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In aquatic environments, habitat complexity influences community species
composition  at  a  local  scale  by  partitioning  physical  niches,  mediating
water  motion  and  retaining  organic  matter.  Stratified  into  several

microhabitats, kelp forests represent one of the most complex biotopes in
coastal  waters.  These  microhabitats  are  generally  made  of  biogenic
structures characterised by species-specific life cycles and their complexity
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is  expected  to  change over  time.  In  a  Laminaria  hyperborea  forest  near
Roscoff  (Brittany,  France),  we  tested  whether  temporal  changes  differed
among  strata  (lamina,  stipe,  holdfast  and  rock)  in  terms  of  habitat
complexity,  richness and species abundance distributions.  At  the scale of

the  study,  the  epiphytic  habitat  was  relatively stable  over  four  sampling
dates, whereas epilithic structures of the understorey appeared particularly
unstable in terms of habitat size and distribution among morpho-functional
groups of habitat-formers. Unlike sessile species, mobile fauna experienced
substantial temporal changes in richness and abundance distribution in all
microhabitats  studied.  Although  mobile  fauna  distribution  varies  in  part
with  habitat  complexity,  additional  factors  likely come into  play such as
seasonal and stochastic variation in direct and indirect food resources.

Biodiversity
Microhabitats
Biomass
Kelp
Laminaria hyperborea
Sediments
Seasonality
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In natural communities, habitat features may affect the distribution of species
diversity and abundance (MacArthur & MacArthur, 1961 ; McGuinness &
Underwood, 1986 ; Downes et al., 1998 ; Tokeshi & Arakaki, 2012 ). At local
scales, habitat complexity is characterised by different traits of physical
structure: the diversity, the spatial arrangement, the size and the density of
structural elements (Tokeshi & Arakaki, 2012 ); e.g. pits and grooves on hard

substrata (McGuinness & Underwood, 1986 ). In aquatic ecosystems (see
Kovalenko et al., 2012  for review), habitat complexity is thought to protect
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organisms from environmental stresses, including physical forces (e.g. water
motions), and mediate biological interactions (e.g. predation pressure).
Furthermore, habitat complexity is expected to enhance retention of
particulate food materials, which represent the main trophic resource for

benthic communities, generally dominated by particle-feeders (Miller and
Page, 2012 ). This leads to numerous positive interactions in associated
communities, generally favouring species diversity, numerical abundances,
biomass, rates of propagule retention, settlement and survivorship (Altieri &
Van de Koppel, 2014 ), therefore influencing all aspects of “species
abundance distributions” (sensu Morlon et al., 2009 ).

AQ1

At local scale, rocky reef complexity results from both abiotic and biogenic
structures, which exhibit contrasting temporal dynamics. Abiotic structures
are composed of diverse kinds of rock and interstitial sediments, whose
features affect species abundance distributions (Littler & Littler, 1984 ;
McGuinness & Underwood, 1986 ; Hily & Jean, 1997 ; Airoldi, 2003 ).

Although bedrock is quite stable through time, its structure, hardness and
integrity can vary spatially and temporally depending on its nature (e.g.
Azzarello et al., 2014 ), some boulders move and are overturned due to water
motion and human activities (Littler & Littler, 1984 ; Chapman & Underwood,
1996 ; Arzel, 1998 ), and the amounts of sediment can vary according to
stochastic deposits (Littler et al., 1983 ; Gibbons, 1988 ; McQuaid & Dower,
1990 ; Airoldi, 2003 ), which in turn can affect benthic communities. Hard
substrata support several biogenic structures which, unlike abiotic structures,
may fluctuate according to the differential turn-over of engineer-organisms
(Bruno & Bertness, 2001 ). Such biogenic structures consist both of animal
concretions including corals, mussels, bryozoans, ascidians, sponges and tube
worms (McCormick, 1994 ; Dubois et al., 2002 ; Castilla et al., 2004 ;

Buschbaum et al., 2009 ; Kovalenko et al., 2012 ), and of diverse assemblages
of epilithic and epiphytic seaweeds (Hacker & Steneck, 1990 ; Martin-Smith,
1993 ; Norderhaug, 2004 ; Wulff, 2006 ; Christie et al., 2007 ). Although the
chemical composition of seaweeds (nutritional value, secondary metabolites)
may influence their utilisation by fauna as trophic resource and in turn as
habitat (Wulff, 2006 ; Paul et al., 2011 ; Tokeshi & Arakaki, 2012 ), their
physical features, such as shape and roughness, are generally more critical
(Hacker & Steneck, 1990 ; Norderhaug, 2004 ; Christie et al., 2007 ; Schaal et
al., in press). In kelp forests that dominate temperate reefs in shallow waters,
perennial species form a large canopy assumed to protect the understorey
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components from hydrodynamic disturbances and influence light intensity and
wavelength, therefore providing a range of stratified habitats for a high
diversity of understorey and epiphytic seaweeds, as well as many sessile
invertebrates (Norton et al., 1977 ; Graham, 2004 ; Cárdenas et al., 2015 ). All

these habitat-formers have distinct life cycles and may vary throughout the
year according to growth and senescence processes (Whittick, 1983 ; Martin-
Smith, 1993 ; Prathep et al., 2003 ). Consequently, the kelp forest habitat is
one of the most complex biotopes in coastal marine ecosystems.

In Europe, subtidal kelp forests are dominated by Laminaria hyperborea,
(Gunnerus) Foslie a species encountered at depth up to about 30 m (Kain,
1971 ). Kelp individuals may live for about 20 years (Kain, 1963 ; Rinde &
Sjøtun, 2005 ), can reach up to 3.5 m in length and are considered as a habitat
of their own composed of three stratified parts (Fig. 1 a): the holdfast, the
stipe and the lamina (Kain, 1963 ). Macroalgal and faunal epiphytes develop
all along the entire thallus, making up a high amount of biomass mainly
concentrated along the stipe (Whittick, 1983 ). Owing to different

morphological features (Fig. 1 a), these microhabitats shelter specific
assemblages of mobile fauna at local scale (Schultze et al., 1990 ; Christie et
al., 2003 ). At broader spatial scales, stipe assemblages have been shown to be
driven by the interplay between hydrodynamic conditions, the relative
proportion of morphological types (e.g. smooth, rough and bushy) of
epiphytic seaweeds and their total amount, i.e. habitat size (Christie et al.,
2007 ; Norderhaug et al., 2007 , 2014 ). The perennial holdfasts, in spite of
relatively few epiphytic seaweeds, generally shelter the greatest diversity of
sessile and mobile fauna associated with kelp plants (Jones, 1973 ; Moore,
1973 ). Each winter, a new ring of haptera (holdfast fixation structure) forms
at the top of the holdfast and grows in length until it reaches the rock surface
(Kain, 1963 ). These growth patterns enhance, besides epiphytic turn-over,

complexity of the holdfast microhabitat. Also during the winter, the stipe
expands in width and length, which—albeit without any change in stipe
complexity—increases the surface area available to epiphyte colonisation
(Kain, 1982 ). The flat and smooth lamina is shed in early spring (pattern
visible in Fig. 1 b) and totally renewed thereafter (Kain, 1976a ; Lůning,
1986 ). In L. hyperborea forests, habitat complexity and communities
associated with the diverse understorey seaweeds (Norton et al., 1977 ) remain
largely understudied. Both epilithic and epiphytic assemblages are composed
of perennial, pseudo-perennial and annual seaweeds which are utilised by a
wide range of fouling and mobile invertebrates (Seed & O’Connor, 1981 ;
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Dean & Connell, 1987a ; Martin-Smith, 1993 ). As such, kelp forest strata
may experience different temporal variations in complexity, and in turn
influence patterns in faunal diversity, composition and abundance over the
year.

Fig. 1 From e.proofing layout, all figures appear in a poor quality... If it is suppose

to be the final apperance, I can easily provide you revised versions of all these figures

if the ones I sent were not suitable. Just in case I re-uploaded the same, but in PNG

version. Please do not hesitate to contact me regarding this issue.

a  Schematic illustrating the typical  stratification and sessile biota associated
with  Laminaria  hyperborea.  Morpho-functional  groups  of  seaweeds  ((1)

crustose,  (2) smooth leaf-like,  (3)  rough leaf-like and (4)  bushy) and  sessile
fauna  ((5)  thin  sheets,  (6)  cushions,  (7)  massive  and  (8)  branching  forms)

considered  in  this  study are  indicated.  b  Underwater  sampling of  the  rocky
substratum (0.1  m  quadrat)  using  a  trowel  and  an  air  pump  (~2  m high)
connected to a 1-mm-mesh collector. Roscoff study site around low tide, March
2013. Courtesy of Wilfried Thomas, SBR

In the present study, we analysed the diversity and the biomass abundance
distributions of macroalgal and macrofaunal species across the four strata of
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Laminaria hyperborea forest in Roscoff (Brittany, France), at four dates over
the 2010–2011 period. From these data, we tested whether temporal patterns
in habitat features differed among the kelp forest strata and whether these
patterns could be related to specific morpho-functional groups of seaweeds

and sessile fauna, or particular species. In that case, we hypothesised that
temporal patterns in habitat features would explain, at least partly, those of
mobile fauna, in terms of both richness and abundance distributions within
each stratum.

The study site was located near Roscoff (48°43.556′N, 4°01.415′W, France),
situated 1 km from the shore and 2.5 m below chart datum (Leclerc et al.,
2013 ). The bedrock is littered with boulders and coarse interstitial sediment.
The site is moderately exposed to wave action (facing west) and to tidal
currents (maximal tidal range: 9 m) and the water mass is well mixed
throughout the year (Birrien et al., 1991 ). In addition to diurnal and seasonal
oscillations, the incident light reaching the canopy varies with tidal cycles,

with maximum irradiances occurring around noon during low spring tides
(Appendix A—Supplementary material 1). At this depth, the kelp forest
(≈1 km ) is largely dominated by L. hyperborea, although a few Saccorhiza
polyschides (Lightfoot) Batters, Cystoseira baccata (S. G. Gmelin) P. C. Silva
and Halidrys siliquosa (L.) Lyngbye patchily colonise light gaps (see also
diver observations in Appendix B—Supplementary material 2). In autumn
2010, kelp densities were measured within 0.25 m  three-sided (horseshoe-
shaped) quadrats (n = 60) for three stipe-length classes: 0–10, 10–40, >40 cm.
Densities were estimated at 16.9 ± 11.4 individuals m  (mean ± SD), largely
dominated by canopy plants (stipe >40 cm, 13.1 ± 6.6 ind. m ), with
densities of other kelps [S. polyschides and Laminaria digitata (Hudson) J. V.
Lamouroux] estimated at 0.1 ± 0.7 individuals m . The nearby environment is

characterised by mosaic habitats (Joubin, 1909 ), with numerous rocky islands
surrounded by infralittoral coarse sand/gravel flats and fine sand beaches.
Zostera marina L. beds are well developed on soft substrata of the
infralittoral fringe. Rocky substrata are dominated by Fucales on intertidal
levels, by L. digitata on infralittoral fringe and by L. hyperborea at deeper
depths (up to ca. 15 m, pers. obs.). From diver observations and information
provided by local fishermen, the study site was considered to be preserved
from kelp-harvesting, but was frequently exploited for abalones and large
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decapods.

Sampling was performed by scuba divers within a central plot (diameter of ca.
5 m) in mid-November 2010, late March 2011, late June 2011 and
mid-September 2011. At each sampling occasion, five L. hyperborea adults

were collected in 1-mm-mesh bags (Christie et al., 2003 ). A substantial part
of the within-site variability in the biotic colonisation of kelp-associated biota
can be explained by age and size (Whittick, 1983 ; Anderson et al., 2005 ) and
population samples (n ≥ 30) at each date would have been needed to infer
temporal patterns undergone within the whole kelp forest. In order to avoid
massive sampling within this pristine area, that could have altered the
environment from one date to another, only large adult kelp were selected
underwater according to their total length (1–2 m) before further biometric
analyses in the laboratory. As such, our results are to be interpreted with
caution as they reflect temporal changes within a subset—though relevant as
canopy individuals are highly colonised by epiphytes (Christie et al.,
1998 )—of the kelp forest. Individual kelp were enclosed in a bag and cut off

at their base to collect the stipe and its adjoining lamina. The holdfast was
then pried away from the rock using a trowel and collected in a separate bag.
The surrounding substratum (apparent rock on horizontal surfaces) was
sampled within five 0.1 m  quadrats. Both sessile and mobile species were
scratched from the rocky substratum using a trowel and directly sucked up
using an air-regulated pump connected to a 1-mm-mesh collector (Fig. 1 b).

In the laboratory, each bag was carefully rinsed with seawater over a 500-µm
sieve. Bag contents were fixed in their entirety in a buffered formaldehyde
solution (3%) and containers were kept in the dark to limit fading of
macroalgal specimens. Formaldehyde limited the secretion of alginic acids by
kelp and facilitated processing. Sessile species were separated from their
substratum (i.e. epilithic and epiphytic seaweeds on stipes, laminae, dissected

holdfasts) using a scalpel under a dissecting microscope before further
species-specific biomass determination. Although the stipe and its adjoining
lamina were collected in the same bag, these two strata were treated separately
for sessile fauna and seaweed abundances. Few mobile species inhabit
laminae (Norton et al., 1977 ; Christie et al., 2003 ); therefore most mobile
species (except Patella pellucida L. associated with lamina) found in the
stipe/lamina samples were assumed to inhabit stipe epiphytes. Fauna and flora
were sorted according to origin (stipe/lamina, holdfast or rock substratum)

2
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and their ash-free dry mass (AFDM, Crisp, 1984 ) determined at the species
level whenever possible (see “Results ” section and Appendices
B–D—Supplementary materials 2–4). In addition, mobile fauna were counted
to quantify numerical abundances.

To allow temporal comparisons of communities associated with kelp strata,
each kelp sample was processed for a series of biometric measurements (age,
size and volume). These parameters were compared among sampling dates
using analyses of variance (ANOVAs), followed, when appropriate, by
Student–Newman–Keuls (SNK) post hoc tests. No data transformation was
required for these analyses given the homoscedasticity in the data (verified
using Levene’s test). Age was estimated from growth marks in the holdfast,
using the method described in Kain (1963 ). Each holdfast was packed in a
thin plastic bag and placed in a transparent water jar to measure its total
displacement volume. Holdfast interstitial volume, ‘ecospace’ following Jones
(1971 ), was determined by the difference between total and dissected holdfast
volumes, measured in a graduated tube after fauna sorting. Owing to the

unique morphology and growth patterns of L. hyperborea fronds (Kain,
1976a), laminae were only assessed for their total biomass (ash-free dry
mass).

Comparisons of univariate and multivariate patterns were performed separately
for the kelp and the rock substratum. Unlike rock samples (0.1 m ), kelp
holdfasts covered variable surfaces (ranging from 0.01 to 0.03 m ). However,
both kelp plants and kelp strata (lamina, stipe and holdfast) can be considered
as sampling units provided that a covariate (e.g. kelp age, holdfast volume,
stipe surface area) is taken into consideration as rough estimator of the actual
sampling size (Anderson et al., 2005 ; Norderhaug et al., 2014 ). If all kelp
strata are to be included in the same quantitative analysis (disregarding their
3D structure), a common covariate is needed (i.e. total kelp size or age).

Habitat complexity

According to the biometric analyses (see “Results ” section), the habitat
complexity due to sampled kelp plants on their own was considered constant
over time. The same assumption was made regarding the rock substratum.

In the present study, we focused specifically on the habitat created by sessile
taxa (seaweeds and fauna) inhabiting these substrata. Habitat complexity was

2
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estimated considering two parameters (Tokeshi & Arakaki, 2012 ): (1) habitat
size and (2) relative abundance of structural elements. Habitat size is generally
viewed as the amount of living space (i.e. surface area) that can be estimated
by several indicators, including the total volume or the biomass of all

structural elements (Christie et al., 2009 ; Kovalenko et al., 2012 ; Norderhaug
et al., 2014 ), whose relative abundances can be given either by density, cover,
volume and biomass (Kelaher, 2002 ; Thrush et al., 2011 ; Norderhaug et al.,
2014 ). Recently, Norderhaug et al. (2014 ) successfully related the diversity
(S, H′) and community structure of associated fauna to the fresh biomass of
different morpho-functional categories of epiphytic fleshy seaweeds. In order
to account for variability in relative density due to body composition and
concentration in inorganic salts and minerals (Murray et al., 2006 ), we used
AFDM of either epiphytic or epilithic seaweeds (fleshy and calcareous) and
sessile fauna to estimate the habitat size. According to their morphological
features indicative of different surface areas at comparable volume occupancy
(see also Fig. 1 a), sessile taxa were assigned to one of the four morpho-

functional seaweed classes (crustose, smooth leaf-like, rough leaf-like and
bushy, Christie et al., 2007 ; Norderhaug et al., 2014 ) and four classes of
fauna (thin sheets, cushions, massive and branching forms, Greene &
Schoener, 1982 ; Bell et al., 2006 ). The distribution among structural
elements was then given by the biomass (AFDM) distribution among these
morpho-functional groups of sessile taxa.

On kelp plants, temporal changes in biomass distribution among structural
elements were examined with a three-way design using permutational
multivariate analysis of variance (PERMANOVA, Anderson, 2001 ). Factors
were strata (fixed, three levels: lamina, stipe, holdfast), date (random, crossed
with strata, four levels), kelp-individual (random, nested within date) and age
(years), included as a covariate. Permutations were based on a Bray–Curtis

similarity matrix (Clarke & Warwick, 2001 ). This matrix was generated from
square-root-transformed biomass, including a dummy variable (corresponding
to the square-root-transformed minimal accuracy in biomass measurements,
i.e. 0.1 mg) to calculate similarity among non-colonised samples (Clarke et
al., 2006 ), such as newly formed laminae observed in spring. PERMANOVA
was performed using 4999 permutations of residuals under a reduced model
and significance was accepted at P < 0.05. On the rock substratum, a one-way
design (date, four levels) was used and the unrestricted permutation method
was chosen. As for kelp, 4999 permutations were based on a Bray–Curtis
similarity matrix generated from square-root-transformed data. Temporal
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changes in habitat size (total sessile taxa biomass) were examined with
PERMANOVAs using the same models described above for kelp strata and the
rock substratum, respectively. These univariate PERMANOVAs were based on
a Euclidean distance matrix generated from untransformed biomass data,

which is analogous to ANOVA.

When appropriate, all tests were followed by pairwise comparisons among
consecutive sampling dates and the respective contributions of morpho-
functional groups to observed dissimilarities were estimated using similarity
percentage (SIMPER) analyses (Clarke & Warwick, 2001 ).

Species abundance distributions

Seaweeds, sessile and mobile fauna were analysed separately for species
richness and abundance distributions. Temporal changes in species richness
were examined with univariate PERMANOVAs (based on a Euclidean
distance matrix generated from untransformed data) using the models
described above for kelp strata and the rock substratum, respectively, followed
by pairwise comparisons among sampling dates, when appropriate.

The biomass distributions of seaweed and sessile fauna species were analysed

using multivariate PERMANOVAs with the models described above for kelp
strata and the rock substratum, respectively. Prior to analysis, least common
species (found in less than 5% of samples) were removed. Combined with
PERMANOVAs, samples were ordinated using non-metric multidimensional
scaling (nMDS). Ordinations and permutations were computed on a
Bray–Curtis similarity matrix generated from square-root-transformed data
(+dummy variable). Mobile fauna abundance distributions were analysed
according to both square-root-transformed biomass and numerical abundance
data, using the models described above. Owing to the inability to assign
mobile species to stipe or adjoining lamina (sampled in the same bag), these
strata were considered as one, therefore the random factor ‘strata’ was reduced
to two levels: stipe/lamina and holdfast. When significant differences between

two consecutive sampling dates were detected (pairwise comparisons), species
contributions to observed dissimilarities were estimated using SIMPER
analyses (Clarke & Warwick, 2001 ). Only abundant species found in the first
50% of cumulated pairwise dissimilarities ( %), for ratio  (Clarke

& Warwick, 2001 ) in at least one pairwise comparison, were considered
relevant to be explored among sampling dates.

Linking variations in mobile fauna distribution with habitat

ī iSD > 1¯
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complexity

Finally, we explored to what extent temporal changes in mobile fauna richness
and abundance distribution were explained by modifications in habitat
complexity in three kelp forest strata. For stipe/lamina, holdfast and the rock
substratum, matrices generated from mobile fauna richness (Euclidean

distance) and abundance distributions (Bray–Curtis dissimilarity) were
compared to matrices generated from habitat size and biomass distribution
among morpho-functional groups using the RELATE procedure (Clarke &
Ainsworth, 1993 ; Clarke & Warwick, 2001 ). For each pairwise comparison, a
Spearman's rank correlation coefficient (ρ) between matrices was tested for
significance using 4999 permutations. In addition, a one-way design including
a covariate was used for stipe/lamina, holdfast and the rock substratum. The
main factor was date (random); habitat size was included as a covariate, using
PERMANOVAs based on mobile fauna richness and abundance distribution
matrices. Particular attention was given to significant interactions between
habitat size (the covariate) and date (the main factor), which could indicate
that, in addition to habitat size, temporal patterns in mobile fauna distribution

involve additional processes.

For all analyses, the homogeneity in multivariate dispersion among sampling
periods was checked using the PERMDISP test (Anderson et al., 2008 ). Run
in tandem for community analyses and supported by ordination methods,
PERMANOVA and PERMDISP can help distinguish between “location”
(change in abundance distribution) and “dispersion” (change in heterogeneity
among replicates) effects (Anderson et al., 2008 ). Based on a Euclidean
distance matrix for univariate metrics (richness, habitat size), the PERMDISP
test is equivalent to the traditional Levene’s test. All analyses were performed
using PRIMER 6 with the PERMANOVA add-on (Clarke & Warwick, 2001 ;
Anderson et al., 2008 ).

During the survey, a total of 100 macroalgal taxa and 387 macrofaunal taxa
(106 sessile, 281 mobile) were identified from samples and in situ
observations (species lists and authorities are given in Appendices
B–D—Suppplementary material 2–4).

The habitat complexity due to sampled kelp plants was relatively constant
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over time, disregarding lamina turn-over. Kelp age did not differ among
sampling dates (ANOVA, F  = 0.396, P = 0.757), ranging from 4 to
10 years (6.2 ± 1.6 years, SD). Neither stipe length (85.5 ± 15.1 cm), mean
diameter (2.3 ± 0.2 cm), nor surface area (622.3 ± 132.1 cm ) differed

significantly among sampling periods (ANOVAs, P ≥ 0.05). Neither holdfast
total (568.7 ± 240.3) nor interstitial (402.7 ± 194.0 ml) volumes differed
among sampling dates (ANOVAs, P > 0.80). Lamina biomass (standardised
with stipe biomass) decreased marginally from November to March (SNK,
P = 0.056), the period during which the old lamina decays and a new lamina
grows actively (F  = 9.48, P < 0.001, SNK: Nov. = Mar. < Jun. < Sep.), as
reflected by the reduction in % ash (F  = 13.07, P < 0.001, SNK:
Nov. > Mar. = Jun. < Sep.).

On kelp plants, temporal patterns in habitat complexity, as previously defined
by habitat size and biomass distribution among morpho-functional groups of
seaweeds and sessile fauna, varied with the kelp stratum considered (Fig. 2 ,
interaction terms in Table 1 ). On laminae, total habitat size was lower than on

the other kelp parts and did not vary significantly during the survey but there
was a slight change in the distribution among morpho-functional groups
(Fig. 2 a). Biomass was dominated by smooth and rough leaf-like seaweeds,
abundant on old senescing laminae (when still attached) in March. On the
stipe, the biomass distribution among morpho-functional groups did not vary
during the year (Fig. 2 b; Table 1 ). Smooth and rough leaf-like seaweeds
dominated, while sessile fauna biomass was mainly represented by thin sheets,
cushion-like and massive-form species. Within and on holdfasts, habitat size
did not vary over time, but the biomass distribution of morpho-functional
groups differed in November compared to the other months (Fig. 2 c;
Table 1 ). Following their senescence, smooth and rough leaf-like seaweeds
were less abundant in the fall.

Fig. 2

Biomass [square-root-transformed mean AFDM (g) ± SD] of morpho-functional

groups of seaweeds and sessile fauna according to stratum (a lamina, b stipe, c

holdfast, d rock) and sampling dates

3,16

2

3,16

3,16
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Table 1

Results of PERMANOVA tests for differences in habitat size (total biomass) and bioma

distribution among morpho-functional groups on kelp and rock

Habitat size: complexity

Total amount (gAFDM)
Morpho groups’ biomass
distribution

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity
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df MS Pseudo-F P MS Pseudo-F P

Source: kelp

 Age 1 0.0 0.00 0.998 2473.0 2.68 0.034

 Stratum 2 490.9 12.76 0.010 35089.0 16.09 0.001

 Date 3 47.6 3.74 0.018 2461.7 3.06 <0.00

 Kelp (date) 15 12.7 0.88 0.618 804.6 1.05 0.375

 Stratum × date 6 38.5 2.67 0.023 2180.2 2.86 <0.00

 Res. 32 14.4 763.1

 PERMDISP F  = 4.602,
P = 0.069

F  = 1.431,
P = 0.458

Source: rock

 Date 3 150.5 7.58 0.003 1019.9 7.4 <0.00

 Res. 16 19.8 137.8

 PERMDISP F  = 5.843,
P = 0.037

F  = 0.093,
P = 0.977

N = M = J = S
(> N)

Pairwise tests

 Lamina N = M = J = S
(=N) Lamina: N = M ≠ J = S

(=N)

 Stipe N = M = J, J > S
(=N)

Stipe: N = M = J = S (=N

 Holdfast N = M = J = S
(=N) Holdfast: N ≠ M = J = S

(≠N)

 Rock N < M < J = S
(>N)

Rock: N ≠ M ≠ J = S
(≠N)

PERMDISP tests for differences in multivariate dispersion around the centroid among
sampling dates are presented. Significant P values (<0.05) are in bold. Pairwise tests
are summarised (N November, M March, J June, S September)

AQ2

Unlike kelp, the rock substratum varied greatly in terms of habitat size and
distribution among morpho-functional groups (Table 1 , pairwise tests),

especially seaweeds (Fig. 2 d). Habitat size increased from November (1.7
gAFDM. 0.1 m ) to June (13.2 gAFDM. 0.1 m ), mainly due to the growth

3,56 3,56

3,16 3,16
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of smooth leaf-like, rough leaf-like, and bushy seaweeds (SIMPER). Crustose
algae were likely underestimated due to the sampling protocol (scratching) for
this stratum.

Seaweeds

Kelp strata Sub-heading of "Seaweeds"... if possible please italicize it...

On kelp plants, temporal patterns in both seaweed species richness and
biomass distribution varied with the stratum (significant interaction, Table 2 ).
Unlike on laminae and holdfasts, stipes showed no variation in seaweed
richness or biomass distribution among sampling periods (Figs. 3 a–c, 4 a).
On laminae (Fig. 3 a), 23 macroalgal species in all were encountered, their
richness being minimal in June (2.2 ± 1.3 SD), following the complete loss of
the senescing lamina in spring. With regard to biomass distribution, the

dissimilarity between sampling dates was mainly due to the growth of
Hincksia hincksiae and Cryptopleura ramosa on the senescing laminae
between November and March, followed and loss after lamina shedding in the
spring (SIMPER, Appendix E—Suppplementary material 5). On stipes, a total
of 52 seaweed species were identified and the mean richness was 17.2 ± 4.8
(Fig. 3 b). Throughout the year, Palmaria palmata, Rhodymenia
pseudopalmata, Lomentaria articulata and four Delesseriaceae species were
found on all stipe samples and accounted for on average 90% of the epiphytic
biomass (Appendix E—Suppplementary material 5). On holdfasts (Fig. 3 c),
65 seaweed species were encountered during the survey and macroalgal
richness increased from November (S = 6) to June (S = 23), and then
decreased (S = 15 in September). The biomass distribution of holdfast

epiphyte species varied among sampling dates (Fig. 4 a; Table 2 ), specifically
between November and March, and between June and September. The main
dissimilarity between November and March was due to the growth of the
Corallinales/Peyssonnelia complex, Callophyllis laciniata and Cryptopleura
ramosa (Appendix E—Suppplementary material 5). Between June and
September, these species lost substantial amount of biomass, contributing
along with Polyneura bonnemaisonii, Heterosiphonia plumosa, Rhodophyllis
divaricata and Ulva rigida, to the dissimilarity between summer periods.
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Table 2

Results of PERMANOVA tests for differences in species richness (S) and abundance (bio

Seaweeds

Richness S Species biomass distributio

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity

df MS Pseudo-F P MS Pseudo-F P

Source: kelp

 Age 1 23.3 0.89 0.358 1207.4 1.3 0.245

 Stratum 2 1002.5 12.09 0.011 33241.0 13.6 0.00

 Date 3 171.3 11.28 0.001 3331.7 4.4 0.000

 Kelp (date) 15 15.2 1.44 0.191 756.8 1.1 0.258

 Stratum × date 6 82.9 7.86 <0.001 2445.0 3.5 <0.0

 Res. 32 10.6 692.1

 PERMDISP F  = 15.664, P = 0.002 F  = 2.495,
P = 0.092

N = M < J = S (=N)

Source: rock

 Date 3 450.7 38.0 <0.001 3784.7 3.8 <0.0

 Res. 16 11.9 1006.9

 PERMDISP F  = 0.812,
P = 0.561

F  = 3.813,
P = 0.068

Pairwise tests

Lamina: N = M > J = S
(=N)

Lamina: N ≠ M ≠ J ≠ S
(=N)

Stipe: N = M = J = S (=N) Stipe: N = M = J = S (=N

Holdfast: N < M < J > S
(>N)

Holdfast: N ≠ M = J ≠ S
(≠N)

Rock: N < M = J > S
(>N)

Rock: N ≠ M ≠ J = S
(≠N)

PERMDISP tests for differences in multivariate dispersion around the centroid among
bold. Pairwise tests are summarised (N November, M March, J June, S September)

3,56
3,56
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Fig. 3

Macroalgal  and  macrofauna  species  (sessile  and  mobile  taxa)  richness

(mean ± SD) according to stratum (a lamina, b  stipe, c holdfast, d  rock) and
sampling  dates.  No  data  for  mobile  fauna  on  laminae.  Circles  indicate
cumulative species richness calculated for all samples combined

Fig. 4

Non-metric  multidimensional  scaling (nMDS) performed from a Bray–Curtis
similarity  matrix  generated  from  square-root-transformed  abundance  data:

biomass (+dummy variable) of seaweeds (a, a′), sessile fauna (b, b′) and mobile

fauna  (c,  c′),  or  numerical  abundance  of  mobile  fauna  (d,  d′)  in  kelp  (left
panels) and rock samples (right panels)
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Rock substratum Sub-heading of "Seaweeds"... if possible please italicize it...

On the rock substratum, a total of 86 seaweeds were identified. According to
the PERMANOVAs, seaweed species richness and biomass distribution varied
greatly among sampling dates (Table 2 ). Seaweed richness (Fig. 3 d) ranged
from S = 15 in November to S = 33–37 in March–June and decreased between
June and September (S = 30). Biomass distribution differed significantly
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between all consecutive sampling dates, except between June and September
(Fig. 4 a′; Table 2 ). Epilithic biomass was minimal in November for the
dominant species (Appendix E—Suppplementary material 5), including seven
species that grew during winter and accounted for the first 50% of the

dissimilarity between November and March. The dissimilarity between March
and June was mainly explained by the growth of several species, whose
biomass peaked either in June (e.g. Dilsea carnosa, Polyneura
bonnemaisonii, Sphaerococcus coronopifolius) or September (e.g.
Phyllophora crispa, Calliblepharis ciliata and Heterosiphonia plumosa).

Sessile fauna

Kelp strata Sub-heading of "Sessile fauna"... if possible please italicize it...

On kelp plants, the richness and biomass abundance distribution of sessile

fauna differed significantly among sampling dates, but pairwise procedures
failed to detect any consistent temporal pattern (Fig. 4 b; Table 2 ). A total of
5 species occurred on laminae (0.6 ± 0.7, Fig. 3 a), 65 on stipes (25.1 ± 5.0,
Fig. 3 b) and 87 on and within holdfasts (28.3 ± 5.6, Fig. 3 c). On laminae,
biomass was dominated by Membranipora membranacea and Diplosoma
listerianum (Appendix F—Suppplementary material 6). On stipes, biomass
was dominated by bryozoans and ascidians growing on epiphytes (e.g. Electra
pilosa, Alcyonidium gelatinosum, Trididemnum sp., and Botryllus schlosseri)
and sponges and bryozoans growing on the stipe itself (e.g. Ophlitaspongia
papilla, Halisarca dujardinii, Phaeostachys spinifera, Crisia denticulata and
Celleporina calciformis) (Appendix F—Suppplementary material 6). On
holdfasts and among haptera, sessile fauna biomass was dominated by sponges

(e.g. Myxilla sp., Haliclona sp. and Amphilectus fucorum) and ascidians
(Didemnum maculosum) (Appendix F—Suppplementary material 6).

Rock substratum Sub-heading of "Sessile fauna"... if possible please italicize
it...

On the rock substratum, although sessile fauna richness (72 species on total)
did not differ among sampling dates (28.8 ± 5.9, Fig. 3 d), biomass
distribution varied significantly, particularly between March and June
(Fig. 4 b′; Table 2 ). According to the SIMPER analysis (Appendix
F—Suppplementary material 6), this change was mainly explained by a
decrease in the biomass of dominant epilithic sponges (i.e. Dysidea fragilis,
Amphilectus fucorum), and in the growth of bryozoans and ascidians
associated with seaweeds (e.g. Electra pilosa, Aplidium pallidum).
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Mobile fauna

Kelp strata Sub-heading of "Mobile fauna"... if possible please italicize it...

On kelp plants, mobile fauna richness differed among strata and among
sampling dates, June and September being more diversified (Table 3 ). A total
of 123 species were found on stipes and adjoining laminae (31.5 ± 10.5,
Fig. 3 b) and 158 within holdfasts (47.5 ± 12.7, Fig. 3 c). Regardless of
whether biomass or numerical abundance was considered, mobile fauna
distribution varied significantly among sampling periods (Fig. 4 c, d; Table 3 )
and pairwise tests indicated important temporal changes on both holdfasts and
stipes with adjoining lamina. In all cases, the multivariate dispersion was not
uniform among sampling periods (PERMDISP) and PERMANOVA results
may indicate a combination of changes in abundance distribution among dates

(multivariate location) and among kelp plants (multivariate dispersion).

Table 3

Results of PERMANOVA tests for differences in species richness and abundance (bio

fauna on kelp and rock

Mobile fauna

Richness S
Biomass abundance
distribution

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity

df MS Pseudo-F P MS Pseudo-F P

Source: kelp

 Age 1 1435.0 18.9 <0.001 1302.0 3.6 0.001

 Stratum 1 2560.0 15.9 0.037 14100.0 42.6 <0.00

 Date 3 455.3 9.7 <0.001 1510.7 1.5 0.041

 Kelp (date) 15 46.8 0.6 0.800 362.6 1.1 0.250

 Stratum × date 3 161.3 2.2 0.133 869.3 2.6 <0.00

 Res. 16 73.4 331.1

PERMDISP F  = 1.616,
P = 0.229 F  = 7.452, P = 0.001

PERMDISP tests for differences in multivariate dispersion around the centroid among
Significant P values (<0.05) are in bold. Pairwise tests are summarised (N November, M

1,38
3,36
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Mobile fauna

Richness S
Biomass abundance
distribution

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity

df MS Pseudo-F P MS Pseudo-F P

PERMDISP tests for differences in multivariate dispersion around the centroid among
Significant P values (<0.05) are in bold. Pairwise tests are summarised (N November, M

N > M = J = S (<N

Source: rock

 Date 3 570.3 7.8 <0.001 1788.7 4.3 <0.00

 Res. 16 72.9 412.6

 PERMDISP F  = 2.272,
P = 0.181 F  = 13.156, P = 0.004

N > M < J = S (<N

Pairwise tests

Kelp
parts:

N = M < J = S
(=N)

Stipe/Lam.: N ≠ M ≠ J ≠ S
(≠N)

Holdfast: N ≠ M ≠ J ≠ S
(≠N)

Rock: N = M < J = S
(>N)

Rock N ≠ M ≠ J ≠ S
(≠N)

Despite a relative temporal stability in habitat features on stipe and lamina,
the multivariate dispersion of biomass distribution was higher in November
compared with the other periods (PERMDISP pairwise tests, Table 3 ),
especially on stipes (Fig. 4 c, d). Careful examination of nMDS plots

(Fig. 4 c, d) confirmed the combination of the temporal patterns revealed by
both PERMDISP and PERMANOVA, with precaution required regarding the
differences between November and the other periods for stipes. The
dissimilarity was mainly explained by differential change in abundance of the
dominant species (Table 4 ). Grazer biomass peaked either in November for
species living on laminae (e.g. Patella pellucida) or in June for species mainly
associated with stipe epiphytes (e.g. Platynereis dumerilii, Lacuna parva,
Tricolia pullus). Except for Calliostoma zizyphinum whose biomass peaked

3,16
3,16
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in November on the stipe, predator biomass decreased from November to
March and peaked in June for the most numerically abundant species (e.g.
Asterina gibbosa and Hippolyte varians, see also Appendix
G—Suppplementary material 7).

Table 4

Results  of SIMPER analyses  of Bray–Curtis  similarity  among consecutive sampling d

associated with the different kelp forest strata

Phy TG
November March June

Ab. % Ab. % Ab.

Stipe/lamina

Platynereis
dumerilii Ann G 2.8 2.1 2.1 3.8 6.1 1.

Gibbula
cineraria Mol G 4.3 8.3 8.5 7.4 10.3 6.

Patella
pellucida Mol G 10.4 7.8 2.7 1.1 3.3 3.

Lacuna parva Mol G 0.7 0.6 0.0 2.0 2.1 1.

Tricolia pullus Mol G 0.6 0.5 0.6 1.3 1.7 1.

Pista elongata Ann SF 0.2 0.8 0.7 1.6 2.2 0.

Asterina
gibbosa Ech sf-P 4.5 5.8 3.4 2.2 4.9 1.

Calliostoma
zizyphinum Mol sf-P 8.0 8.1 0.0 0.0 0.0 0.

Acanthochitona
crinita Mol sf-P 0.0 1.1 1.0 1.6 1.9 1.

Trivia arctica Mol sf-P 0.0 0.0 0.0 2.3 2.3 2.

Hippolyte
varians Art mf-P 0.6 0.4 0.0 1.3 1.4 1.

Holdfast

Platynereis
dumerilii Ann G 6.0 1.9 3.2 3.8 9.2 1.

Fauna average abundances (Ab.) were square-root-transformed. Relative contribution
( %) between consecutive sampling dates are presented depending on PERMANOV
Species abundances and contribution to dissimilarity for species found in the cut-off l
comparisons. Phy Phylum (Ann Annelida, Mol Mollusca, Art Arthropoda, Ech Echino
(Trophic group): G Grazer, DF Deposit-feeder, SF Suspension-feeder, sf-P sessile faun
Predator. Species authorities are given in Appendix D—Suppplementary material 4

ī Mar–Jun ī Mar–Jun
¯

ī
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Phy TG
November March June

Ab. % Ab. % Ab.

Fauna average abundances (Ab.) were square-root-transformed. Relative contribution
( %) between consecutive sampling dates are presented depending on PERMANOV
Species abundances and contribution to dissimilarity for species found in the cut-off l
comparisons. Phy Phylum (Ann Annelida, Mol Mollusca, Art Arthropoda, Ech Echino
(Trophic group): G Grazer, DF Deposit-feeder, SF Suspension-feeder, sf-P sessile faun
Predator. Species authorities are given in Appendix D—Suppplementary material 4

Eupolymnia
nesidensis Ann DF 7.2 1.8 4.8 1.2 5.7 0.

Nicolea
venustula Ann DF 5.4 1.3 4.6 1.9 5.3 1.

Polycirrus
medusa Ann DF 4.2 2.7 5.3 3.1 0.7 0.

Thelepus
setosus Ann DF 0.1 0.1 0.0 1.2 2.0 1.

Maera
inaequipes Art DF 1.1 0.5 0.3 1.0 1.9 0.

Branchiomma
bombyx Ann SF 4.3 1.4 5.6 1.1 5.1 0.

Pisidia
longicornis Art SF 5.0 1.1 3.3 2.1 6.4 1.

Ocnus lacteus Ech SF 1.1 0.6 0.6 1.5 2.8 1.

Acanthochitona
crinita Mol sf-P 0.4 0.8 1.5 1.0 1.2 0.

Ocinebrina
aciculata Mol sf-P 1.3 0.7 0.5 0.7 1.3 1.

Asterina
gibbosa Ech sf-P 1.0 1.5 2.8 1.6 0.6 1.

Eualus occultus Art mf-P 2.4 1.4 0.0 0.0 0.0 0.

Pilumnus
hirtellus Art mf-P 23.8 11.4 5.3 5.6 9.5 3.

Lepidonotus
clava Ann mf-P 2.1 1.3 0.0 1.5 2.3 1.

Harmothoe
extenuata Ann mf-P 2.1 1.1 0.8 1.3 2.2 1.

Lysidice
ninetta Ann mf-P 1.7 0.9 1.0 1.2 2.2 1

Mysta picta Ann mf-P 0.7 0.4 0.0 0.6 1.0 0.

ī Mar–Jun ī Mar–Jun
¯

ī
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Phy TG
November March June

Ab. % Ab. % Ab.

Fauna average abundances (Ab.) were square-root-transformed. Relative contribution
( %) between consecutive sampling dates are presented depending on PERMANOV
Species abundances and contribution to dissimilarity for species found in the cut-off l
comparisons. Phy Phylum (Ann Annelida, Mol Mollusca, Art Arthropoda, Ech Echino
(Trophic group): G Grazer, DF Deposit-feeder, SF Suspension-feeder, sf-P sessile faun
Predator. Species authorities are given in Appendix D—Suppplementary material 4

Rock

Lacuna parva Mol G 3.3 2.3 0.1 1.1 2.1 0.

Barleeia
unifasciata Mol G 1.9 1.2 3.3 1.8 5.0 1

Gibbula
cineraria Mol G 0.0 0.8 1.2 1.7 3.9 1.

Rissoa parva Mol G 4.4 1.4 2.5 0.6 2.2 1.

Tricolia pullus Mol G 1.6 0.7 2.0 0.9 3.3 0.

Cymodoce sp. Art G 0.0 0.0 0.0 0.3 0.5 0.

Dexamine
spinosa Art G 0.4 0.4 0.3 0.6 1.3 0.

Bittium
reticulatum Mol DF 4.2 1.1 4.1 2 7.3 0.

Nucula sp. A.
hanleyi Mol DF 0.0 0.0 0.0 0.9 1.9 0.

Amphicteis
gunneri Ann DF 0.0 0.0 0.0 0.9 1.9 0.

Eupolymnia
nesidensis Ann DF 1.5 1.3 3.4 1 2.0 0.

Nephasoma
minutum Sip DF 0.4 0.3 0.4 0.8 1.8 0.

Abra sp. A. alba Mol SF 0.0 0.0 0.0 1.1 2.2 0.

Pista elongata Ann SF 2.8 0.9 3.2 1.1 4.8 1.

Aora
spinicornis Art SF 0.6 0.3 0.2 0.7 1.4 0.

Antedon bifida Ech SF 3.5 1.7 2.5 0.8 1.2 0.

Acanthochitona
crinita Mol sf-P 0.0 0.4 0.6 0.6 1.2 0.

Nassarius
incrassatus Mol sf-P 0.0 1.0 1.4 1 1.5 0.

ī Mar–Jun ī Mar–Jun
¯

ī
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Phy TG
November March June

Ab. % Ab. % Ab.

Fauna average abundances (Ab.) were square-root-transformed. Relative contribution
( %) between consecutive sampling dates are presented depending on PERMANOV
Species abundances and contribution to dissimilarity for species found in the cut-off l
comparisons. Phy Phylum (Ann Annelida, Mol Mollusca, Art Arthropoda, Ech Echino
(Trophic group): G Grazer, DF Deposit-feeder, SF Suspension-feeder, sf-P sessile faun
Predator. Species authorities are given in Appendix D—Suppplementary material 4

Trivia arctica Mol sf-P 2.2 1.8 1.3 0.8 0.0 0.

Asterina
gibbosa Ech sf-P 9.4 2.2 6.6 1.8 3.5 1.

Lysianassa
ceratina Art mf-P 1.1 0.8 1.7 1.1 2.3 0.

Hippolyte
varians Art mf-P 0.0 0.0 0.0 1.1 2.0 0.

Anapagurus
hyndmanni Art mf-P 1.8 1.3 0.6 0.5 1.4 0.

Eualus cranchii Art mf-P 0.5 0.3 0.0 0.0 0.0 0.

Eurynome
spinosa Art mf-P 0.4 0.4 0.2 0.6 1.2 0.

Necora puber Art mf-P 0.0 0.0 0.0 0.9 1.7 0.

Pirimela
denticulata Art mf-P 0.3 0.2 0.0 0.7 1.3 0.

Achaeus
cranchii Art mf-P 0.4 0.3 0.0 3.2 6.0 2.

Achelia
echinata Art mf-P 0.5 0.3 0.2 0.1 0.0 0.

Endeis spinosa Art mf-P 0.7 0.5 0.0 0.9 1.5 1.

Nymphon
gracile Art mf-P 0.0 0.4 0.7 1.1 2.5 0.

As on the stipe, the biomass distribution of the mobile fauna inhabiting
holdfast changed throughout the year (Table 3 ). Among the species that
contributed predominantly to the dissimilarities between consecutive sampling
dates, some abundance patterns were observed (Table 4 ; Appendix
G—Suppplementary material 7). Within holdfasts, the biomass of the grazer
annelid species Platynereis dumerilii decreased between November and March
and then increased until September. The main particle-feeders showed

ī Mar–Jun ī Mar–Jun
¯

ī
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contrasting patterns. Among them, the biomass of the annelids Polycirrus
medusa and Branchiomma bombyx peaked in March, whereas Eupolymnia
nesidensis and Nicolea venustula peaked in November. Although numerical
abundance of most predators peaked in November within holdfasts (Appendix

G—Suppplementary material 7), the temporal patterns in biomass were less
consistent throughout the year (e.g. two peaks for Pilumnus hirtellus,
Asterina gibbosa, Harmothoe extenuata), likely resulting from the large range
of body size observed among holdfasts.

Rock substratum Sub-heading of "Mobile fauna"... if possible please italicize it...

On the rock substratum, a total of 201 mobile fauna species were found and
the richness varied over the year (Table 3 ). Average mobile fauna richness was

minimal in November–March (42.4 ± 6.9) and maximal in June–September
(60.1 ± 9.9, Fig. 2 d). Regardless of whether biomass or numerical abundance
was considered, mobile fauna distribution (as well as multivariate dispersion,
both checked on nMDS) differed significantly among all sampling periods
(Table 3 ). Among the 31 species which accounted for the first 50% of
pairwise dissimilarities between consecutive sampling dates, there were
species-specific temporal patterns, even within phyla or trophic groups
(Table 4 ).

Most grazers decreased in biomass and numerical abundance (Appendix
G—Suppplementary material 7) between November and March, and reached
maximum values either in June (Tricolia pullus, Gibbula cineraria) or in
September (Lacuna parva, Barleeia unifasciata, Rissoa parva, Cymodoce sp.

Dexamine spinosa). Unlike grazers, most deposit- and suspension-feeders
increased in numerical and biomass abundance from November to March, but
biomass peaked either in November (Antedon bifida), March (Eupolymnia
nesidensis), June (Bittium reticulatum, Nephasoma minutum, Amphicteis
gunneri, Nucula sp., Aora spinicornis) or September (Pista elongata). For
most predators, maximum biomass was observed either in November (e.g.
Trivia arctica, Asterina gibbosa), June (e.g. Necora puber, Pirimela
denticulata, Achaeus cranchii) or September (e.g. Acanthochitona crinita,
Nassarius incrassatus, Hippolyte varians, Endeis spinosa).

On kelp plants, variability in mobile fauna distribution appeared strongly
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linked with epiphytic habitat size (Table 5 ), and significant rank correlations
were observed among the biomass distributions of morpho-functional groups
and mobile fauna biomass and numerical distribution (Table 6 ). Although
modest, significant relationships were also observed between biomass

distribution of mobile fauna and morpho-functional groups on both stipe and
holdfast, whereas stipe surface area or holdfast interstitial volume were not
correlated with mobile fauna (Table 6 ).

Table 5

Results of PERMANOVA tests for differences in species richness and abundance (biom

mobile fauna on the different kelp strata and rock, taking into account Habitat size as a co

Mobile fauna

Richness S Biomass abundance distri.

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity

df MS Pseudo-F P MS Pseudo-F P

Source: stipe/lamina

 Habitat
amountsize 1 382.4 3.0 0.130 1356.5 4.0 0.017

 Date 3 48.0 0.4 0.785 791.4 2.3 0.002

 Habitat
amountsize × date 3 17.5 0.1 0.915 173.9 0.5 0.938

 Res. 12 125.7 339.7

 PERMDISP F  = 2.242, P = 0.195 F  = 11.367, P < 0.001 F

N > M = J = S
(<N) N

Source: holdfast

 Habitat
amountsize 1 446.8 11.2 0.007 1142.2 3.0 0.002

 Date 3 455.3 11.4 0.001 1334.4 3.6 <0.001

 Habitat
amountsize × date 3 260.5 6.5 0.005 398.8 1.1 0.378

PERMDISP tests for differences in multivariate dispersion around the centroid among
presented. Significant P values (<0.05) are in bold. Pairwise tests are summarised (N N
S September)

3,16 3,16
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Mobile fauna

Richness S Biomass abundance distri.

Transformation None Square root + dummy

Distance/similarity Euclidean distance Bray–Curtis similarity

df MS Pseudo-F P MS Pseudo-F P

PERMDISP tests for differences in multivariate dispersion around the centroid among
presented. Significant P values (<0.05) are in bold. Pairwise tests are summarised (N N
S September)

 Res. 12 40.1 375.7

 PERMDISP F  = 1.705, P = 0.328 F  = 4.235, P = 0.047 F

Source: rock

 Habitat
amountsize 1 497.7 7.0 0.024 1704.2 4.6 <0.001

 Date 3 438.6 6.2 0.010 1388.4 3.8 <0.001

 Habitat
amountsize × date 3 71.7 1.0 0.426 556.3 1.5 0.027

 Res. 12 70.8 369.1

 PERMDISP F  = 2.272, P = 0.181 F  = 13.156, P = 0.004 F

N > M < J = S
(<N) N

Pairwise tests

 Stipe/lamina N = M ≠ J ≠ S
(=N)

 Holdfast N > M < J = S
(=N)

N ≠ M ≠ J ≠ S
(≠N)

 Rock N = M < J = S
(>N)

N ≠ M ≠ J ≠ S
(≠N)

Table 6

Results of RELATE procedure testing for correlations (Spearman rank-based ρ) among

biological  matrices  (mobile  fauna  richness,  biomass  and  numerical  abundance

distributions) and environmental matrices [habitat size and biomass distribution  (BD)

among morpho-functional groups]

D Relationship (ρ) with mobile fauna

3,16 3,16

3,16 3,16
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Richness S
Biomass
distribution

Numerical
distribution

Euc. B–C B–C

Kelp (stipe + holdfast)

 Habitat size
(gAFDM) Euc. −0.02 0.31*** 0.28***

 Morpho Groups’
BD B–C 0.19** 0.64*** 0.58***

Stipe

 Stipe surface
area (cm ) Euc. 0.03 −0.11 −0.14

 Habitat size
(gAFDM) Euc. 0.21 0.23* 0.08

 Morpho Groups’
BD B–C 0.13 0.30* 0.27*

Holdfast

 Interstitial
volume (ml) Euc. 0.13 0.05 0.06

 Habitat size
(gAFDM) Euc. 0.06 0.13 0.07

 Morpho Groups’
BD B–C 0.05 0.20* 0.09

Rock

 Habitat size
(gAFDM) Euc. 0.086 0.23* 0.18*

 Morpho Groups’
BD B–C 0.19* 0.42*** 0.53***

Matrix type (D distance- or dissimilarity-based) is indicated (Euc. Euclidean
distance, B–C Bray–Curtis dissimilarity). Significant ρ are in bold (* P < 0.05;
** P < 0.01; *** P < 0.001)

As on kelp plants, variability in the distribution of mobile fauna appeared
strongly linked with quantity of seaweed and sessile fauna (Table 5 ) and
significant rank correlations were observed between biomass distribution of
morpho-functional groups and mobile fauna biomass and numerical
distribution (Table 6 ). However, depending on sampling date, habitat size did
not explain the variability in biomass distribution of mobile fauna to the same

2
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extent (Table 5 , significant interaction term), suggesting that additional
processes were involved.

Over the year of the survey, the kelp forest strata underwent different changes

in habitat complexity. Habitat size and distribution among biogenic structural
elements were relatively stable on kelp stipes and highly variable near the
bottom (rock substratum). Despite contrasting variation in habitat complexity
in all kelp forest strata, there were overall changes in richness and relative
abundance distribution of mobile species.

Important changes in habitat complexity were observed in the sub-canopy
layers (holdfast and rock) with minimal seaweed biomass in November, when
most species appeared to decay, likely resulting from autumn senescence prior
to winter reproduction (Kain, 1982 ; Whittick, 1983 ). From November to
June, seaweed species richness and biomass (mainly made of rough-leaf-like
and bushy species) increased in concert, whereas between June and
September, the epilithic biomass remained similar for all biogenic morpho-

functional groups, despite a reduction in seaweed richness and the loss of
biomass in several species (Appendix E—Suppplementary material 5). The
June–September period was also characterised by the highest mobile fauna
species richness, which varied significantly with the sampling date and habitat
size in the forest understorey stratum. This period was also characterised by
maximal numerical abundances of many grazers (mainly gastropods) and
particle-feeders (mainly amphipods), which may have benefited from the
increase in surface area due to more complex seaweeds (Christie et al., 2007 ).
With regard to multivariate analyses on biomass distribution of mobile fauna,
however, the observed interaction between habitat size and date suggests that
additive processes influence those temporal patterns. The relationship
between mobile fauna distribution (biomass and numerical) and habitat

complexity was twice as strong when considering the biomass distribution
among morpho-functional groups (ρ = 0.42–0.53) rather than habitat size
itself (ρ = 0.23–0.18, Table 6 ), indicating that the non-linear relationship
between biomass and complexity can differ among functional groups (Gee &
Warwick, 1994 ). Although significant, this habitat–fauna relationship was
relatively modest (ρ < 0.6) and additional overlooked aspects of habitat
complexity such as the spatial arrangement of the morpho-functional groups
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(Tokeshi & Arakaki, 2012 ), whose abundances where not weighted according
to their complexity in this study, may have altered these results.

Increasing habitat size and modifying distribution in morpho-functional
groups can indirectly promote habitat complexity and heterogeneity by

retaining sediment and associated species (Gibbons, 1988 ; McQuaid &
Dower, 1990 ). Among the numerous species contributing to the differences in
macrofauna distribution between sampling dates, the psammophilic bivalves
Abra sp. and Nucula sp. and the ampharetid annelid Amphicteis gunneri were
patchily distributed in June, indicating supply and local burial of fine
sediments. Sediment supply is of critical importance in rocky shore
communities (Airoldi, 2003 ; Connell, 2005 ). For instance, burial can
smother some epilithic sponge species and affect their survival (Littler et al.,
1983 ; Maldonado et al., 2008 ). Overall, no macroalgal and fauna species
were missing, indicating apparently moderate burial for most established
species. While increasing understorey biomass (dominated by rough leaf-like
and bushy seaweeds) may have facilitated sediment burial (Connell et al.,

2014 ), it also promoted the availability of microhabitats above the sediment
layer.

Complex microhabitats are often preferentially chosen by settlers and young
development stages (Lee et al., 2004 ) as they provide good refuge against
predators and physical disturbance (Jones, 1971 ; Dean & Connell, 1987b ;
Lee et al., 2004 ). In L. hyperborea forests, large kelp holdfasts have been
shown to shelter numbers of recruits and juveniles (Christie et al., 2003 ). In
the present study, juveniles of the velvet crab Necora puber were found to be
abundant among macroalgae of the sub-canopy in June–September, whereas
crypto-benthic adults, abundant under boulders at the study site year-round
(Leclerc et al., 2015 , and unpub. data) were not sampled elsewhere during the
rest of the survey. Within the kelp forest, highly complex understorey

seaweeds thus have exacerbated patterns of temporal variation of species
richness and community structure through nursery provision.

Although contrasting patterns were observed among kelp strata (lamina, stipe
and holdfast), the quantity and composition of morpho-functional groups were
relatively stable on stipes that carried most of the epiphytic biomass.
Nonetheless, important temporal changes in mobile fauna richness and
distribution were revealed across all kelp strata.
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On the annual laminae, the algal richness was reduced and varied little among
sampling dates. Active growth of algal epiphytes occurred on the senescing
laminae during the winter before they are sloughed off (Norton et al., 1977 ;
Schultze et al., 1990 ). Temporal changes in the abundance of the blue-rayed

limpet Patella pellucida (Table 4 ) were consistent with lamina turn-over,
rather than that of epiphytes. This temporal pattern likely results from the
synchrony between the limpet life cycle and that of the annual laminae on
which it directly feeds (Toth & Pavia, 2002 ), with recruitment occurring in
spring on newly formed laminae and growth continuing until winter (Graham
& Fretter, 1947 ). Unlike laminae, stipes and holdfasts are perennial structures
and intra-annual changes in associated complexity could be expected to vary
with the life cycles of epiphytic species (Whittick, 1983 ; Christie et al.,
2003 ). In the study site, the epiphytic habitat features remained relatively
stable throughout the year. The biomass distribution of sessile fauna,
including species growing on either epiphytes (mainly thin sheets) or on the
stipe itself (mainly cushions and massive forms), did not change significantly

among sampling dates. These results can be explained by the dominance of
perennial red algae such as Palmaria palmata and Rhodymenia
pseudopalmata and by the persistence as vegetative stages of senescent
Delesseriaceae species during the winter (Norton et al., 1977 ; Whittick,
1983 ; Schultze et al., 1990 ). It is noteworthy that as P. palmata and R.
pseudopalmata are both structurally simple seaweeds (smooth leaf-like)
which—albeit preferred for their food value by several direct grazers—are
generally associated with lower diversity of associated assemblages
(Norderhaug, 2004 ; Christie et al., 2007 ). The relative contribution of those
algae on stipes as compared to the understory may partly explain differences
in richness between those strata, disregarding the possible confounding effect
of their vertical positions (Jørgensen & Christie, 2003 ; Christie et al., 2007 ).

Although the habitat size significantly accounted for the variability in mobile
fauna richness and distribution (Table 5 ), it did not fully explain their
temporal patterns. Most species exhibit strong preferences for specific
microhabitats within kelp forests (Christie et al., 2003 ) and habitat affinity
may vary with food availability (Leclerc et al., 2013 ). The predominance of
several highly mobile taxa also implies a substantial connectivity among
microhabitats, either horizontally among kelp plants or vertically among strata
(Norderhaug et al., 2002 ; Waage-Nielsen et al., 2003 ). Thus, temporal
patterns observed on the highly dynamic understorey may have influenced the
changes in mobile species distribution within all the kelp strata. Nonetheless,
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the temporal variability observed on stipes was mainly explained by changes
in the biomass of several gastropod grazers, whose dispersion abilities are
relatively reduced as compared to other taxa. To date, how L. hyperborea
canopies interact with the understorey remains unexplored (Smale et al.,

2013 ) and further experimental approaches and larger scale investigations are
required to fully interpret our results (e.g. Reed & Foster, 1984 ; Kendrick et
al., 1999 ; Connell, 2003 ; Wernberg & Goldberg, 2008 ; Bennett et al.,
2015 ).

Overall, mobile fauna experienced great changes in their relative abundances
between November and March with contrasting trends among species. In cold
and temperate waters, both temperature and food availability may explain
winter mortality (and dormancy) of poikilotherm species dominating benthic
communities (Coma et al., 2000 ). In the shallow well-mixed waters of
Roscoff, temperature usually ranges solely from 8°C in February to 16°C in
August, and diatom blooms (1.0–3.0 µg chl a l ) usually take place from
mid-April to November (Wafar et al., 1983 ; Sournia & Birrien, 1995 ).

However, at the study site, large amounts of organic matter are supplied by
kelp and red algae during autumn and by kelp throughout the winter, and can
compensate for phytoplankton reduction during these relatively low
production periods (≈0.6 µg chl a l ) (Leclerc et al., 2013 ). In the present
study, the biomass of several deposit- and suspension-feeders found within
holdfasts (e.g. Polycirrus medusa, Branchiomma bombyx) and on the rock
substratum (e.g. Eupolymnia nesidensis and Pista elongata) peaked in March,
suggesting winter growth. Moreover, the biomass composition and species
richness of sessile taxa (suspension-feeders) did not change during the winter
period. These results suggest that particle-feeders subsisted over winter on
food supply provided by surrounding macroalgae and decaying animals.

Unlike particle-feeders, grazing species need fresh macroalgae and may be

differentially affected according to their food preferences and trophic
plasticity (Miller-Rushing et al., 2010 ). The autumn senescence of several red
algae species reduced their availability both as habitat and food and may
affect specialised grazers, such as the snail Lacuna parva (Ockelmann &
Nielsen, 1981 ; Leclerc et al., 2013 ) whose biomass dramatically decreased
between November and March (on both stipe and rock), without considering
egg capsules found on Phycodrys rubens in March. In contrast, Platynereis
dumerilii is less selective and feeds either on growing or drift macroalgae

−1

−1
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(Rasmussen, 1973 ; Bedford & Moore, 1985 ), which may partly explain why
P. dumerilii lost biomass to a smaller extent than L. parva between November
and March. Stable isotope analyses conducted on P. dumerilii have suggested
that their red alga grazing activity increased during winter growth (Leclerc et

al., 2013 ). Given that P. dumerilii gained biomass as red algae grew and that
no loss of macroalgal biomass was observed from March to September,
grazing may prevail until autumnal senescence of red algae.

While plasticity in food utilisation may explain differences in variation of
these two grazers, the interaction between habitat complexity and predation
may also be invoked as an additional process. Lacuna gastropods have been
found abundant in guts of Labriid fish associated with L. hyperborea forests
(Norderhaug et al., 2005 ). Given the preference of Lacuna for smooth
surfaces of seaweeds, it has been suggested that these grazers were more
exposed to predators (Christie et al., 2007 ), as compared to species preferring
hidden rough surfaces to build their tube (e.g. P. dumerilii). Overall, large fish
and decapods (not sampled in this study) may benefit from lower habitat size

and abundances of complex seaweeds in fall and exert substantial control on
several mobile species. While such mediation of biological interactions by
habitat complexity remains to be experimentally tested, it could explain
species-specific changes in abundances observed in this study.

Collectively, our results clearly demonstrate that temporal changes in habitat
complexity (as defined in our study) influence mobile fauna distribution
across all kelp forest strata—though additional processes (such as predation,
food availability) very likely interplay. Species biomass distributions may vary
according to reproductive synchrony at the community level and successions
in utilisation of both habitat and trophic resources. Matching between the life
cycle of the specialised kelp grazer Patella pellucida and the annual lamina

turn-over constitutes a well-known example. The dominant red algae are
expected to reproduce and grow during winter, when the algal cover and grazer
density are reduced on stipes and the rock substratum (Kain, 1976b , 1982 ).
Rapidly however, these red algae are colonised by sessile and mobile fauna,
and preferentially consumed by several grazers. Although grazers may
contribute to the biomass loss of red algae at the end of their growth, natural
senescence generally follows summer period. Senescence supplies large
amount of particulate organic matter derived from macroalgae, which can
compensate for the reduction in temperature and in phytoplankton production
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at this period. Organic matter sources vary seasonally or stochastically (e.g.
sediment inputs), but their diversity leads to continuous supplies that can
sustain high secondary production and promote local biodiversity. At local
scale, habitat complexity influences species distribution, but temporal

patterns likely involve a series of additional factors such as sediment cover
and food availability. Given that both food supply and habitat complexity may
covary with environmental conditions (Hay, 1981 ; Duggins et al., 2003 ;
Schaal et al., 2009 ; Bekkby et al., 2014 ), canopy-understorey interactions in
Laminaria hyperborea systems (Smale et al., 2013 ) and the respective
contributions of the above-mentioned factors in shaping associated
communities across spatial scales remain to be elucidated.
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Below is the link to the electronic supplementary material.

Supplementary material 1 Incident light (Lux, raw data and third order moving
average)  monitored  every 15  min  within  a  kelp-cleared  plot  (3  m diameter)
between April, 14th and June, 19th 2014 on the study site using onset HOBO
data loggers  Pendant  Temp-Light,  Onset  Computer  Corporation.  Courtesy of
Thibaut  de Bettignies  and Thomas Wernberg.  *:  Tidal  range > 6.5  m (JPEG
541 kb)
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Supplementary material  2 Macroalgae identified during the survey across  the
different  strata  (Lamina,  Stipe,  Holdfast  and  Rock).  Relative  occurrence  in
samples is indicated: x: 1-6 samples, xx: 7-13 samples, xxx: 14-20 samples. °:
species identified underwater by scuba-divers (XLSX 15 kb)

Supplementary  material  3  Sessile  macrofauna  identified  during  the  survey
across  the  different  strata  (Lamina,  Stipe,  Holdfast  and  Rock).  Relative
occurrence  in  samples  is  indicated:  x:  1-6  samples,  xx:  7-13  samples,  xxx:
14-20 samples. °: species identified underwater by scuba-divers (XLSX 16 kb)

Supplementary  material  4  Mobile  macrofauna  identified  during  the  survey
across  the  different  strata  (Lamina/Stipe,  Holdfast  and  Rock).  Relative

occurrence  in  samples  is  indicated:  x:  1-6  samples,  xx:  7-13  samples,  xxx:
14-20 samples. °: species identified underwater by scuba-divers (XLSX 23 kb)

Supplementary  material  5  Results  of  SIMPER  analyses  of  Bray–Curtis
similarity  among  consecutive  sampling  dates  for  biomass  abundance  of
seaweeds  associated  with  the  different  kelp  forest  strata.  Seaweed  average
abundances  (Ab.)  were  square-root-transformed.  Relative  contributions  of
species  to  the  dissimilarity  ( %)  between  consecutive  sampling  dates  are

presented  depending  on  PERMANOVA  results.  Values  in  bold:  Species
abundances and contribution to dissimilarity for species found in the cut-off
levels of 50% in pairwise comparisons. Phy (Phyllum): Och: Ochrophyta, Chl:
Chlorophyta, Rho: Rhodophyta. (XLSX 13 kb)

Supplementary  material  6  Results  of  SIMPER  analyses  of  Bray–Curtis

similarity among consecutive sampling dates for biomass abundance of sessile
fauna associated with the different kelp forest strata. Fauna average abundances
(Ab.)  were  square-root-transformed.  Relative  contributions  of  species  to  the
dissimilarity  ( %)  between  consecutive  sampling  dates  are  presented

depending on PERMANOVA results. Values in bold: Species abundances and
contribution to dissimilarity for species found in the cut-off levels of 50% in
pairwise  comparisons.  Phy  (Phylum):  Por:  Porifera,  Bry:  Bryozoa,  Cho:
Chordata (XLSX 13 kb)
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Supplementary  material  7  Results  of  SIMPER  analyses  of  Bray–Curtis
similarity among consecutive sampling dates for numerical abundance of mobile
fauna associated with the different kelp forest strata. Fauna average abundances
(Ab.)  were  square-root-transformed.  Relative  contributions  of  species  to  the
dissimilarity  (  %)  between  consecutive  sampling  dates  are  presented

depending on PERMANOVA results. Values in bold: Species abundances and
contribution to dissimilarity for species found in the cut-off levels of 50% in
pairwise  comparisons.  Phy  (Phylum):  Ann:  Annelida,  Mol:  Mollusca,  Art:
Arthropoda,  Ech:  Echinodermata,  Sip:  Sipunculida.  TG (Trophic  group):  G:
Grazer, DF: Deposit-feeder, SF: Suspension-feeder, sf-P: sessile fauna-Predator,

mf-P: mobile fauna-Predator (XLSX 20 kb)
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