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Abstract

Crustose algal communities were studied in Diadema africanum urchin barrens around Tenerife (Canary Islands, NE Atlantic). A hierarchical nested sampling design was used to study patterns of community variability at different spatial scales (sectors, three sides of the island; sites within each sector, 5–10 km apart; stations within each site, 50–100 m apart). Although noncrustose species contributed the most to community richness, cover was dominated by crustose forms, like the coralline algae Hydrolithon farinosum, H. samoënse, H. onkodes, Neogoniolithon orotavicum and N. hirtum, and the phaeophycean Pseudolithoderma adriaticum. The structure of these communities showed high spatial variability, and we found differences in the structure of urchin barrens when compared across different spatial scales. Multivariate analysis showed that variability in community structure was related to the five environmental variables studied (wave exposure, urchin density, substrate roughness, productivity and depth). Wave exposure was the variable that contributed most to community variability, followed by urchin density and substrate roughness. Productivity and depth had limited influence. The effects of these variables differed depending on the spatial scale; wave exposure and productivity were the main variables influencing community changes at the largest scale (between different sectors of the island), while D. africanum density, roughness and depth were the most influential at medium and small scales.
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Introduction
Crustose algal communities are found within a range of habitats from the intertidal to deepwaters (Kaehler and Williams 1996; Aponte and Ballantine 2001; Benedetti-Cecchi et al. 2003; Piazzi et al. 2004) and tend to dominate benthic communities where environmental factors (e.g., wave exposure, desiccation, irradiance, sedimentation) are extreme (Adey 1970; Daume et al. 1999; Fabricius and De’ath 2001). On shallow, rocky subtidal substrates, intense grazing causes a reduction of upright algae (Hay 1981; Carpenter 1986; Andrew 1993) and the crustose morphotype has a major competitive advantage since herbivores are unable to consume crustose algae easily.
In tropical regions, crustose algae are a key functional group in coral reef systems and their abundance can directly regulate the abundance of corals, the principal ecological engineers in these ecosystems (Harrington et al. 2004; Titlyanov et al. 2005; Becerro et al. 2006; O’Learly et al. 2012). In undisturbed tropical reefs, high levels of grazing by fishes and urchins are common; this grazing prevents upright algae from becoming dominant and promotes scleractinian coral reef formation (Hay 1997; McClanahan et al. 2000; Belliveau and Paul 2002; Littler et al. 2006). In contrast, in subtropical and temperate regions, high abundances of crustose algae and high levels of grazing are symptoms of imbalance in the organization of the benthic community (e.g., Sala et al. 1998; Hernández et al. 2008). In subtropical and temperate regions, upright algae are the main ecological engineers so their removal by sea urchins, the key herbivores, shapes organization of the entire community. Crustose algal communities, also named urchin barrens, are considered degraded habitats, and their presence on subtidal rocky bottom shows that excessive urchin grazing has taken place (Sala et al. 1998; Konar and Estes 2003; Shears and Babcock 2003; Hernández et al. 2008). Demographic explosions of sea urchins are thought to occur when urchin predators are removed by overfishing (Pinnegar et al. 2000; Shears and Babcock 2003; Clemente et al. 2010).
A number of the ecological processes that determine where crustose algal communities flourish in shallow waters have been identified. However, little is known about the spatial variability of these urchin barrens, and how their structure change. Knowledge is incomplete mainly due to difficulties identifying individual species, not only in situ but also in the laboratory. Ecological studies frequently group them together (e.g., ‘crustose algae’ or ‘crustose coralline algae’; Littler 1972; Steneck and Paine 1986; Steneck and Dethier 1994; Daume et al. 1999). Some preliminary studies have shown that the structure of these communities may be subject to significant variation (Hackney et al. 1989). Like in upright algal communities, the structure of crustose algal communities can change according to the herbivore grazing pressure (Wright et al. 2005).
In the Canary Islands, urchin barrens have been created by the grazing activity of one specific species of sea urchin, Diadema
              africanum, the dominant herbivore in this region’s shallow rocky habitats (Hernández et al. 2008). The transition from upright seaweed beds to barrens is related to an increase in sea urchin density (Tuya et al. 2004; Hernández et al. 2008). When sea urchin density has decreased in the Canary Islands, either as a result of predator recovery, or of experiments that have excluded sea urchins from specific areas, the habitat has reverted back to upright seaweed beds (Brito et al. 2004; Sangil et al. 2012). Urchin barren communities, mainly consisting of crustose species, were initially considered to have poor species richness compared to upright seaweed beds (Sangil et al. 2011). Although crustose algae are usually associated with barren habitats, Sangil et al. (2011, 2014) found that, as a whole, crustose forms are also vulnerable to D. africanum grazing; an increase in sea urchin population density induces a decrease in crustose algal cover. Here, the urchin barrens around Tenerife Island were studied in detail, including the identification of crustose algal species, to identify spatial patterns in the community structure of crustose algae. In particular, by means of a fully nested hierarchical sampling design, we tested the following hypotheses:1.Algal communities in barrens around Tenerife show variability at different spatial scales (from 5–10 km to 50–100 m).

 

2.Variability in community structure is related to a number of environmental factors which vary in their influence across different spatial scales.

 

3.Variability in community composition is more dependent on variability in species abundances than on variability in species composition.

 



            

Materials and methods
Study area
Fieldwork was conducted by SCUBA divers in urchin barrens at 10–20 m depth around Tenerife Island (28° 24.33′N, 16° 18.86′W), Canary Islands (Fig. 1), during spring–summer 2004. The study was performed across three different spatial scales: sectors, sites and stations. Sectors were defined as stretches of coastline exposed to different oceanographic conditions; wave exposure in particular differs between coasts facing to the SE, SW and N of the island. Around Tenerife, NE waves, with an annual mean height of 1.4 m, are frequent throughout the year but strongest between spring and summer. These NE waves are associated with NNE and NE winds and affect both the N and SE coasts of Tenerife. In autumn and winter, strong waves 3 m in height, from the NNW-NW, affect SW Tenerife (García-Braun and Molina 1988). According to a zoning established by Pérez et al. (2003), SE Tenerife is minimally exposed to waves, the SW is semi-exposed and the N is highly exposed. The concentration of nutrients also varies between the three sectors and is higher on the N coast compared to SE and SW coasts (Barton et al. 1998). In each of these sectors, four sites were chosen (5–10 km apart), and within each site two sampling stations were selected (50–100 m apart).[image: A10152_2014_401_Fig1_HTML.gif]
Fig. 1Location of study area and sampling sites: Southeast Sector [1. Boca Cangrejo, 2. Punta del Porís, 3. Abades, 4. La Tejita], Southwest Sector [5. El Palm-Mar, 6. El Balito, 7. La Tixera, 8. Teno] and North Sector [9. La Hondura, 10. La Consolación, 11. Martiánez, 12. La Rapadura]




              

Data collection
Algal percentage cover was estimated in each sampling station using quadrats (50 × 50 cm, subdivided into 10 × 10 cm). Five quadrats were haphazardly placed with a minimum distance of 10 m between replicates. Algal data were organized into two data sets: one with percentage cover data from the in situ quadrats; and another with presence/absence data from samples removed from the station and analyzed in the laboratory. Macroalgal species were identified in situ where possible, only if necessary samples were collected for later identification in the laboratory, following Afonso-Carrillo and Sansón (1999). Filamentous algae were treated as a single group, and the crustose coralline algae (CCA) were identified in the laboratory. For CCA identification, samples of the rock surface (10 × 10 cm) were extracted from each quadrat using hammer and chisel and preserved in 5 % formalin–seawater solution. CCA identification was performed by examining the cytological features, the shape of conceptacles and the vegetative structure of the algae, viewed intact and also in radial longitudinal sections made by hand with a razor blade (obtained from selected decalcified fragments stained in 1 % aniline blue in distilled water) (Afonso-Carrillo 1984; Woelkerling 1988; Irvine and Chamberlain 1994). CCA were separated into three morphological groups: (1) Hydrolithon onkodes and Titanoderma polycephalum which are large and exhibit morphological features that allow identification in situ (Afonso-Carrillo 1982; Afonso-Carrillo and Sansón 1999); (2) thin crustose coralline algae (thin CCA) including small thin species (e.g., Hydrolithon farinosum, H. samoënse, Pneophyllum fragile) that have very few cell layers and each of these layers is <200 µm in thickness (Irvine and Chamberlain 1994; Reyes and Afonso-Carrillo 1995); and (3) thick crustose coralline algae (thick CCA) including larger species (e.g., Lithophyllum vickersiae, Mesophyllum expansum, Neogoniolithon hirtum, N. orotavicum, Phymatolithon lenormandii) with a larger number of cell layers all of which are 200–1,000 µm in thickness (Afonso-Carrillo 1982, 1984; Athanasiadis and Neto 2010).
In conjunction with the algal data, information about five different environmental variables was collected for each station: urchin density, wave exposure, productivity, depth and substrate roughness. Urchin density was calculated using the belt-transect method described by Hernández et al. (2008), whereby individuals were counted in five replicates of 10 × 2 m transects haphazardly placed parallel to the shoreline. Wave exposure data were obtained for each study site from a database containing information about average wave power (kW/m) for the Spanish coast (www.​enola.​ihcantabria.​com). Productivity data, estimated using Chlorophyll a concentration (mg m−3), were obtained for each site from the Bio-Oracle database (Ocean Rasters for Analysis of Climate and Environment) (Tyberghein et al. 2012). Water depth was read from a dive computer for each quadrat. The roughness of the substrate was estimated for each quadrat using the rope and chain method (Luckhurst and Luckhurst 1978); dividing the length of one side of the quadrat (e.g., 50 cm) by the length of the rock relief under that side of the quadrat (e.g., 50 cm for a completely flat surface, or 100 cm for a more undulating or ‘rough’ surface). The length of the rock relief beneath the quadrat was measured using a flexible tape that allowed hollows and protrusions in the rock to be accounted for.

Data analysis
Spatial differences in community structure and species composition were examined by permutational analysis of variance (PERMANOVA; Anderson et al. 2008), using both cover and presence/absence data. Relevance of species abundance versus species identity was used to compare community organization. The resemblance matrices were obtained using Bray–Curtis dissimilarities for the algal datasets. The design consisted of a three-way analysis, with ‘Sector’ (3 levels: SE, SW, N) treated as a fixed factor, ‘Site’ (12 levels) as a random factor nested in ‘Sector’, and ‘Station’ (24 levels) as a random factor nested in ‘Site’ and ‘Sector’. A posteriori pairwise comparisons (Anderson 2004) per ‘Sector’, ‘Site’ and ‘Station’ were performed in some cases. Pseudo-F values were obtained from a maximum of 4,999 random permutations. To visualize patterns within the percentage cover and presence/absence data, non-metric multidimensional scaling ordinations (nMDS) were used (Clarke and Gorley 2006).
In addition, cover of dominant algal taxa (>1 % mean cover) was examined using permutational ANOVAs (Anderson et al. 2008). Resemblance matrices were generated using Euclidean distances of data (Anderson 2001, 2004; Anderson and ter Braak 2003). The design consisted of a three-way analysis, with ‘Sector’ treated as a fixed factor, ‘Site’ as a random factor nested in ‘Sector’, and ‘Station’ as a random factor nested in ‘Site’ and ‘Sector’. A posteriori pairwise comparisons were performed in some cases. For these species, variance components (Underwood 1997) were calculated to estimate the contribution of each spatial factor (sector, site, station) to the variance in species abundance. The method used to estimate the variance components was the minimum norm quadratic unbiased estimation method (MINQUE). This technique was used because the data did not satisfy the normality requirements, and it was developed originally to the estimation of variance components in random effects models (Rao 1971).
In order to identify the contribution of each environmental variable to spatial variability of algae in urchin barren communities, a distance-based linear model routine (DistLM) (Legendre and Anderson 1999) was applied. This method performs multivariate multiple regressions on the basis of any distance measure and performs a forward selection of the predictor variables, either individually or in specified sets, with tests by permutation. In our study, the DistLM analysis was based on similarity matrices of algal cover data and data from five environmental variables (urchin density, wave exposure, productivity, depth and substrate roughness). The method used stepwise selection, an adjusted R
                2 criterion and 9,999 permutations. Prior to the DistLM analysis, the draftsman plot method, with the corresponding Pearson’s correlation coefficients, was used to explore the relationships between environmental variables (Clarke and Gorley 2006). The draftsman plot test was performed so that any environmental variables that were strongly correlated could be excluded; as all correlations were low (R < 0.5), no variables were excluded from the DistLM. Following recommendations by Clarke and Gorley (2006), algal cover data were square root transformed and environmental variables data were normalized. A distance-based redundancy analysis (dbRDA) was used to visualize the relationship between algal data and environmental data according to the multivariate regression model and multidimensional space generated by the DistLM analysis in a simplified, two-dimensional plot (McArdle and Anderson 2001). These analyses show the percentage cover of the most abundant taxa (cover >1 %).
Percentages of algal cover used in the analyses were square root transformed. PRIMER-E® v.6 + PERMANOVA+ (www.​primer-e.​com, Clarke and Gorley 2006) and SPSS 17 for Windows (SPSS, Chicago, IL, USA) were used for calculations and terminology.


Results
Algal community composition
A total of 113 taxa were identified in the subtidal algal communities (Table 1). Thirteen crustose algae were present, and among them Hydrolithon farinosum, H. samoënse, Pseudolithoderma adriaticum, Neogoniolithon orotavicum and N. hirtum were the species that occurred most frequently. Eleven cyanophytes were identified, including Microcoleus lyngbyaceus, Calothrix crustacea, Schizothrix calcicola, S. mexicana and Oscillatoria princeps. Seventy-four filamentous or small macrophytes were observed including Jania adhaerens, Pseudochlorodesmis furcellata, Herposiphonia secunda, Sphacelaria cirrosa and the sporophytic phase of Asparagopsis taxiformis. Fifteen upright macrophytes were also identified, including Lobophora variegata, Dictyota pfaffii, Dictyota sp., Haliptilon virgatum and Sargassum sp. Almost 97 % of the total cover was made up of algae from six taxa: thick CCA (mean cover 29.65 %), thin CCA (16.90 %), Hydrolithon onkodes (8.23 %), Pseudolithoderma adriaticum (2.74 %), Lobophora variegata (1.97 %) and filamentous Ceramiales (1.13 %). None of the remaining algal species exceeded 1 % of total percentage cover (Table 2).Table 1Algae species found in urchin barrens studied in 12 sites around Tenerife Island, including the relative frequency (%) per sector


	Species
	SE
	SW
	N

	Crustose
	 	 	 
	 Hydrolithon farinosum (Lamouroux) Penrose et Chamberlain
	95
	90
	85

	 Hydrolithon samoënse (Foslie) Keats et Chamberlain
	60
	60
	82.5

	 Pseudolithoderma adriaticum (Hauck) Verlaque
	57.5
	40
	30

	 Neogoniolithon orotavicum (Foslie) Lemoine
	20
	57.5
	15

	 Neogoniolithon hirtum (Lemoine) Afonso-Carrillo
	22.5
	10
	22.5

	 Hydrolithon onkodes (Heydrich) Penrose et Woelkerling
	5
	5
	42.5

	 Titanoderma polycephalum (Foslie) Woelkerling, Chamberlain et Silva
	2.5
	2.5
	20

	 Peyssonnelia dubyi P. et H. Crouan
	 	 	17.5

	 Phymatolithon lenormandii (Areschoug) Adey
	7.5
	5
	2.5

	 Lithophyllum vickersiae Lemoine
	2.5
	 	7.5

	 Peyssonnelia rubra (Greville) J. Agardh
	 	5
	 
	 Mesophyllum lichenoides (Ellis) Lemoine
	 	 	2.5

	 Pneophyllum fragile Kützing
	 	 	2.5

	Cyanophytes
	 	 	 
	 Microcoleus lyngbyaceus (Kützing) P. et H. Crouan ex Gomont
	60
	45
	40

	 Calothrix crustacea Thuret ex Bornet et Flahault
	15
	20
	12.5

	 Schizothrix calcicola (C. Agardh) Gomont ex Gomont
	10
	17.5
	15

	 Oscillatoria princeps Vaucher ex Gomont
	15
	5
	15

	 Schizothrix mexicana Gomont
	0
	15
	12.5

	 Anacystis dimidiata (Kützing) Drouet et Daily
	7.5
	7.5
	5

	 Oscillatoria lutea C. Agardh ex Gomont
	5
	7.5
	 
	 Spirulina subsalsa Oersted ex Gomont
	5
	2.5
	2.5

	 Oscillatoria submembranacea Ardissone et Straff ex Gomont
	 	5
	2.5

	 Entophysalis deusta (Meneghini) Drouet et Daily
	 	2.5
	 
	 Schizothrix arenaria (Berkeley) Gomont
	 	 	2.5

	Filamentous and small macrophytes
	 	 	 
	 Jania adhaerens Lamouroux
	80
	85
	77.5

	 Pseudochlorodesmis furcellata (Zanardini) Børgesen
	77.5
	75
	75

	 Herposiphonia secunda (C. Agardh) Ambronn
	70
	60
	52.5

	 Sphacelaria cirrosa (Roth) C. Agardh
	72.5
	50
	45

	 Asparagopsis taxiformis (sporophyte) (Delile) Trevisan
	47.5
	47.5
	50

	 Gelidium pusillum (Stackhouse) Le Jolis
	25
	37.5
	57.5

	 Gelidiopsis intricata (C. Agardh) Vickers
	47.5
	47.5
	15

	 Womersleyella setacea (Hollenberg) Norris
	40
	30
	25

	 Anotrichium tenue (C. Agardh) Nägeli
	32.5
	15
	37.5

	 Ceramium flaccidum (Kützing) Ardissone
	25
	30
	27.5

	 Ptilothamnion speluncarum (Collins et Hervey) Ballantine et Wynne
	30
	22.5
	30

	 Sphacelaria sp.
	15
	25
	42.5

	 Hypoglossum hypoglossoides (Stackhouse) Collins et Hervey
	5
	12.5
	57.5

	 Ceramium tenerrimum (Martens) Okamura
	12.5
	17.5
	40

	 Heterosiphonia crispella (C. Agardh) Wynne
	12.5
	15
	35

	 Cladophora laetevirens (Dillwyn) Kützing
	20
	12.5
	30

	 Callithamniella tingitana (Schousboe ex Bornet) Feldmann-Mazoyer
	2.5
	5
	50

	 Dasya hutchinsiae Harvey
	10
	12.5
	27.5

	 Laurencia spp.
	10
	15
	17.5

	 Apoglossum ruscifolium (Turner) J. Agardh
	 	7.5
	27.5

	 Griffithsia phyllamphora J. Agardh
	 	5
	30

	 Polysiphonia funebris De Notaris
	2.5
	5
	25

	 Pseudotetraspora marina Wille
	12.5
	15
	2.5

	 Spermothamnion flabellatum Bornet
	12.5
	2.5
	10

	 Ochlochaete hystrix Thwaites ex Harvey
	10
	7.5
	7.5

	 Chaetomorpha aerea (Dillwyn) Kützing
	15
	 	7.5

	 Acrochaetium gracile Børgesen
	2.5
	7.5
	10

	 Crouania attenuata (C. Agardh) J. Agardh
	2.5
	12.5
	5

	 Erythrotrichia carnea (Dillwyn) J. Agardh
	7.5
	5
	7.5

	 Grallatoria reptans Howe
	 	5
	12.5

	 Ceramium codii (Richards) Mazoyer
	2.5
	5
	7.5

	 Phaeophila dendroides (P. et H. Crouan) Batters
	5
	5
	5

	 Centroceras clavulatum (C. Agardh) Montagne
	7.5
	5
	 
	 Polysiphonia sp.
	2.5
	5
	5

	 Taenioma nanum (Kützing) Papenfuss
	 	 	12.5

	 Blastophysa rhizopus Reinke
	5
	5
	2.5

	 Ernodesmis verticillata (Kützing) Børgesen
	10
	 	2.5

	 Polysiphonia ferulacea Suhr ex J. Agardh
	2.5
	7.5
	 
	 Spongoclonium caribaeum (Børgesen) Wynne
	 	5
	5

	 Derbesia tenuissima (Moris et De Notaris) P. et H. Crouan
	 	 	10

	 Acrochaetium daviesii (Dillwyn) Nägeli
	2.5
	5
	 
	 Amphiroa fragilissima (Linnaeus) Lamouroux
	 	2.5
	5

	 Champia parvula (C. Agardh) Harvey
	 	 	7.5

	 Diplothamnion jolyi Hoek
	 	5
	2.5

	 Platysiphonia caribaea Ballantine et Wynne
	 	 	7.5

	 Polysiphonia flocculosa (C. Agardh) Kützing
	5
	 	2.5

	 Hincksia mitchelliae (Harvey) Silva
	7.5
	 	 
	 Sphacelaria rigidula Kützing
	2.5
	2.5
	2.5

	 Myrionema sp.
	 	2.5
	5

	 Feldmannia irregularis (Kützing) Hamel
	5
	2.5
	 
	 Anotrichium furcellatum (J. Agardh) Baldock
	2.5
	2.5
	 
	 Ceramium diaphanum (Lightfoot) Roth
	 	 	5

	 Cottoniella filamentosa (Howe) Børgesen
	 	 	5

	 Dasya crouaniana J. Agardh
	 	 	5

	 Neosiphonia sphaerocarpa (Børgesen) Kim et Lee
	5
	 	 
	 Wrangelia argus (Montagne) Montagne
	 	 	5

	 Sphacelaria plumula Zanardini
	2.5
	 	2.5

	 Bryopsis plumosa (Hudson) C. Agardh
	2.5
	 	2.5

	 Acrosorium ciliolatum (Harvey) Kylin
	2.5
	 	 
	 Antithamnionella boergesenii (Cormaci et Furnari) Athanasiadis
	 	 	2.5

	 Aphanocladia stichidiosa (Funk) Ardré
	 	 	2.5

	 Botryocladia boergesenii Feldmann
	 	 	2.5

	 Callithamnion tetragonum (Withering) Gray
	 	 	2.5

	 Erythrocladia irregularis Rosenvinge
	 	 	2.5

	 Nitophyllum punctatum (Stackhouse) Greville
	 	 	2.5

	 Polysiphonia scopulorum Harvey
	 	2.5
	 
	 Vickersia baccata (J. Agardh) Karsakoff emend Børgesen
	 	 	2.5

	 Nemacystus flexuosus (C. Agardh) Kylin
	2.5
	 	 
	 Feldmannia globifera (Kützing) Hamel
	2.5
	 	 
	 Parvocaulis parvulus (Solms-Laubach) Berger et al.
	 	 	2.5

	 Parvocaulis polyphysoides (P. et H. Crouan) Berger et al.
	2.5
	 	 
	 Acrochaete geniculata (Gardner) O’Kelly
	2.5
	 	 
	 Anadyomene saldanhae Joly et Oliveira
	 	 	2.5

	 Ulvella setchellii Dangeard
	 	 	2.5

	Upright macrophytes
	 	 	 
	 Lobophora variegata (Lamouroux) Oliveira
	60
	55
	67.5

	 Dictyota sp.
	17.5
	22.5
	27.5

	 Dictyota pfaffii Schnetter
	12.5
	15
	25

	 Haliptilon virgatum (Zanardini) Garbary et Johansen
	2.5
	5
	12.5

	 Sargassum sp.
	12.5
	 	 
	 Padina pavonica (Linnaeus) Thivy in Taylor
	10
	 	 
	 Ulva sp.
	5
	2.5
	2.5

	 Canistrocarpus cervicornis (Kützing) De Clerck
	 	5
	2.5

	 Cystoseira compressa (Esper) Gerloff et Nizamuddin
	5
	2.5
	 
	 Stypopodium zonale (Lamouroux) Papenfuss
	 	 	7.5

	 Halopteris scoparia (Linnaeus) Sauvageau
	5
	 	 
	 Asparagopsis taxiformis (Delile) Trevisan
	5
	 	 
	 Dictyota fasciola (Roth) Lamouroux
	2.5
	 	 
	 Colpomenia sinuosa (Roth) Derbès et Solier
	 	2.5
	 
	 Liagora tetrasporifera Børgesen
	 	2.5
	 



                Table 2Mean percent cover (±s.e.) and percentage of contribution to total cover of the most abundant algae found in urchin barrens of Tenerife Island, and mean percent cover by sectors [SE = Southeast, SW = Southwest, N = North]


	Taxa
	Cover
	% Contr.
	SE
	SW
	N

	Crustose
	 	 	 	 	 
	 Thick CCA
	29.65 ± 2.51
	47.29
	17.43 ± 3.26
	24.43 ± 3.86
	47.10 ± 4.46

	 Thin CCA
	16.90 ± 1.19
	26.95
	22.63 ± 1.55
	19.08 ± 2.42
	9.00 ± 1.51

	 Hydrolithon onkodes
                          
	8.23 ± 1.60
	13.12
	 	 	24.68 ± 3.64

	 Pseudolithoderma adriaticum
                          
	2.74 ± 0.64
	4.37
	1.88 ± 0.58
	5.93 ± 1.74
	0.43 ± 0.07

	 Titanoderma polycephalum
                          
	0.17 ± 0.07
	0.27
	 	 	0.50 ± 0.21

	 Peyssonnelia spp.
	0.01 ± 0.008
	0.01
	 	 	0.03 ± 0.02

	Filamentous and small macrophytes

	 Filamentous Ceramiales
	1.13 ± 0.20
	1.80
	0.70 ± 0.20
	0.73 ± 0.15
	1.98 ± 0.54

	 Pseudochlorodesmis furcellata
                          
	0.41 ± 0.76
	0.65
	0.48 ± 0.18
	0.35 ± 0.09
	0.40 ± 0.09

	 Jania adhaerens
                          
	0.58 ± 0.09
	0.92
	0.85 ± 0.21
	0.58 ± 0.15
	0.33 ± 0.08

	 Ernodesmis verticillata
                          
	0.06 ± 0.03
	0.09
	0.18 ± 0.08
	 	 
	 Gelidiopsis intricata
                          
	0.05 ± 0.02
	0.07
	0.03 ± 0.02
	0.10 ± 0.06
	0.03 ± 0.02

	 Chaetomorpha aerea
                          
	0.02 ± 0.01
	0.03
	0.05 ± 0.03
	 	 
	Upright macrophytes

	 Lobophora variegata
                          
	1.98 ± 0.34
	3.15
	1.08 ± 0.17
	0.83 ± 0.22
	4.03 ± 0.92

	 Dictyota pfaffii
                          
	0.35 ± 0.83
	0.55
	0.15 ± 0.07
	0.45 ± 0.15
	0.45 ± 0.18

	 Dictyota sp.
	0.22 ± 0.04
	0.35
	0.30 ± 0.10
	0.08 ± 0.04
	0.28 ± 0.08

	 Sargassum sp.
	0.06 ± 0.02
	0.09
	0.13 ± 0.05
	 	0.05 ± 0.03

	 Cystoseira compressa
                          
	0.04 ± 0.01
	0.06
	0.10 ± 0.04
	0.03 ± 0.02
	 
	 Padina pavonica
                          
	0.04 ± 0.02
	0.06
	0.13 ± 0.06
	 	 
	 Stypopodium zonale
                          
	0.03 ± 0.01
	0.04
	 	 	0.08 ± 0.04

	 Colpomenia sinuosa
                          
	0.02 ± 0.01
	0.03
	0.05 ± 0.05
	 	 
	 Liagora tetrasporifera
                          
	0.01 ± 0.008
	0.01
	 	0.03 ± 0.02
	 
	 Dictyota fasciola
                          
	0.01 ± 0.008
	0.01
	0.03 ± 0.02
	 	 
	 Asparagopsis taxiformis
                          
	0.01 ± 0.008
	0.01
	0.03 ± 0.02
	 	 
	Total
	62.69 ± 26.99
	 	46.18 ± 19.69
	52.58 ± 25.766
	89.33 ± 7.71




              

Spatial variability of algal communities
Analyses carried out on the dataset for total algal cover showed significant differences between sectors, sites and stations (‘Sector’: Pseudo-F = 3.320, p = 0.008; ‘Site’: Pseudo-F = 2.888, p = 0.001; ‘Station’: Pseudo-F = 9.324, p = 0.001). A posteriori tests for the term ‘Sector’ found differences between SE and N (t = 2.560, p = 0.015) and between SW and N (t = 1.929, p = 0.022). Analyses of the algal presence/absence dataset showed significant differences between sectors and sites (‘Sector’: Pseudo-F = 1.660, p = 0.023; ‘Site’: Pseudo-F = 2.070, p = 0.002). A posteriori tests for the term ‘Sector’ showed differences between SE and N sectors (t = 1.679, p = 0.009), and between SW and N sectors (t = 1.543, p = 0.026). MDS analyses (Fig. 2) of both algal cover and algal presence/absence datasets showed that samples from the N sector differed from both SE and SW sector samples. Between sites, the dissimilarity was higher in algal cover data (Fig. 2a) than in presence/absence data (Fig. 2b).[image: A10152_2014_401_Fig2_HTML.gif]
Fig. 2Non-metric MDS ordination: a species cover, b presence/absence data




              
The percentage cover of the most abundant algae (mean cover > 1 %) differed between the different spatial scales (Fig. 3a). Thin CCA differed between sectors (Pseudo-F = 4.059, p = 0.049) and stations (Pseudo-F = 10.396, p < 0.001); the cover of thin CCA was higher in the SE and SW sectors than in the N sector (Fig. 3a). Thick CCA differed significantly between sites (Pseudo-F = 4.507, p = 0.004) and stations (Pseudo-F = 11.899, p < 0.001); the cover between sites within each sector was highly variable (Fig. 3a). Hydrolithon onkodes differed for all spatial scales (‘Sector’: Pseudo-F = 17.860, p = 0.002; ‘Site’: Pseudo-F = 3.686, p = 0.018; ‘Station’: Pseudo-F = 4.276, p < 0.001). In the SE and SW sectors, H. onkodes was not recorded, while within sector N the cover was highly variable between sites. Pseudolithoderma adriaticum and Lobophora variegata differed between sites and stations (P. adriaticum ‘Site’: Pseudo-F = 3.264, p = 0.032; ‘Station’: Pseudo-F = 45.623, p < 0.001; L. variegata ‘Site’: Pseudo-F = 4.547, p = 0.009; ‘Station’: Pseudo-F = 3.323, p < 0.001). Filamentous Ceramiales differed only between stations (Pseudo-F = 11.109, p < 0.001). Components of variance (Fig. 3b) showed the variance associated with each significant term. For thin CCA, the highest relative importance of variance was associated with the factor ‘Station’, followed by ‘Sector’. Percentage cover of thick CCA, P. adriaticum and L. variegata, was associated with the factor ‘Site’, followed by the factor ‘Station’. For H. onkodes, ‘Sector’ was the most important factor.[image: A10152_2014_401_Fig3_HTML.gif]
Fig. 3
                        a Mean percentage cover (+SD) of thin CCA, thick CCA, Hydrolithon onkodes, Pseudolithoderma adriaticum, Lobophora variegata, and filamentous Ceramiales, in relation to the significant terms ‘Sector’ and ‘Site’. b Variance components, factors are: Sec = Sector; Si(Sec) = Site(Sector); Sta(Si(Sec)) = Station(Site(Sector)), Res = residual. *Scales of significant variation according to permutational ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001




              

Relationships between algal community structure and environmental variables
The DistLM analysis detected significant variation between community structure and all of the environmental variables (Table 3). The marginal test (Table 3a) examined the significant variation between algal community versus each separate environmental variable in turn, and found community variation was explained to each variable as follows: wave exposure (15.38 %), productivity (14.22 %), substrate roughness (7.97 %), Diadema africanum density (7.06 %) and depth (2.59 %). The sequential test (Table 3b), which tested the effect of all the environmental variables together, found the following contribution: wave exposure (15.17 %), D. africanum density (7.11 %), substrate roughness (6.47 %), productivity (5.20 %) and depth (2.59 %). These five environmental variables explained 36.56 % of the total variability. The dbRDA analysis (Fig. 4a) showed that the wave exposure and productivity were partially negatively correlated with the first axis. Substrate roughness was partially positively correlated with the second axis, while urchin density and depth were partially negatively correlated with the second axis. The ordination plot also shows that samples from different sectors were separated along the first axis, while the samples from different sites were mainly ordered along the second axis. The overlaid trajectory of variation in algal cover (Fig. 4b) showed that Hydrolithon onkodes increased its cover along negative values of the first axis. Lobophora variegata and filamentous Ceramiales increased their cover following negative values of the first axis and positive values of the second axis. Thick CCA showed a partial correlation with negative values of the first axis and with negative values of the second axis. Thin CCA and Pseudolithoderma adriaticum increased their values following the positive values of both axes.Table 3Results of DistLM (distance-based linear model routine) considering species cover


	Variable
	Pseudo-F
	
                            p
                          
	% var.

	
                            (A) Marginal test
                          

	Urchin density
	6.297
	0.0002
	7.06

	Wave exposure
	28.378
	0.0001
	15.38

	Productivity
	26.30
	0.0001
	14.22

	Depth
	3.147
	0.014
	2.59

	Substrate roughness
	7.495
	0.0001
	7.97


	Variable
	Pseudo-F
	
                            p
                          
	% var.
	Com. % var.

	
                            (B) Sequencial test
                          

	Wave exposure
	30.152
	0.0001
	15.17
	15.17

	Urchin density
	9.353
	0.0001
	7.11
	22.28

	Substrate roughness
	8.574
	0.0001
	6.47
	28.76

	Productivity
	6.633
	0.0003
	5.20
	33.96

	Depth
	3.147
	0.015
	2.59
	36.56


(A) Test for relationships between individual environmental variables and species cover. (B) Test for relationships between environmental variables and species cover considering all environmental variables integrated in a multiple regression model



                [image: A10152_2014_401_Fig4_HTML.gif]
Fig. 4Distance-based redundancy analysis (dbRDA). a Relationships between the ordination of samples based on species cover and environmental variables. b Direction of increasing cover of the most abundant algal species (cover > 1 %)




              


Discussion
Crustose forms were the most abundant algae found in Diadema africanum barrens along the coasts of Tenerife. Within this group, the crustose coralline algae Hydrolithon farinosum, H. samoënse, H. onkodes, Neogoniolithon orotavicum and N. hirtum, and the phaeophyceen Pseudolithoderma adriaticum were the most common species. However, in terms of species richness, crustose algal species represented only a small fraction of the community. Noncrustose algae, made up of 100 different species of which about 90 % were cyanophytes, filamentous and small corticated forms, contributed the most to community richness. Most algae, both crustose and noncrustose, have adapted and developed defences against herbivory. CCA have a heavily calcified structure to deter herbivores (Littler and Littler 1980; Duffy and Hay 1990; Steneck and Dethier 1994; Hay 1997), while noncrustose algae have rapid growth and high renewal rates (Littler and Littler 1980; Hackney et al. 1989). In the barrens we studied, there were also species that are more commonly found in upright algal bed habitats. In our barrens, these species showed low levels of thallus development, not exceeding the initial stages of growth, and lacked reproductive structures (Sangil 2012). They occur in the barrens as a result of the relatively continuous arrival of propagules from upright algal beds elsewhere in the region, but their development is stunted due to grazing pressure by Diadema africanum. Lobophora variegata is the most abundant upright macrophyte found growing in barrens; the species’ relative success is because its prostrate growth makes it less accessible to sea urchins (Ruyter van Steveninck et al. 1988).
Barrens are generally described as having poor net biodiversity, compared with habitats dominated by upright algae (Sala et al. 1998; Konar and Estes 2003; Shears and Babcock 2003; Ling 2008). However, there are some species that benefit from the presence of herbivores. Removal of canopy forming algae by sea urchins increases the availability of space for other species to establish themselves and develop (Hay 1981; Sammarco 1982; Hackney et al. 1989). Many filamentous and small corticated species therefore seem to have found their niche in barrens while they are uncommon in upright algal beds (Sangil 2012).
Community structure showed high spatial variability around Tenerife, with PERMANOVA (all species dataset) finding differences across all spatial scales. These differences were most evident in the percentage of algal cover data, where there were differences between sectors (sides of the island), sites (5–10 km apart within each sector) and stations (50–100 m apart within each site). Presence/absence data only showed differences at the levels of sector and site; community composition was similar between different stations. Analyses of algal cover data (used as a measure of algal abundance) were more sensitive for detecting differences in algal communities than presence/absence data (used as a measure of species richness). It is likely that this occurred because the bulk of the algal community was made up of a small number of relatively abundant species. Several groups of algae made up about 97 % of the total cover: thin CCA (including Hydrolithon
              farinosum, H. samoënse, Pneophyllum fragile), thick CCA (Neogoniolithon
              hirtum, N. orotavicum, Lithophyllum vickersiae, Mesophyllum expansum, Phymatolithon lenormandii), Hydrolithon
              onkodes, Pseudolithoderma adriaticum, Lobophora variegata and filamentous Ceramiales. However, these key algae all showed different patterns of abundance across the island. For instance, the large CCA H. onkodes was most variable in abundance on a large scale (between sectors); the thick CCA, Pseudolithoderma
              adriaticum and Lobophora
              variegata showed high variability on a medium scale (between sites); and thin CCA and filamentous Ceramiales were most variable on a small scale (between stations).
A multiple regression model (DistLM analysis) showed that variability in community structure was significantly related to five environmental variables. Wave exposure was the variable that most contributed to spatial differences between algal communities, but urchin density and substrate roughness were also important. Productivity and depth had limited influence. The dbRDA analysis showed that environmental variables had different levels of influence at different spatial scales. On the largest scale, wave exposure and productivity were the most dominant factors relating to algal community structure, with a clear ordination of samples observed from N to SE sectors. Urchin density, roughness and depth were related to algal community variability on the medium and small spatial scales. Samples from each sector as well as the samples from within each site were ordered along the second axis according to the increase of these variables.
Some marine species known to be favoured by high levels of wave exposure and nutrients while others are impaired by them; in this way, both environmental factors have the ability to influence community structure (Daume et al. 1999; Fabricius and De’ath 2001; Díez et al. 2003; Kraufvelin 2007). Although waves can prevent the settlement and establishment of algal propagules, the turbulence resulting from wave action can also break the seasonal thermocline, causing the ascent of nutrients and thereby enhancing the growth of algae in the area. Differences in Tenerife’s algal community structure between the exposed north coasts, and the less exposed southern coasts, have previously been described in upright algal beds (Tuya and Haroun 2006). Large and perennial species (Fucales) develop to a greater extent in exposed areas (Tuya and Haroun 2006; Sangil et al. 2011). In the barrens investigated in this study, clear differences in community structure and algal composition were found between areas subjected to different levels of wave exposure, and the most significant differences were found between communities of crustose species. In the northern barrens, where wave exposure is highest, the dominant species were the thick CCA (Neogoniolithon hirtum and N. orotavicum) and the largest CCA, Hydrolithon onkodes. In the southern barrens, where wave exposure is lower, the dominant crustose algae were thin CCA (Hydrolithon samoënse and H.
              farinosum) and the crustose phaeophycean Pseudolithoderma adriaticum. Furthermore, in the northern barrens, thick CCA were made up mainly of slow-growing perennial forms with well-developed thalli, and reproductive structures (conceptacles) that occurred rarely. In contrast, in the south, species were rapid-growing annual forms, with small thalli and abundant conceptacles. Due to the differences between thick and thin forms, CCA cannot be considered as a single morpho-functional group in terms of life strategy and grazer resistance, as postulated by Littler and Littler (1980). Thin CCA, like those found dominating barrens in the south of Tenerife, include populations of annual opportunistic species that are found in habitats at an early stage of succession. Thick CCA, like those found predominantly along the northern coasts, are perennial species and tend to arrive at a later stage of succession.
Total cover of crustose algae was also higher in the northern barrens. The differences between sectors can be attributed mainly to oceanographic conditions; though urchin grazing pressure is another possible cause. Differences in grazing are known to drive differences in algal cover (Borowitzka 1981; Sammarco 1983; O’Leary and McClanahan 2010) and community structure (Hackney et al. 1989; Wai and Williams 2006). It can be deduced from dbRDA analysis that sea urchin density did not differ among the three sectors of the island studied. Despite this fact, numerous authors have suggested that wave exposure is one of the principal forces that can limit herbivore activity (Hay 1981; Lewis and Wainwright 1985; Kayamata et al. 2011). Previous studies on D. africanum also lend support to this hypothesis. Tuya et al. (2007) combined experimental work with field data to show that both mobility and grazing activity of D. africanum are influenced by wave strength. Hernández et al. (2008) found that urchins require protection from waves in order to graze efficiently. Given the results of previous work on D. africanum grazing activity, one might assume that grazing pressure is higher on CCA along the southern, relatively sheltered, coastlines of Tenerife than in northern, relatively wave exposed areas. An experimental approach is needed to test hypothesis.
In the Canary Islands, most of the variability in benthic communities at medium (site) and small (station) spatial scales is a result of local factors (e.g., sedimentation and substrate type) (Sangil et al. 2011). Most of the site variability, as shown by the dbRDA (see Fig. 4a), is related to differences in urchin density. High variability was also found at a medium spatial scale by Hernández et al. (2008) when they studied D. africanum densities across sites in the Canarian Archipelago. Hernández et al. (2008) suggested that local conditions, such as substrate type and sedimentation, are especially important in determining the size of urchin populations. Complex rocky bottoms with abundant pits (e.g., boulder fields) tend to harbor higher densities of urchins, which in turn limits algal growth, compared to homogeneous bottoms (e.g., flat platforms of rock). Above a certain threshold value, levels of sedimentation can restrict the settlement of D. africanum larvae. Different taxa showed significant differences at level site, such as thick CCA, Pseudolithoderma
              adriaticum, Hydrolithon
              onkodes and Lobophora
              variegata, the latter two decreased with increasing urchin density. The roughness of rocky substrates has been recognized as an important factor in determining the development of algal communities (Hutchinson et al. 2006). In the Canarian Archipelago, substrate roughness is highly variable between areas just a few tens of meters apart, due to the volcanic features of the bedrock (Yanes 1990). Small irregularities in the rocks, such as crevices or cavities, act as refuges for algae where grazing by macroherbivores is less intense (Bergey and Weaver 2004; Murdock and Dodds 2007). Substrate roughness and urchin density therefore have opposite effects on the organization of algal communities; algal development favors areas where substrate roughness is high and urchin density is low. As expected, the percentage cover of palatable, filamentous algae such as Ceramiales and Lobophora variegata, was highest in areas where the substrate was roughest. Water depth is known to be a key factor structuring near shore benthic communities (Dayton 1985; Garrabou et al. 2002). However, when considering depths between 10 and 20 m, there was no significant influence on the structure of algal communities in barren habitats around Tenerife.
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