone of Asturias. This increase was nearly four-times
stronger in summer than in winter, with a mean increase of
0.52 �C (SD 0.039, N ¼ 29) and 0.14 �C (SD 0.028, N ¼ 29) respec-
tively (Fig. 2). Mean summer SSTs west of Cape Penas of the past
decade are now comparable with temperatures that were once
common only east of the Cape in the 1990s.

The yearly number of days of (i) SST >20 �C, (ii) maximum
consecutive days of SST >20 �C, (iii) mean summer and (iv) yearly
maximum SST increased significantly from 1982 to 2012 (Fig. 3;
Table 1). The yearly number of days of SST>20 �C was highest in
2006 (Fig. 3a). The number of consecutive days of SST>20 �C



Fig. 3. Temporal SST trends: (a) yearly number of days of SST >20 �C, (b) yearly
maximum number of consecutive days of SST >20 �C, (c) yearly mean summer SST and
(d) yearly maximum SST from satellite data (43,625�N, 6625�W) over the period
1982e2012. Solid black line: model; dotted gray lines: confidence interval (Mean 95%);
solid gray lines: confidence interval (Observations 95%). Notice the different scales.

Table 1
Linear regression analyses representing the relationships between time and the
number of days with SST >20 �C, mean summer SST, maximum consecutive days of
SST >20 �C and maximum SST over the period 1982e2012.

Variable N Slope (*year) R2 F p

Days>20 �C 30 0.950 0.333 14.002 0.001
Consecutive days>20 �C 30 0.408 0.152 5021 0.033
Summer mean SST 30 0.030 0.239 8.771 0.006
Maximum SST 30 0.027 0.147 4.833 0.036

Bold numbers indicate significant values (p < 0.05).

Fig. 2. SST change (�C) between mean winter (a) or summer (b) SST of the periods
1982e1992 and 2002e2012.
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showed peaks in 1999, 2003 and 2006 (Fig. 3b). The highest sum-
mer mean SST was found in 2006 with 20.9 �C (Fig. 3c) and
maximum SST measured peaked in 2003 and 2006 with SSTs of
23.0� and 22.8 �C respectively (Fig. 3d).

3.2. Changes in kelp forest community

West of Cape Penas, 71 patches of Laminaria forests were
described before 2007, forming dense stands of around 60 plants
perm2 in the low intertidal or the shallow subtidal (Alvarez Raboso,
2009). The patches had a mean surface area of more than 19ha and
in total they covered more than 1400 ha. Disappearance occurred
all along the Asturian coastline, over a stretch of more than 150 km.

We identified a reduction in number of canopy forming species,
with 7 canopy forming algae present in the 1990s described by
McNeill (1992, unpubl. report) and only 4 canopy forming algae in
the past decade (2007e2010) (Table 2). Moreover, only juveniles of
L. ochroleuca were present, and hence did not contribute to the
canopy.

In addition we indicated an increase in abundance of several
understory species, all with warm water affinities, of which Cla-
dophora spp. can be classified as opportunistic (Juanes et al., 2008).
An increase in abundance of the alien species Asparagopsis armata
was also noted in the investigated area (DAISIE, 2008).

3.3. Changes in decapod abundance

All three species showed similar patterns in landings. Landing
increased from the year 2002e2003 or 2004 for all vessels and
species (Fig. 4). A decrease in landing is observed from 2005 on-
wards for all species and most vessels, to levels less than 20% of the
landings observed in 2003 and 2004. M. squinado and S. arctus
(Fig. 4b, c) landings decreased moderately or fluctuated initially,
following a steep decrease in 2007, 2008. During the years 2010 and
2011 we observed an increase in yearly landing of all decapod
species.



Table 2
Mainmacroalgal taxawest of Cape Penas in the late early 1990s century and the past
decade in the shallow subtidal, classified by vertical zonation. Biogeographic dis-
tribution is indicated as northern, cold temperate (no); southern, warm temperate
(so); cosmopolitan (co) or alien (al). Information on pigment content is indicated as
ochrophyta (ochr); chloryphyta (chl); rhodoficea (rhodo). Species indicated in bold
where identified as dominant. (þ) Indicates an increase of the taxa abundance, (�)
indicates a decrease of the taxa abundance.

1992 2009

Canopy
Cystoseira baccata (so) (ochr)
(�) Desmarestia ligulata (so) (ochr)
(�) Desmarestia aculeata (no) (ochr)
(�) Halidrys siliquosa (no) (ochr)
(�) Laminaria ochroleuca (so) (ochr)
(�) Laminaria hyperborea (no) (ochr)
Saccorhiza poyschides (so) (ochr)

Cystoseira baccata (so) (ochr)
Desmarestia ligulata (so) (ochr)
Saccorhiza polyschides (so) (ochr)
*Laminaria ochroleuca is present,
but only in juvenile form, not
forming canopy

Understory
(�) Calliblepharis ciliata (so) (rhodo)
(�) Corallina spp. (so) (rhodo)
(�) Chondrus crispus (no) (rhodo)
(�) Dictyopteris polypodioides

(so) (ochro)
(�) Dilsea carnosa (no) (rhodo)
Gelidium corneum (so) (rhodo)
(�) Polyides rotundus (no) (rhodo)
(�) Pterosiphonia complanata

(so) (rhodo)
Plocamium cartilagineum (so)

(rhodo)
Ulva spp. (co) (chloro)

(þ) Asparagopsis armata (al)
(rhodo)
Corallina spp. (so) (rhodo)
(þ) Codium spp. (so) (chloro)
(þ) Cladophora spp. (co) (chloro)
(þ) Dictyota dichotoma (so) (ochro)
(þ) Gelidium corneum (so) (rhodo)
(þ) Stypocaulon scoparium (so) (ochro)
(þ) Jania squamata (so) (rhodo)
Plocamium cartilagineum (so) (rhodo)
(þ) Sphaerococcus coronopifolius
(so) (rhodo)
Ulva spp. (co) (chloro)

Fig. 4. Yearly landing (kg) per vessel of (a) N. puber, (b) M. Squinado and (c) S. arctus.
Notice the different scales.

Table 3
Results c2 test for differences in abundance (as absolute frequency) of L. ochroleuca
life stage between years (2009e2011) per depth level. N ¼ 20.

Depth level Live stage df c2 value p

Shallow (0e10) Juvenile 2 4.450 0.108
Adult 2 4.205 0.122

Deep (12þ) Juvenile 2 3.733 0.155
Adult 2 10.909 0.004

Bold numbers indicate significant values (p < 0.05).
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3.4. Potential recovery

There was a significant association between the year and the
abundance of adults in the deeper subtidal, with adults being more
likely to be present later (Table 3, Fig. 5). A posteriori pair-wise tests
showed significant differences between the years 2009 and 2011
(df ¼ 1, c2 value ¼ 10, p < 0.005) in abundance of adults. However,
no forest (>50% cover) of L. ochroleuca was present by 2011.

In 2009 and 2011 there was a significant difference in the
abundance of juveniles between the shallow and deeper subtidal
zones, with a higher abundance in the deeper subtidal zone
(Table 4). No significant differences between depth levels were
found for adult abundances.

4. Discussion

This study indicates changes in kelp forest abundance and its
substitution by a warm temperate understory flora have been
driven by changes in summer SST. Importantly, SST trends are not
continuous through time nor space (Lima and Wethey, 2012). Our
results emphasize the importance of seasonal analyses, as by solely
looking at trends in yearly average SST important factors contrib-
uting to ecosystem change might be underestimated or even un-
discovered. Both the calculations from the summer SST changes
between the past decade and the reference period and the general
linear model indicated a significant increase while the winter SST
trend appeared to be minor and was not significant. This supports
the study by Gomez-Gesteira et al. (2008) who found a mean
summer increment of SST in the Cantabrian coast for the period
1985e2005 of 0.37 �C per decade and no significant trend inwinter.

Our results indicate that all northern, cold temperate species
may have changed their distribution limits. This is supported by
other studies conducted along the northern coast of Spain, east of
our study area (Fernandez, 2011; Diez et al., 2012). Also Tuya et al.
(2012) express their concerns on kelp retreat in northerly direction
along the coast of Portugal. This evidence indicates a widespread
contraction in the range of cold temperate kelp species in this re-
gion of upwelling. Similar retreats of cold water algae corre-
sponding towarmer summer SST have been described globally (e.g.
in France, Cosson (1999); southern Norway, Moy and Christie
(2012); Japan, Tanaka et al. (2012); Australia, Wernberg et al.
(2009)).

In this study we also showed that several warm temperate,
understory species increased their abundance. SST warming may
have enhanced the growth and/or reproduction and/or competitive
ability of these warm-temperate species. Alternatively, a reduction
in survival of cold temperate species might also have allowed for
their expansion into newly available space (Vandenhoek, 1982).
This study indicates that the shift in temperature regime in our
study area is reflected in changes in the algal community compo-
sition, that nowadays resemble those found in the eastern part of
Asturias during the early 1990s (McNeill, 1992, unpubl. report). This



Fig. 5. Relative frequency (the number of stations in which L. ochroleuca is present
divided by the total number of station in that class) of different life stages of
L. ochroleuca in time per depth level. Gray bars: relative frequency of juveniles. Black
bars: relative frequency of adults. N ¼ 20.
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suggests that SST increase can shift whole biota within only 15
years. These results are consistent with the unexpected decline of
some warm temperate algae. Most of these algae showed a
biogeographic gradient in the 1990s with increased abundance to
the west, such as Corallina spp., P. Complanata and Calliblepharis
sciliata. At a smaller scale species interactions are more important
in shaping species distribution than temperature (Arrontes, 1993).
Interspecific competition with other macroalgae might have
excluded the expansion of these species to the east in the early
1990s, and negatively affected the abundance of the previously
mentioned algae during the past decade. Lima et al. (2007) also
detected an unexpected retreat of warm water species along the
coast of Portugal and discuss biotic interactions as a potential
explanation. Our study highlights the importance of considering
population dynamics in predicting future changes relating to
environmental changes.

Also an increase in abundance of the exotic alga Asparagopsis
armatawas suggested in this study . This is supported by Diez et al.
(2012), who found a spread of A. armata along the Western Basque
coast, east of Asturias, over the past two decades, particularly in
areas where canopy forming algae were missing. Disturbance of
native seaweed canopy is an important contributing factor to the
establishment of invasive algae (Valentine et al., 2007), and the loss
of kelp may have facilitated the spread of invasive macrophytes.

Increased SST can affect species abundance without necessarily
changing the spatial distribution of the species itself (Wernberg
et al., 2012). Locally, it can affect species abundance by affecting
available suitable habitat (Simpson et al., 2011). We showed that
landing of the three kelp associated decapods declined soon after
the extreme warm summer of 2003 and 2006, consistent with a
common underlying driver of change. This most likely indicates a
decrease in suitable habitat (kelp) during that period, as already
proposed by the descriptions of the professional divers. Climate
change is affecting marine communities in numerous ways; how-
ever it has been argued that its indirect effect by the loss of habitat
forming organisms is of even greater concern (Schiel et al., 2004). In
Table 4
Results of c2 test for differences in abundances (as absolute frequency) of
L. ochroleuca between shallow (0e10 m) and deep (12þm) subtidal per life stage. In
2009 and 2010 tests for differences in adult abundance between depth levels are not
applicable by equal abundances. N ¼ 20.

Year Juvenile Adult

c2 value p c2 value p

2009 5.013 0.025
2010 2.849 0.091
2011 12.379 0.000 1.905 0.168

Bold numbers indicate significant values (1 df) (p < 0.05).
this study we also showed an increase in decapod landing from
2010. This possibly resulted from a recovery in kelp forest, directly
improving food and/or habitat availability.

4.1. Potential causes of the kelp decline

Although our conclusions must be interpreted with caution e

given an absence of a time series prior to the decline of L. ochroleuca
foreste themagnitude of the indicated changes in the abundance of
most macroalgae and SST characteristics can be considered outside
the range of natural variability (Walker, 1956). Also the uniform
direction of change in abundance of cold temperate and warm
temperate taxa is unlikely to be caused by stochastic variation alone.
In addition changes in the abundance of kelp forest are supported by
changes in associated decapod abundance. Thus it is reasonable to
assume that the changes in kelp forest abundance and composition
are a result of the changes in SST over past decades.

Changes in several SST characteristics potentially negatively
affected kelp abundance. Firstly, changes in periods longer than 30
consecutive days of SST >20 �C are considered as a stressor for
S. polyschides (Fernandez, 2011). This might also be applicable for
L. ochroleuca as both species show comparable temperature toler-
ances (Lünning, 1990). A second factor investigated was chronic
exposure to thresholds conducive to growth reduction, which is
suggested to result in a decline in abundance of the affected algae
(Wernberg et al., 2010). Temperatures higher than the critical tem-
perature of 20 �C negatively affect the growth and productivity of
L. ochroleuca (Table 5). A third investigated potential driver behind
kelp loss is an increasedmean summer SST, often suggested to shape
lower latitudinal distribution limits of macroalgae (Breeman, 1988,
1990; Muller et al., 2009; Smale and Wernberg, 2013). The Lusitanic
members of the Laminariales, S. polyschides and L. ochroleuca, have
their southern distribution limits at the 20 �C mean SST isotherm in
summer, at the boundary of southern Morocco and Western Sahara
(Lünning, 1990). Finally we considered maximum SST, known to
affect kelp abundance. The kelp species S. polyschides and L. ochro-
leuca have an upper lethal limit of the sporophyte phase at temper-
atures of 24 �C (Lünning, 1990) and 23 �C (Table 5) respectively.

Our results showed that all SST characteristics investigated
increased over the past 30 years, reaching extreme high values
during the past decade. Lethal limits for S. polyschides and L.
ochroleuca in maximum consecutive days of SST>20 �C, summer
mean SST and maximum SST were reached in the east of Cape
Penas, but not in thewest (unpublished in situ SST data, provided as
Supplement 1). Increased mean SST is likely the cause of the
reduction of S. polyschides and L. ochroleuca forests to small patches
and isolated individuals east of Cape Penas (Fernandez, 2011). In
the west, the increase of number of warm days potentially accounts
for the sudden kelp decline. The other three SST characteristics
investigated might also have contributed to the decline in the west,
despite no thresholds have been surpassed, because experimentally
determined threshold temperatures might vary under natural
Table 5
Optimum and critical temperatures for different phases and processes of the life
history of L. ochroleuca.

Life history process Optimum
temperature

Lethal temperature
limit

Growth gametophyte 15e18 �Cb 21 �Ca

Reproduction gametophyte 11 �Ca/12e18 �Cb

Sporophyte growth 15e20 �Ca 22e23 �Ca

Reproduction sporophyte 15e16 �Ca

a Tom Dieck (1992).
b Izquierdo et al. (2002).
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conditions asmultiple factors play a role in the resilience of the kelp
species (Bartsch et al., 2008). Moreover, the interactions of these
stressors potentially led to a critical situation west of Cape Penas.
The other kelp species with known prior distribution in Asturias,
L. hyperborea, has a maximum survival SSTof 21 �C (Lünning, 1990).
Temperatures exceeding this level have been measured all along
the Asturian coast during the past decade (Supplement 1), which is
a likely explanation of the disappearance of this kelp species.

4.2. Consequences of the kelp decline

The disappearance of L. ochroleuca and other canopy forming
species with a co-occurring increased importance of understory
taxa reduced the vertical structure of the system (Fig. 6). This
negatively influenced both habitat availability and diversity
(Goodsell and Connell, 2002; Arroyo et al., 2004) and correspond-
ingly threatens species richness and abundance, including
commercially important species as also indicated in our study
(Airoldi et al., 2008). Hence a loss in kelp abundance and diversity
can have social, economic and ecological impacts. The seriousness
of kelp forest loss is arguably comparable to that of coral bleaching
or deforestation. In the shallow subtidal zone, the effects of the loss
of L. ochroleuca are possibly mediated by the presence of
S. polyschides. A loss in diversity of kelp associated fauna can be
reduced when neighboring habitats were proximate (Goodsell and
Connell, 2002). However, a decline of S. polyschides has already
been observed east of Cape Penas (Fernandez, 2011; Diez et al.,
Fig. 6. (a) Graphic interpretation of kelp forest community composition in 1992; (b) Graphic
of (a) and (b) with the first row representing canopy forming algae. From left to right: C
Saccorhiza polyschides1. The lower three rows represent understory taxa. Second row from le
Cystoseira tamariscifolia. Third row from left to right: Dictyopteris polypodioides1, Dictyota dic
right: juvenile L. ochroleuca, Polyides rotundus1, Pterosiphonia complanata2, Ulva spp.2. 1McN
2012). Thereby it should be noted that S. polyschides is an annual
kelp species, in contrast to the perennial L. ochroleuca, which may
influence faunal composition (Christie et al., 2009).

Our study showed a recovery of L. ochroleuca after the decline, as
previously predicted by increased decapod landing. These obser-
vations suggest the good relationship between kelp abundance and
decapod landing data. The observed recolonization also agrees with
the known fast recovery potential of kelp (Barradas et al., 2011). The
recovery of adult plants that was observed in the deeper subtidal
zone might be explained by the observed increased abundance of
juvenile plants at this depth level. Competition between
L. ochroleuca and S. polyschides normally results in a gradient with
S. polyschides dominant in the shallower parts and L. ochroleuca at
depth (Lünning, 1990; Gutiérrez morán, 1994). In Asturias there
also occurs an increased abundance of S. polyschides in the shallow
subtidal (Voerman and Rico, unpublished data). Established pop-
ulations of potential competitors can reduce the probability of re-
cruits becoming established, potentially resulting in the increased
presence of juveniles at depth (Izquierdo et al., 2002; Reed et al.,
2004). Temperatures are also mediated with depth, and therefore
survival of microscopic stages or juveniles of L. ochroleucamight be
enhanced (Izquierdo et al., 2002; Smale and Wernberg, 2009;
Pereira et al., 2011), resulting in the observed recovery of
L. ochroleuca at depth. Despite the recovery that we observed, 4
years after the decline there is yet no kelp forest present, despite
kelp being known for their fast recovery and L. ochroleuca in
particular being one of the more thermophile kelp species.
interpretation of kelp forest community composition in 2009; (c) key for interpretation
ystoseira baccata1, Desmarestia ligulata2, Laminaria hyperborea3, Laminaria ochroleuca,
ft to right: Asparagopsis armata, Calliblepharis ciliata2, Chondrus crispus1, Corallina spp.1,
hotoma, Gelidium corneum, Halopteris scoparia4, Jania squamata. Fourth row from left to
eill, 1992, 2Gutiérrez morán, 1994, 3www.ukmarinesac.org, 4www.biobib.de.

http://www.ukmarinesac.org
http://www.biobib.de
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