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ABSTRACT

Aim Because intertidal organisms often live close to their physiological tolerance

limits, they are potentially sensitive indicators of climate-driven changes in the

environment. The goals of this study were to assess the effect of climatic and non-

climatic factors on the geographical distribution of intertidal macroalgae, and to

predict future distributions under different climate-warming scenarios.

Location North-western Iberian Peninsula, southern Europe.

Methods We developed distribution models for six ecologically important

intertidal seaweed species. Occurrence and microhabitat data were sampled at

1-km2 resolution and analysed with climate variables measured at larger spatial

scales. We used generalized linear models and applied the deviance and Bayesian

information criterion to model the relationship between environmental variables

and the distribution of each target species. We also used hierarchical partitioning

(HP) to identify predictor variables with higher independent explanatory power.

Results The distributions of Himanthalia elongata and Bifurcaria bifurcata were

correlated with measures of terrestrial and marine climate, although in opposite

directions. Model projections under two warming scenarios indicated the

extinction of the former at a faster rate in the Cantabrian Sea (northern Spain)

than in the Atlantic (west). In contrast, these models predicted an increase in the

occurrence of B. bifurcata in both areas. The occurrences of Ascophyllum nodosum

and Pelvetia canaliculata, species showing rather static historical distributions,

were related to specific non-climatic environmental conditions and locations,

such as the location of sheltered sites. At the southernmost distributional limit,

these habitats may present favourable microclimatic conditions or provide

refuges from competitors or natural enemies. Model performances for Fucus

vesiculosus and F. serratus were similar and poor, but several climatic variables

influenced the occurrence of the latter in the HP analyses.

Main conclusions The correlation between species distributions and climate

was evident for two species, whereas the distributions of the others were

associated with non-climatic predictors. We hypothesize that the distribution of

F. serratus responds to diverse combinations of factors in different sections of the

north-west Iberian Peninsula. Our study shows how the response of species

distributions to climatic and non-climatic variables may be complex and vary

geographically. Our analyses also highlight the difficulty of making predictions

based solely on variation in climatic factors measured at coarse spatial scales.
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INTRODUCTION

Species distribution models link the occurrence or abundance

of an organism to climatic and other physical factors within a

particular geographical area (Guisan & Zimmermann, 2000).

Distributional records are commonly obtained from museums

and collections, sources that do not contain reliable records of

absences and are thus subject to bias (reviewed in Pearce &

Boyce, 2006). Models based on species occurrences that

include records of absences are more accurate than those

using only presence data (Heikkinen et al., 2006). Further-

more, studies have increasingly highlighted the need of the a

priori selection of environmental variables with ecological

relevance for the distribution of the target species, particularly

when models are implemented for predictive purposes, for

example to forecast climate-driven changes (Guisan & Zim-

mermann, 2000; Austin, 2002; Araújo & Guisan, 2006).

These distribution models have been widely used for land-

based organisms (Hortal et al., 2004), but they have seldom

been applied to intertidal species (but see De Oliveira et al.,

2006; Lima et al., 2007b). These species live in the interface of

land and sea, enduring atmospheric and oceanic stress

conditions frequently close to their physiological tolerance

thresholds (Helmuth et al., 2002). Thus, they are sensitive

biological indicators of climate-driven changes (Southward

et al., 1995). Canopy-forming algae provide food resources

and are the structural engineers of rocky shores (Chapman,

1995). Distribution models of intertidal macroalgae may

therefore be powerful tools for tracking and forecasting

changes in coastal systems.

Traditionally, the geographical range boundaries of these

species have been linked to ocean isotherms, reflecting either

lethal or sublethal conditions that limit growth and/or

reproduction (reviewed in Lüning, 1990). Indeed, an increas-

ing number of studies attribute recent shifts in distributions of

macroalgae to rising ocean temperatures (Mieszkowska et al.,

2006; Lima et al., 2007a). However, terrestrial climate (e.g. air

temperature or solar radiation during emersion) also plays a

role in determining distribution boundaries and driving range

shifts (Helmuth et al., 2002). Moreover, various non-climatic

factors may be determining variables in intertidal macroalgae

distribution, particularly at fine-grained scales. For instance,

the colonization of seaweeds depends on wave action and the

availability of hard substrata for attachment (Lüning, 1990;

Vadas et al., 1992). The relationship between species distribu-

tion and ocean temperature has rarely been quantified using

models that consider other environmental factors (but see Báez

et al., 2010). Recent studies have highlighted the importance of

including non-climatic factors when explaining current distri-

butional shifts across various ecological systems and for

predicting species distributions (Heikkinen et al., 2006; Austin

& Van Niel, 2011).

The distribution of seaweeds follows an unusual pattern in the

Iberian Peninsula. Cold-temperate species are abundant in the

north-western corner but are not found on the eastern

Cantabrian shores (northern Spain) and towards the centre of

Portugal on the Atlantic coast. This results in two southern

geographical boundaries for several species (Fischer-Piette,

1955a; Lüning, 1990). This peculiar pattern has been related to

the oceanographic characteristics of the area, with upwelling

events of cold water present in the north-western corner of the

Iberian Peninsula and warmer conditions towards the inner Bay

of Biscay, particularly in summer (Gómez-Gesteira et al., 2008;

Michel et al., 2009). In this study we developed habitat

distribution models for six intertidal canopy-forming algae

(class Phaeophyceae, order Fucales) in the north-west (NW)

Iberian Peninsula. Biological data were obtained from one field

survey, in which the presence/absence of each species was

recorded at a resolution of 1 km2. The target species were

Ascophyllum nodosum (L.) Le Jolis, Pelvetia canaliculata (L.)

Decaisne and Thuret, Fucus vesiculosus L., Fucus serratus L.,

Himanthalia elongata (L.) S.F. Gray and Bifurcaria bifurcata R.

Ross. All of these seaweeds are cold-temperate species with their

southern distribution limits in theNW Iberian Peninsula, except

for F. vesiculosus and B. bifurcata. The former is considered a

southern lusitanic species (Mieszkowska et al., 2006), and both

species can be found in southern Portugal and Morocco

(Lüning, 1990). Historical and recent shifts in the distributions

of most of these species parallel changes in sea surface

temperatures in the study area (Fischer-Piette, 1955a; Arrontes,

2002; Alcock, 2003; Lima et al., 2007a). Responses to the

intensity of these changes were found to vary between species. In

this context, the aims of our study were: (1) to assess

quantitatively the effect of climatic and non-climatic variables

on species distributions through modelling, and (2) when

climate was related to species distributions, to predict trends

under specific climatic change scenarios.

MATERIALS AND METHODS

Study area and database management

The occurrence of the six target fucoids and their relationships

with environmental parameters were studied from Llanes on the

Cantabrian coast, northern Spain (43°27¢N, 4°59¢W) to Baiona,

Rı́a of Vigo on the Atlantic coast (42°7¢ N, 8°50¢W). Biological

and environmental data were managed in ArcGIS 9.3 (ESRI,

Redlands, CA). Image processing and data analysis were carried

out using the program ENVI 4.3 (Exelis Visual Information

Solutions, Boulder, CO). In order to obtain a homogeneous geo-

database and analysable spatial data, one grid of 1189 1-km2

Universal Transverse Mercator (UTM) cells was generated.

Sampling survey

The presence/absence of all target species was recorded in 185

of the 1189 1-km2 grid cells in one field survey carried out

during low spring tides from 2004 to 2006. Thirteen extra cells

were added to the surveys of H. elongata and B. bifurcata

(n = 198) and 22 to that of F. serratus (n = 207). Surveyed

cells were selected based on the presence and accessibility of

rocky shore sites. The linear distance between two consecutive

B. Martı́nez et al.

1878 Journal of Biogeography 39, 1877–1890

ª 2012 Blackwell Publishing Ltd



surveyed cells ranged between 1 and 23 km. These sites were

referenced on the ground with a Garmin GPS 60 (Garmin,

Olathe, KS). We carefully inspected the intertidal fringe of the

rocky shore in each surveyed cell. In order to ensure the

reliability of the absences in each cell, we tracked the intertidal

fringe (of variable width) corresponding to a minimum linear

distance of 600 m at each site. This protocol was followed to

track the whole rocky intertidal fringe occurring in most

surveyed cells. As the target macroalgae are conspicuous, it is

unlikely that erroneous absences were recorded.

Sea surface temperature (SST)

The geographical distribution of seaweeds has traditionally

been linked to August and February sea isotherms (see

Lüning, 1990). Thus, average sea surface temperature (SST)

was obtained for these months from images taken by the

Advanced Very High Resolution Radiometer (AVHRR)

onboard National Oceanic and Atmospheric Administration

(NOAA)-series satellites (http://poet.jpl.nasa.gov) and pro-

cessed by the Spanish Instituto Nacional de Técnica Aeroes-

pacial (INTA, Ministry of Defence, http://www.inta.es/).

August and February mean values provided by INTA for

the 2002–04 period were averaged to obtain a final value for

each UTM cell. INTA applies the operational AVHRR

multichannel SST (MCSST) and nonlinear SST (NLSST)

algorithms in the generation of SST products (Strong &

McClain, 1984). These approaches use an expert system

supported by heuristic rules and developed by scientists at

INTA, with a spatial resolution of 1 km2 (Pérez-Marrero,

1998). The coastal UTM cells close to land gave erroneously

low SST values; thus, we assigned SST data from ocean cells

contiguous to the coastal cells included in the model, with

the exception of cells in large embayments or rı́as, for which

SST data were taken from cells outside the bays. Results in

these areas should therefore be interpreted with caution.

Air temperature

Mean maximum air temperature in August and mean

minimum air temperature in February were obtained from

the Digital Climatic Atlas of the Iberian Peninsula (Ninyerola

et al., 2005; http://opengis.uab.es/wms/iberia/espanol/es_model.

htm) and the WorldClim database (http://www.worldclim.

org), respectively, for the 1189 grid cells. The dataset of the

Digital Climatic Atlas of the Iberian Peninsula has a spatial

resolution of 200 m and was compiled from data measured by

meteorological stations from 1951 to 1999. This dataset was

implemented in MiraMon software (Pons, 2004). The

WorldClim dataset has a spatial resolution of 1 km2. WorldClim

grid cells compiled monthly averages for 1950–2000.

Cloudiness

Erroneously low SST values were obtained if dense clouds were

present when the satellite image was taken (Prabhakara et al.,

1988). Daily SST values between 0 and 1 °C were used to

estimate cloudiness in August (the hottest month) in each 1-

km2 grid cell. We recorded the number of days that erroneous

values were obtained in August from 2002 to 2004. The average

value of these 3 years was used as an index of cloudiness.

Wave exposure

We calculated an estimator of wave height for each coastal

UTM cell by implementing the Odin module of the Coastline

Modelling System software smc 2.0 (González et al., 2007).

This software gathered wave regimes based on visual estima-

tions of significant wave height [Hs (m)], peak wave period [Tp

(s)] and wave direction (°) from ships sailing within 150 km of

the Spanish coastline (observations from 1870 to 1994). It then

accounted for the bathymetry and dissipation characteristics of

the area to propagate these wave regimes, giving final wave

height estimations at the shore (Méndez & Losada, 2004). The

studied area was divided into five sections, three on the

northern Spanish coast (Cantabrian Sea to Cape Ortegal,

43°46¢ N, 7°52¢ W) and two on the western (Atlantic) Spanish

shore. These sections were determined based on the charac-

teristics of the wave roses, which are diagrams showing the

long-term distribution of Hs and direction. Waves impacting

the shore of the Cantabrian sections most frequently came

from three directions: W, WNW and NW. In the Atlantic

sections, waves mainly come from five directions: W, WNW,

NW, NNW and N. These wave regimes (three directions per

section in the three sections of the Cantabrian Sea, and five

directions in the two sections of the Atlantic shore), each with

a particular Hs and Tp combination, were propagated to the

corresponding coastal cells using the smc software. Finally, we

calculated the weighted mean of significant Hs for each 1-km2

coastal cell by averaging these estimations multiplied by their

frequency of occurrence; that is, final Hs means were calculated

from three values (corresponding to the main directions) in

the UTM cells along the Cantabrian Sea and from five values in

the cells along the Atlantic coast.

Substratum

The type of dominant substratum at each coastal UTM cell was

determined through personal observations during the field

survey, information obtained from 1:50,000 topographic maps

(Spanish Military Cartography), and aerial photographs of the

NW coast of the Iberian Peninsula. We then constructed one

dummy variable by assigning the value 1 to coastal cells where

rocky boulders or hard platforms appeared in ‡ 25% of the cell

area and 0 to cells where rocky substratum was < 25%, absent

or covered by sediments (beaches and embayments with soft

sediments).

Data analyses

To analyse the relationship between environmental variables

and the occurrence of each target species, we used generalized
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linear models (GLMs) allowing for linear terms using the R

package BIOMOD (Thuiller, 2003; Thuiller et al., 2009). To

select the most parsimonious models, we used automatic

stepwise variable selection based on the Bayesian information

criterion (BIC). In addition, the reduction in deviance when

each variable was added was tested for significance with an

F-test (Guisan & Zimmermann, 2000; Hortal et al., 2004). The

goodness-of-fit of the models was evaluated by examining the

percentage of explained deviance (% Dev.) and the Nagelkerke

R2 (Nagelkerke, 1991). We also performed hierarchical parti-

tioning (HP) analysis to estimate the independent contribu-

tion of each predictor and the joint contribution with all other

variables. Variables with the greatest influence on species

occurrence were tested using the randomization routine

‘hier.part’ in R. Hierarchical partitioning considers all possible

models in a multivariate regression setting, an alternative

method to stepwise variable selection techniques (Mac Nally,

1996; Araújo & Guisan, 2006). In seeking the most parsimo-

nious models, we selected those that included fewer environ-

mental predictors when comparing results from different

techniques (reviewed in Austin, 2002).

To improve the transferability of the models to other

environmental scenarios and to control for potential overfitting,

mathematical modelling was guided by prior ecological knowl-

edge (reviewed in Austin, 2002 and Araújo & Guisan, 2006). We

preferred a linear over a nonlinear response for reliability near

species distribution limits, where environmental gradients are

short and often extreme (see Austin, 2002). Nevertheless, we

constructed alternative models using generalized additive

models (GAMs) with four smoothing degrees of freedom

(d.f.) and GLMs allowing for second and third terms, and

ordinary polynomial terms, using BIOMOD (Thuiller, 2003;

Thuiller et al., 2009). We then critically inspected the nonlinear

responses and final models that these methods suggested.

Model accuracy was tested by checking the correct and

incorrect classification of predicted values. Relative true

presences or sensitivity of the model (RTP), relative true

absences or specificity (RTA), and the kappa coefficient (j)

were calculated. The prevalence of each target species was used

as the threshold probability to calculate these performance

metrics (Landis & Koch, 1977; Fielding & Bell, 1997). Model

performance was additionally tested using the area under the

curve (AUC) of a receiver operating characteristic (ROC) plot

(Swets, 1988; Fielding & Bell, 1997) for the whole dataset, as

well as for the various datasets obtained using k-fold cross-

validation and jackknife partitioning techniques (Fielding &

Bell, 1997; Guisan & Zimmermann, 2000). We performed 10

iterations of a 70–30% splitting procedure using BIOMOD

(Thuiller, 2003; Thuiller et al., 2009). This software provides

average AUC values from the k-generated test datasets. Because

such data splitting may lower the accuracy of the trial model,

we also performed a validation based on the jackknife

approach that leaves out just one single record. One observa-

tion was excluded, the model was calibrated again, and the

predicted probability was calculated for the excluded

observation (jackknife score). This process was repeated for

all remaining data. The AUC was then calculated using the

jackknife scores with the R package ROCR (Tobias et al., 2005).

To evaluate the spatial context of errors and the potential for

spatially structured variables in the model, we checked the

distribution of raw and Pearson residuals throughout the study

area (Fielding & Bell, 1997). No spatial structure or abnormally

high values within any particular geographical area were found

for any of the target species (not shown).

Predictive maps

We applied our predictive equation to the cells for which

biological data were not available, using environmental values

as inputs. We used the favourability function (Real et al., 2006),

a modification of the logit equation that generates favourability

values independent of the prevalence in the sample (i.e. the

equation is internally corrected using the number of presences

and absences); favourability values greater than 0.5 indicate the

predicted presence of the species in a particular cell. In this way,

we created potential distribution maps reflecting habitat

suitability for the target species in the study area.

Projections of Himanthalia elongata and Bifurcaria

bifurcata distributions under two climate change

scenarios

Model projections were made under two warming scenarios

for species whose distributions were significantly correlated

with temperature variables, namely H. elongata and B. bifurcata

(see Results). To our knowledge, no regional projections for

SSTs are currently available. Thus, we used anomalies

reported in the last few decades for the Cantabrian and

Atlantic coasts (Cabanas et al., 2003; Llope et al., 2006;

Gómez-Gesteira et al., 2008). For atmospheric temperature,

we examined the regionalized (50 km2) mean summer values

for the A1 and B1 future emission scenarios generated by

the PRUDENCE European project (Abanades et al., 2007).

These values indicated a uniform increase for all the coastal

sections of the study area in the NW Iberian Peninsula.

We first considered a conservative scenario with a mean

summer SST increase of 0.37 °C per decade in the Cantabrian

Sea (east to Cape Ortegal 43°46¢ N, 7°52¢ W) and of 0.27 °C

per decade on the Atlantic coast (mean summer anomalies

reported for 1985–2005 in Gómez-Gesteira et al., 2008), and

an initial mean summer air temperature increase of 0.34 °C

per decade until 2040 and of 0.69 °C after this date (corre-

sponding to the B1 low-emission scenario in the studied area

for the periods 2011–40 and 2041–70, respectively; see fig. 2 in

Abanades et al., 2007).

We then considered a less conservative scenario of annual

SST anomalies of 0.53 °C per decade for the Cantabrian Sea

(Llope et al., 2006; corresponding to the 1993–2003 period)

and of 0.50 °C per decade on the Atlantic coast (reported in

Cabanas et al., 2003 from 1990 to 1999). We used an increase

of 0.52 °C mean summer air temperature per decade until

2040 and of 1.21 °C afterwards (corresponding to the A1
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high-emission scenario for the periods 2011–40 and 2041–70,

respectively, in Abanades et al., 2007).

We ran the models several times and considered prevalence

as the threshold probability indicative of species presence (Liu

et al., 2005). Each time, we added the annual temperature

increases for the respective scenario until the target species

either became extinct or spread over the whole study area, and

then recorded the thermal increase in °C and the time elapsed

in years. As the anomalies used were summer or annual means,

the rate of future changes in August (the conditions repre-

sented in the models) were probably underestimated. More-

over, ocean temperature may increase in the future at rates

different from those reported. Taking these and other

constraints into account, we aimed to illustrate general trends

rather than precise future geographical patterns.

RESULTS

According to the predictors included in the final models and

their goodness-of-fit, the models were classified into three

groups (see Table 1): P. canaliculata and A. nodosum models,

which included Waves and substratum availability (Rock) as

predictor variables and had the best fit; Fucus species models,

which had the worst fit; and H. elongata and B. bifurcata

models, which linked species occurrence with summer thermal

conditions and had an intermediate fit. The stepwise proce-

dures based on BIC (with BIOMOD) and deviance produced

very similar results (Table 1). The HP analyses showed that for

all target species the predictor variables included in the models

had the greatest independent contributions to species occur-

rence (compare Table 1 and Fig. 1). For F. serratus, the HP

analysis showed several significant predictor variables, includ-

ing climatic and non-climatic factors, all having similar low

independent contributions (Fig. 1).

The occurrence of P. canaliculata and A. nodosum was

negatively correlated with Waves and Rock, and both predictor

variables explained a significant amount of the variance in the

HP analyses (Table 1, Fig. 1). These species had low prevalence

in the study area (Table 2) and were restricted to sheltered

places frequently dominated by soft sediments, particularly in

Table 1 Summary of the variable selection procedure used to build the distribution models for six intertidal fucoid species from the north-

western Iberian peninsula using generalized linear models (variables not included in the final models are not shown). Bold values are the

scores and coefficients (Coeff.) of the final models. Ch. Dev., change in deviance due to the inclusion of the new variable; %Dev., percentage

of total deviance explained; BIC, Bayesian information criterion; R2Ng., the Nagelkerke R2.

Variable code d.f. Residual deviance Ch. Dev. F P %Dev. BIC R2Ng. (%) Coeff.

Pelvetia canaliculata

Model constant + 1.56

Null 184 233.1 238.4

Waves 183 191.2 41.9 40.1 < 0.001 18.0 201.7 )0.14

Rock 182 171.7 19.6 20.7 < 0.001 26.4 187.3 39.5 )1.14

Ascophyllum nodosum

Model constant + 0.77

Null 184 164.0 169.2

Rock 183 119.3 44.7 68.6 < 0.001 27.3 129.7 )1.25

Waves 182 106.5 12.8 22.0 < 0.001 35.1 122.1 45.5 )0.21

Fucus vesiculosus

Model constant + 2.29

Null 184 170.4 176.6

Waves 183 164.1 6.3 7.1 0.009 3.7 174.5 5.6 )0.05

Fucus serratus

Model constant + 5.05

Null 206 214.2 219.5

Min Feb 205 198.7 15.5 15.9 < 0.001 7.2 209.4 11.2 )0.92

Himanthalia elongata

Model constant + 19.40

Null 197 254.7 260.0

Rock 196 235.7 19.1 15.9 < 0.001 7.5 236.7 + 1.50

Max Aug 195 226.6 9.1 7.8 0.006 11.1 246.3 )0.46

SST Aug 194 209.3 17.3 16.1 < 0.001 17.9 230.4 28.3 )0.61

Bifurcaria bifurcata

Model constant )11.12

Null 197 267.1 272.4

SST Aug 196 245.4 21.8 17.4 < 0.001 8.1 256.0 + 0.58

Rock 195 229.8 15.6 13.3 < 0.001 14.0 245.6 23.0 + 1.16

Waves, mean wave height; Rock, presence of suitable substrate;Max Aug, mean maximum air temperature in August;Min Feb, mean minimum

air temperature in February; SST Aug, mean August sea surface temperature; SST Feb, mean February sea surface temperature.
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the large Atlantic rı́as (Figs 2a & 3). The models for these

species correctly predicted high proportions of presences and

absences (RTP > 80%, RTA c. 70%; Table 2). AUC values

classified the discrimination ability of the models as ‘good’

following Swets (1988), while the discrimination abilities of the

models for P. canaliculata and A. nodosum by means of the

kappa coefficient were classified as ‘moderate’ and ‘fair’,

respectively, following Landis & Koch (1977; see Table 2).

The discrimination ability of the model for F. vesiculosus was

‘fail’ or ‘poor’, and that for F. serratus was ‘fair’ or ‘poor’ (see

Table 2). Fucus vesiculosus was by far the most common

species in the study area, while F. serratus was relatively rare

(Table 2; Fig. 2b). The final models included one single

predictor variable in both cases, namelyWaves for F. vesiculosus

and mean minimum air temperature in February (Min Feb) for

F. serratus (Table 1). Fucus serratus exhibited a peculiar

distribution pattern. This species occupied sparse, isolated

localities inside the rı́as on the Atlantic coast, specifically

localities in the external half of these estuaries, while it was

common at virtually all locations on the western Cantabrian

coast (Fig. 2b). Wave exposure was higher on Cantabrian

shores than inside the rı́as, with the exception of the very

western part around Cape Ortegal (Fig. 3). On the other hand,

the variable Min Feb showed a clear latitudinal gradient with

reduced local variability (Fig. 4a).

Himanthalia elongata and B. bifurcata appeared in cells

where rocky substrata dominated (Table 1; Fig. 5a,b). Their

occurrences were also correlated with thermal ocean condi-

tions in summer, namely SST Aug, but in opposite directions

(Table 1). Himanthalia elongata was absent in cells with SST

Aug > 19 °C (Fig. 5c), values that were found towards the

eastern Cantabrian Sea (cf. Figs 2c & 4b). This resulted in a

low probability of occurrence, particularly east of Cape Peñas

(see Appendix S1 in Supporting Information). In contrast, B.

bifurcata occurrence was frequent in cells with SST Aug

> 19 °C (Fig. 5d), and thus presences were observed in the

field survey and the species had a high probability of

occurrence east of Cape Peñas (see Appendix S1). Bifurcaria
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Figure 1 Independent and joint contributions (given as the

percentage of the total explained variance) of predictor variables to

the distribution of six intertidal seaweeds of the north-west Iberian

Peninsula as estimated from hierarchical partitioning. Asterisks

indicate the environmental variables whose independent contri-

butions to explained variation were significant (randomization

tests, P < 0.05). Variable codes as in Table 1.

Table 2 Summary of performance metrics of species distribution models for six species of intertidal seaweed from the north-west Iberian

Peninsula. Reported values are relative true presences or sensitivity (RTP); relative true absences or specificity (RTA); the kappa coefficient

(j); and the area under the curve (AUC) of a receiver operating characteristic plot calibrated on all data (AUC 100%) and on jackknife

scores (AUC Jack.), and on the test datasets generated after cross-validation (AUC 30% mean value after 10-fold cross-validation using 70–

30% partitioning calculated with BIOMOD software). Prevalence rate is also shown.

Species RTP RTA j AUC 100% AUC Jack. AUC 30% Prevalence

Pelvetia canaliculata 0.83 0.68 0.45a 0.83a 0.80a 0.81a 0.32

Ascophyllum nodosum 0.87 0.73 0.39b 0.88a 0.83a 0.89a 0.16

Fucus vesiculosus 0.68 0.53 0.15c 0.68c 0.67c 0.58d 0.83

Fucus serratus 0.64 0.66 0.23b 0.67c 0.64c 0.65c 0.21

Himanthalia elongata 0.69 0.71 0.38b 0.77b 0.75b 0.77b 0.34

Bifurcaria bifurcata 0.75 0.64 0.38b 0.734b 0.725b 0.726b 0.40

Kappa (j): a moderate, b fair, c fail, following Landis & Koch (1977).

AUC: a good, b fair, c poor, d fail, following Swets (1988).
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bifurcata was less frequent when SST Aug values were < 17 °C

and was absent below 15 °C (Fig. 5d), temperature ranges

corresponding to the Atlantic coast south of La Coruña

(Fig. 4b).

Himanthalia elongata distribution was also negatively cor-

related with mean maximum air temperature, namely Max

Aug. This species’ occurrence became less frequent at air

temperatures > 26 °C, corresponding to the southern part of

(a)

(b)

Figure 2 Species distribution maps based on records for intertidal seaweeds: (a) Pelvetia canaliculata and Ascophyllum nodosum, (b) Fucus

serratus and F. vesiculosus, and (c) Bifurcaria bifurcata and Himanthalia elongata. Outer marginal coordinates (in black) refer to the outer

coastline. Inner marginal coordinates (in grey) refer to the inner coastline.
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the Atlantic coast (south to Finisterre, compare Figs 2c, 4b &

5e). Thus, the cells with the highest probability of H. elongata

presence were found in the north Atlantic (the stretch from

Cape Ortegal to Finisterre) with low mean ocean and air

temperatures in August (see Appendix S1). Both models

presented ‘fair’ discrimination abilities, with true presences

‡ 69% and true absences ‡ 64% (Table 2).

The nonlinear functional responses suggested by GAMs were

not supported by nonlinear GLMs that included quadratic,

cubic or polynomial terms for three species. For the other two

target species, the addition of nonlinear terms in GLMs was

associated with modest increases in AUC (not shown). For all

the species, the flex points observed in the nonlinear responses

appeared to be associated with higher uncertainty when fewer

biological data were available for any particular environmental

range. These results suggest that linear GLMs were the most

conservative and parsimonious.

Mean AUC values from k-fold cross-validation using GLMs

(10 iterations, 70–30% partitioning) were similar and grouped

the models in the same category (Table 2), except for the F.

vesiculosus model, which had limited performance. The

predicted probabilities of presences using jackknife resampling

were very similar to those produced using the full dataset,

with very strong linear relationships (slopes ranged between

1.002 and 0.9930, R2 > 0.997, P < 0.001, n = 185–207) for all

the target species. AUC values calculated using jackknife

scores grouped all the models in the same rank category.

These results suggest that the models do not tend to overfit

the data.

Projections for H. elongata under the two scenarios

suggested that the species would become extinct in the

Cantabrian Sea in response to an increase in mean August

SST of 1.3–1.4 °C, and to an air anomaly of 1.5–1.4 °C (in 36

and 27 years for the first and the second scenario, respectively).

Extinction on Atlantic shores, namely on the entire Iberian

Peninsula, was predicted to occur later (after 58 and 38 years),

corresponding to SST anomalies on the Atlantic coast of 1.6

and 2.0 °C, and to air temperature increases of 3.1 and 2.7 °C

under the first and the second scenario, respectively.

In contrast, B. bifurcata distribution was predicted to spread

to all available rocky sites in the Cantabrian Sea in response to

a SST increase of 1.8 °C after 49 or 36 years, depending on the

simulated scenario. Projections suggested that an increase of

3.9 °C (after 145 and 74 years) would drive the expansion of

B. bifurcata throughout the whole study area.

DISCUSSION

Responses to climatic and non-climatic drivers

Modelling literature has highlighted that various factors other

than climate may play a major role in explaining species

geographical distributions, particularly at fine-grained spatial

resolutions (Heikkinen et al., 2006; Austin & Van Niel, 2011

and references therein). Our habitat models suggested that the

current distribution of some target seaweeds in the NW Iberian

Peninsula is driven by climatic variables, while the occurrence

of others is correlated with non-climatic factors. The predictors
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Figure 5 Histograms showing the percent-

age of presences (and absences) of intertidal

seaweeds Himanthalia elongata and Bifurcaria

bifurcata for the environmental parameters

included in these species distribution models:

(a, b) substratum availability, (c, d) mean

August sea surface temperature (SST), and

(e) mean August air temperature. NO, rocky

substratum available in < 25% of the width
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substratum available in ‡ 25% of the width
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included in the linear GLMs had the greatest independent

contributions to species occurrence in the HP analyses,

reinforcing the explanatory capacity of both climatic and

non-climatic drivers.

Historical and recent shifts in the distributions of target

seaweeds in the NW Iberian Peninsula have been attributed to

parallel changes in ocean temperatures (Fischer-Piette, 1955a;

Arrontes, 2002; Lima et al., 2007a). However, the intensity of

these shifts varies among species. For instance, A. nodosum and

P. canaliculata have had scattered but static geographical

distributions on Cantabrian shorelines since the end of the 19th

century, whereas F. serratus and H. elongata have undergone

several episodes of expansion and retraction (Arrontes, 2002;

Alcock, 2003 and references therein). Accordingly, models

showed that the occurrence of A. nodosum and P. canaliculata

was related to non-climatic environmental factors, while the

range limits of H. elongata were related to climatic variables.

The models also related the distribution of southern lusitanic

B. bifurcata, which was particularly favoured by high sea thermal

conditions in summer, to climatic factors. Ocean temperature

was included inH. elongata and B. bifurcatamodels, although in

opposite directions. The distribution of H. elongata was also

related to air temperature. Sea surface and air temperatures are

both commonly linked to latitude, making it difficult to separate

their effects on the biogeography of intertidal species (Mies-

zkowska et al., 2006). However, in the case of H. elongata in the

NW Iberian Peninsula, it may be possible to discern the

influence of each factor. In our model, H. elongata distribution

seemed to be limited mainly by maximum SST towards the east

Cantabrian Sea, where thermal conditions during emersion are

mild compared to the southernmost Atlantic areas included in

the study. When stress related to atmospheric conditions is an

important factor in determining intertidal species ranges, a

downward retreat in the upper limit of their vertical zonation

may be expected. This seems to be the case for marginal

populations of H. elongata on the Atlantic coast of northern

Portugal, where populations are mostly subtidal (B. Martı́nez,

pers. obs.), as reported for other macroalgae at their range limit

(Fischer-Piette, 1955b; Alcock, 2003).

Predictions under climate change scenarios

Our projections suggest that the range reduction of H. elongata

will occur at a higher rate in northern Spain (Cantabrian Sea)

than in the Atlantic Ocean, because ocean temperatures are

higher in northern Spain and increasing at a higher rate (Gómez-

Gesteira et al., 2008; Michel et al., 2009). Moreover, recent

observations indicate that the distributional range ofH. elongata

in the Cantabrian Sea has been retreating towards the west, by

about 130 km since the beginning of this decade, which is much

faster than predicted (Fernández&Anadón, 2008; B.Martı́nez &

R. M. Viejo, unpublished data). Data recorded in situ by loggers

at four locations on western Cantabrian coasts (positions

ranging from 43°34¢N, 6°12¢W to 43°37¢N, 7°20¢W) indicated

increases in SST by as much as 2.8 °C from 2005 to 2008, far

exceeding the extinction thresholds of our model projections

(see Results). No significant changes in air temperature were

observed for the same period (B. Martı́nez & R. M. Viejo,

unpublished data). Thus, this distributional shift seems to be a

response to fluctuations superimposed on the ongoing warming

trend (Michel et al., 2009). Himanthalia elongata may be

considered a ‘volatile’ species of rapid response, feasibly owing

to its reduced longevity and ability to disperse long distances by

means of drifting reproductive fragments (Alcock, 2003).

In accordance with its southern lusitanic affinity, the

presence of B. bifurcata was favoured by warmer summer sea

temperatures. Thus, this species had a high probability of

occurrence around Cape Peñas and towards the eastern

Cantabrian Sea, where it forms almost monospecific stands

in rocky sites (Lüning, 1990). The expansion of its distribu-

tional range towards southern Portugal (Lima et al., 2007a)

and the English Channel (Mieszkowska et al., 2006) has been

linked to current climate warming. Our projections also

suggest an increase in B. bifurcata occurrence in the study area,

but such changes have not yet been documented and are

predicted to take longer than those expected for H. elongata

(see Results). This may be because B. bifurcata is perennial,

grows slowly and proliferates vegetatively. Thus, it seems to

exhibit a delayed response compared with H. elongata.

Models poorly related to climatic drivers

The models suggest that A. nodosum and P. canaliculata

distributions are not directly influenced by climate in the study

area, at least when evaluated at fine-grained resolutions.

Species occurrence was linked to wave-sheltered, estuarine sites

where soft sediments dominated, such as the inner part of the

Atlantic rı́as. A caveat that emerged from the use of satellite

images is the lack of a proper characterization of SST variation

inside the rı́as (see Materials and Methods). Nevertheless, the

spatial confinement of these species in estuarine locations

towards eastern Cantabrian shores, where SST increases

significantly (Lüning, 1990; Alcock, 2003; Gómez-Gesteira

et al., 2008), supports the validity of our model projections.

The restriction of these and other fucoids to sheltered and

often muddy places inside embayments at their southern range

limit has been documented since the end of the 19th century

(Lüning, 1990; Southward et al., 1995). These habitats may

constitute environmentally favourable sites at range margins

(Oliver et al., 2009 and references therein). Cooler conditions

in response to the enhancement of spring and summer

upwelling events in the large Atlantic rı́as occur in general

(Pazó & Niell, 1977; Southward et al., 1995), but not, however,

in estuarine areas on eastern Cantabrian shores. On the other

hand, sheltered areas may provide refuge from grazing

pressure, which increases at lower latitudes in Europe (see

Jenkins et al., 2001), or from competitor species. Furthermore,

the presence of a muddy layer could create benign microcli-

matic conditions, namely lower temperatures and increased

humidity, reducing the stress of individuals that successfully

settled in transient patches of clean rock during low tide

(Vadas et al., 1992). A determination of the underlying causes
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of the restricted distributions of these two fucoids at their

distribution range limit is necessary to make accurate predic-

tions of the effects of global warming (cf. Gaston, 2009 and

references therein).

In the case of F. serratus, the model failed to correlate species

occurrence with climate, even though several historical and

recent range shifts have been related to climatic variables

(Fischer-Piette, 1955b; Arrontes, 2002; Viejo et al., 2011). This

species had a peculiar distribution, occurring at virtually any

semi-exposed location on the western Cantabrian coast but

remaining sparsely distributed in wave-sheltered Atlantic rı́as

(this study; Fischer-Piette, 1955a; Pazó & Niell, 1977). Cooling

and warming cycles in SST have been linked to eastward and

westward displacements of the range margin of F. serratus in

the Cantabrian Sea in the last two centuries (Fischer-Piette,

1955b; Arrontes, 2002; Alcock, 2003). Stress during emersion

also seems to have played a role in the dramatic declines

recently detected in marginal populations in the area (Viejo

et al., 2011). Moreover, high cloud cover was linked to the

presence of F. serratus in the westernmost area of the

Cantabrian coast (Alcock, 2003). On the Atlantic coast, the

apparently more static and restricted distribution in the rı́as

has been related to cool ocean temperatures and competition

with F. vesiculosus (Pazó & Niell, 1977). Some of the above-

mentioned climatic and non-climatic variables were indeed

significant in the HP analysis, all having similar although low

independent contributions. This pattern suggests that the

species may respond to different factors or combinations of

factors on the Cantabrian and Atlantic coasts, which would

explain the poor fit of the model. The influence of biological

interactions on species distribution and the low dispersal

ability of F. serratus (Arrontes, 2002) may also contribute to

the lower explanatory power of the model (see reviews in

Guisan & Zimmermann, 2000; Heikkinen et al., 2006).

Model performance for F. vesiculosus was also poor. In

contrast to its congener, F. vesiculosus is widespread in the NW

Iberian Peninsula, with the highest prevalence (> 80%) of all the

target species, possibly because of its eurithermal and eurihaline

character and high tolerance to wave action and emersion stress

(Lüning, 1990; Chapman, 1995). Fucus vesiculosus can be

considered a generalist species with wide niche breadth and high

spatial predominance in the study area, which may explain the

poor performance of its model (McPherson & Jetz, 2007).

Furthermore, recent studies found that the distribution of

F. vesiculosus expanded towards southern Portugal on Atlantic

shores, but retracted on Cantabrian shores under a common

warming scenario (Alcock, 2003; Lima et al., 2007a), suggesting

that this species’ response to climate may be complex.

The marked differences in model performance seem to be

greatly influenced by the ecological characteristics of a species.

Niche breadth commonly had a negative effect on model

accuracy (Kadmon, 2003). Thus, F. vesiculosus, which occupies

a variety of habitats that are well represented in the study

region, was poorly modelled. On the other hand, A. nodosum

and P. canaliculata distributions are spatially scattered, but

ecologically centred within a narrow range of environmental

conditions in the study area. Their frequent occurrence in this

‘low-breadth niche’ explains the good fit of these models (see

Heikkinen et al., 2006; McPherson & Jetz, 2007). In the case of

F. serratus, the poor model fit could be related to its use of

different habitats or ‘niches’ in different sections of the study

area, namely Atlantic versus Cantabrian coasts.

CONCLUSIONS

A correlation between species distribution and climate was

evident for two of the target species. Model projections suggest

the extinction of cold-temperate H. elongata and an increase in

the occurrence of southern lusitanic B. bifurcata under future

warming scenarios. Recent observations indicate that range

shifts are in fact occurring at much faster rates than predicted

in the case of H. elongata. For the rest of the target macroalgae,

no evident correlation was found between occurrence and

climate. In the case of A. nodosum and P. canaliculata, species

presence was correlated with a small range of non-climatic

environmental conditions and specific locations. These habi-

tats may represent favourable microclimatic conditions or

provide refuge from competitors and natural enemies, or both,

leading to local climate refugia at the southern distribution

range of these species. We also hypothesized that the F. serratus

distribution responds to diverse combinations of factors in

different sections of the NW Iberian Peninsula. The response

of species distributions to climatic variables may be complex

and vary geographically. Our study highlights the limitations

of predictions based solely on the variation of climatic factors

at coarse spatial resolutions, for example those using predicted

latitudinal temperature gradients such as oceanic isotherms.

This is in accordance with recent research that has questioned

the assumption that variation in climatic drivers at large

geographical scales is sufficient to predict shifts in species

distributions (Austin & Van Niel, 2011).

ACKNOWLEDGEMENTS

We thank the Spanish Instituto Nacional de Técnica Aeroes-
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