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Abstract The mobile fauna associated with two
sympatric kelp species with different holdfast mor-
phology (Saccorhiza polyschides and Laminaria
hyperborea) was compared to test for differences
in the assemblage structure of holdfast-associated
mobile epifauna. A total of 24,140 epifaunal individ-
uals were counted from 30 holdfasts of each kelp
species. Overall epifaunal abundances exceeded fau-
nal abundances previously reported from holdfasts of
other kelps. Three taxonomic groups, Amphipoda,
Mollusca, and Polychaeta, accounted for ca. 85% of
all individuals. Total abundances increased with the
amount of habitat available, quantified either as
the volume or the area provided by the holdfasts. The
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multivariate structure of the epifaunal assemblage did
not differ between holdfasts of the two kelp species.
However, epifaunal assemblages responded differen-
tially to the habitat attributes provided by each type
of kelp holdfast: multivariate variation in the assem-
blage structure of epifauna was mostly explained by
holdfast area and volume for L. hyperborea, and by
the surface-to-volume ratio for S. polyschides hold-
fasts. Therefore, the physical attributes of biogenic
habitats, here kelp holdfasts that better predict
patterns in the assemblage structure of associated
fauna can differ according to their different physical
morphology, even though the overall assemblage
structure of associated fauna was similar.

Keywords Kelp holdfast - Saccorhiza polyschides -
Laminaria hyperborea - Epifauna - Assemblage
structure - Habitat complexity

Introduction

The heterogeneity of the environment is essential for
species co-existence, with structurally complex hab-
itats offering a variety of different microhabitats and
niches, therefore, allowing species to exist in greater
abundances (Levin, 1992). It is difficult, however,
to separate the effect of the amount of habitat
(e.g., habitat area) from the complexity of the habitat
(McGuinness, 2000). In the case where marine
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organisms create habitats (e.g., corals, sponges, kelp
holdfasts), different key attributes of the habitat can
easily quantify the amount (i.e., the area or volume)
available for associated fauna. Patterns of composition
and abundance of associated organisms, however, are
also influenced by the arrangement of structural
elements within the habitat; in other words, the
complexity of the habitat also affects the ecological
patterns of associated animals (Hauser et al., 2008).
Yet, quantification of habitat complexity is challeng-
ing, because habitat complexity potentially covary
with the amount of habitat (Johnson et al., 2003).
Macroalgae may host diverse and abundant inver-
tebrate assemblages. In particular, kelps (laminarian
algae) provide food and shelter for associated fauna
living on temperate coasts (e.g., Moore, 1973a, b;
Taylor & Cole, 1994; Begin et al., 2004). Kelps
attach to rocky substratum with a conspicuous
holdfast. Kelp holdfasts are formed by the growth
of individual haptera from meristematic tissue at the
base of the stipe (Bartsch et al., 2008). The additions
of hapteron layers, which grow in different directions,
give holdfasts different shapes with variable height
and base dimensions (Dayton, 1985). Kelp holdfasts
provide a suitable habitat for a wide array of
invertebrates (Moore, 1973a, b); this fauna typically
differ, in terms of composition and assemblage
structure, relative to fauna associated with the upper
parts of kelps, such as the stipe and the lamina
(Christie et al., 2003). Fauna inhabiting kelp holdfasts
is diverse and can provide important indicators for
monitoring marine ecosystems in response to a range
of environmental impacts (Sheppard et al., 1980;
Smith et al., 1996). Several studies have analyzed
spatial and temporal patterns of variability in the
composition and abundance of holdfast-inhabiting
epifaunal assemblages (e.g., Moore, 1972; Ojeda &
Santelices, 1984; Smith et al., 1996; Thiel &
Vasquez, 2000; Anderson et al., 2005a, b; Rios
et al., 2007). These studies examined a single kelp
species and its associated fauna; comparisons of the
fauna associated with the holdfasts of two or more
species of kelp are rare (but see Blight & Thompson,
2008). These studies, moreover, exclusively used
proxies to the amount (quantity) of habitat provided
by kelp holdfasts (typically holdfast volume or wet
weight) to account for variation in patterns of
epifaunal assemblage structure. Kelp holdfasts, how-
ever, are 3-dimensional biogenic habitats with a
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structural complexity that change between and within
kelp species. A surface-to-volume ratio (SA/V) is a
simple, but practical, measure of the complexity of
biogenic habitats (Koukouras et al., 1992). This ratio
quantifies the amount of surface area per unit volume
(Schmidt-Nielson, 1984). However, it has not been
implemented to describe how the physical complex-
ity of kelp holdfasts can affect associated faunal
assemblages, though Smith et al. (1996) suggested its
potential importance to explain succession patterns of
fauna associated with kelp holdfasts of varying age.

The kelps Saccorhiza polyschides and Laminaria
hyperborea are found interspersed on subtidal reefs
across northern Portugal. These species have biphasic
life cycles, with a short-lived microscopic gameto-
phytic generation alternating with a long-lived mac-
roscopic perennial sporophytic generation (Bartsch
et al.,, 2008). Holdfasts of these laminarians differ
morphologically. The holdfast of S. polyschides has a
bulbous structure with a complex internal channeling
system, and so considerable interstitial space for
epifauna (McKenzie & Moore, 1981). Laminaria
hyperborea, however, has a root-like holdfast, and
also provide a suitable habitat for epifaunal organ-
isms (e.g., Moore, 1971; Jones, 1971; Edwards, 1980;
Sheppard et al., 1980). In this study, we took
advantage of the coexistence of these kelps with
contrasting holdfast morphology occupying the same
environment (shallow subtidal reefs) to, firstly, test
whether there are differences in the assemblage
structure of epifauna (>1 mm) between holdfasts of
the kelps S. polyschides and L. hyperborea. Secondly,
we aimed to determine whether the physical attri-
butes of the habitat provided by kelp holdfasts can
differ between these two kelp species to predict
patterns in epifaunal assemblage structure. In this
regard, we included a set of physical attributes
previously reported to account for the ‘quantity’ of
habitat provided by kelp holdfasts, as well as an index
of the ‘quality’ (i.e., the structural complexity) of this
habitat through the SA/V ratio.

Materials and methods

Sampling and sorting

We haphazardly selected 30 individuals of both
laminarian species (S. polyschides and L. hyperborea),
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encompassing all range of sizes (between 1 and 35 g
dry weight for S. polyschides and between 0.3 and
12 g dry weight for L. hyperborea), at Mindelo beach
(northern Portugal, 41°18'50"N, 8°42'58"W). Collec-
tions took place (on the 7th August 2009) at ca. 1 m
depth on a granitic ledge covered by a kelp forest
where both S. polyschides and L. hyperborea co-exist
interspersed. For each plant, the holdfast was taken
apart from the stipe by gently cutting it with a dive
knife, removed from the reef, and immediately sealed
into a cloth bag (loss of animals during this procedure
is likely low since animals tend to attach to the
holdfast in response to the detected disturbance).
Samples were frozen (—20°C) until processed. In the
laboratory, samples were washed in fresh water, and
passed through a 1 mm sieve. All individuals retained
were identified to broad taxonomic groups under a
microscope. Our procedure retained the mobile and
more loosely attached fauna; the strictly sessile
organisms were thus under-represented and not
counted. Previous studies have suggested that sam-
pling animal assemblages associated with aquatic
vegetation may be streamlined by reducing the
taxonomic resolution: i.e., in some cases only little
important information is lost by analyzing data at the
level of families, or even whole phyla, rather than at
the species level (Olsgard et al., 1998).

The amount of retained sediment was weighted for
each sample, providing a measure of sediment content,
since it can affect fauna when present at large
quantities (Smith et al., 1996). Each holdfast was
weighted after shaking for excess water (wet weight),
and the volume determined by water displacement
(Sheppard et al., 1980). To estimate the surface area of
each holdfast, we cut each holdfast into small, coarsely
flat, pieces, ranging between 2 and 6 mm, which were
spread out on a white tray. A photograph was taken,
and the area of each holdfast calculated using the
Image® processing software (Massana et al., 1997).
Finally, all holdfasts were dried (24 h at 65°C) and
weighted (dry weight). We calculated holdfast com-
plexity as the ratio between the surface and volume
provided (SA/V) by each holdfast.

Data analysis
To assess the effect of the amount of available habitat

over the abundance of epifaunal assemblages, Pear-
son product moment correlation was used to assess

the relationship between the overall abundance of
individuals, and the number of individuals of the
three most abundant taxonomic groups, with the
volume (ml) and area per holdfast. To visualize
differences in the assemblage structure of epifauna
between the two types of kelp holdfasts, a non-metric
multidimensional scaling (nMDS) was carried out
on the untransformed data, and the significance of
differences tested by a one-way ANOSIM. The
relationship between the entire set of structural
holdfast attributes and the epifaunal assemblage
structure was investigated using distance-based
redundancy analysis (db-RDA, Legendre & Anderson,
1999) separately for each kelp holdfast. Multivariate
multiple regression, using the DISTLM routine,
tested the significance of these relationships by fitting
a linear model based on Bray-Curtis dissimilarities on
untransformed data. To retain variables with good
explanatory power, as a result of colinearity among
variables, the AIC routine was used as a selection
criterion (the smaller the value the better the model,
Legendre & Anderson, 1999), and the contribution
of each independent variable to each model was
described by the amount of explained variation. All
analyses were based on a ‘forward’ selection proce-
dure. All multivariate procedures were carried out
using PRIMER 6.0 package.

Results

Epifaunal assemblages: differences between
S. polyschides and L. hyperborea

We identified a total of 24,140 epifaunal individuals
on the 60 kelp holdfasts, encompassing a range of
faunal groups (Table 1). Three taxonomic groups
(in decreasing order of overall abundance): Amphi-
poda, Mollusca, and Polychaeta accounted for ca.
85% of all individuals observed. The multivariate
structure of the epifaunal assemblage did not differ
between kelp species (R-statistic = 0.083, P > 0.1);
in fact, the majority of epifaunal assemblages clus-
tered together in the ordination space regardless of
the kelp species they inhabited (Fig. 1). For both
types of kelp holdfasts, total abundances increased
with the amount of available habitat, quantified as
either the volume or the (surface) area of the holdfast
(Figs. 2, 3).
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Table 1 Total epifaunal abundances observed in holdfasts of
the kelps Saccorhiza polyschides and Laminaria hyperborea
(n = 30)

Saccorhiza Laminaria

polyschides hyperborea
Amphipoda 15,025 2,702
Copepoda 250 72
Tanaidacea 69 82
Cumacea 5 1
Decapoda 78 29
Ostracoda 95 50
Mysidae 2 0
Polychaeta 604 529
Mollusca 1,260 1,016
Nematoda 274 402
Others 681 813
Total 18,541 5,792

Stress = 0.08

A Saccorhiza polyschides
"y o Laminaria hyperborea

00D
Shés
| 4

o
%,
S

Fig. 1 Two-dimensional non-metric multidimensional scaling
(nMDS) plot showing similarities in epifaunal assemblage
structure between the two types of kelp holdfasts (n = 30). Up-
triangle: Saccorhiza polyschides, circle: Laminaria hyperborea

Epifaunal assemblages: effect of habitat attributes

Epifaunal assemblages differed to the habitat attributes
provided by each type of kelp holdfast (Table 2). For
S. polyschides, the first two axes of the db-RDA
accounted for ~50% of the total variability in
assemblage structure (Fig. 4A). The SA/V ratio was
positively correlated with the first axis, which
accounted for ca. 45% of total variability (RDA-1,
Fig. 4A). The SA/V ratio was indeed the best physical
predictor of variation in epifaunal assemblage struc-
ture: multivariate multiple regression indicated that

@ Springer

this single variable explained a relatively large
proportion of total variability (~38%, Table 2). The
second axis of the db-RDA was negatively correlated
with the holdfast dry weight, which accounted for an
additional 8% of total variability. These results indi-
cated that, although variation in the holdfast dry weight
explained some proportion of the variation in the
assemblage structure of epifauna, the SA/V ratio was
the main morphological attribute explaining patterns
of variation in epifaunal assemblage structure in the
holdfast of S. polyschides. For L. hyperborea, the first
two axes from the db-RDA explained ~38% of the
total variability in epifaunal assemblage structure
(Fig. 4B). Patterns in assemblage structure were,
however, better predicted through the volume (24%
of total variability) and area (12%) of the holdfast
(Table 2). These outcomes suggest, therefore, that the
best predictors to explain variation in assemblage
structure differed between the two species of kelp
holdfasts. The amount of retained sediment within kelp
holdfasts did not contribute significantly to explain
variation in the multivariate structure of faunal
assemblages associated with holdfasts of both kelp
species. The total amount of retained sediment per
holdfast was larger for S. polyschides (5.39 g £ 6.14;
mean + SD) than L. hyperborea (1.66 g £+ 2.88).

Discussion

Epifaunal assemblages: comparison
with other studies

This study has shown that large numbers of epifaunal
individuals are associated with holdfasts of the kelps
S. polyschides and L. hyperborea in northern Portu-
gal. In turn, the overall abundance of epifauna living
in the holdfast of both S. polyschides and L. hyper-
borea (calculated as animals per 10 ml of holdfast
habitat when using a 1 mm sieve, sensu Smith et al.,
1996) is larger than abundances previously observed
in the holdfast of other kelps living in both
hemispheres, including Ecklonia radiata in Austral-
asia, Laminaria digitata in northern Europe and
Macrocystis pyrifera in South America (Table 3).
Our study indicated that three groups, Amphipoda,
Mollusca, and Polychaeta dominated, in terms of
abundance, the epifaunal assemblage. This result
agrees with previous observations from holdfasts of
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E. radiata (e.g., Polychaeta and Amphipoda contrib-
uted to a ca. 78% of total epifaunal abundance, Smith
et al., 1996), Laminaria from other European waters,
including the UK (Blight & Thompson, 2008),
Norway (Christie et al., 2003) and the Cantabrian
Sea (Arroyo et al., 2004), M. pyrifera in southern
Chile (Ojeda & Santelices, 1984) and from artificial
collectors mimicking kelp holdfasts (Hauser et al.,
2008). Our results also confirmed that epifaunal
abundances increase with increasing the volume of

Holdfast volume (ml)

Holdfast area (pixels)

kelp holdfasts, as well as the area provided by them,
without reaching a plateau (Ojeda & Santelices,
1984; Smith et al., 1996; Thiel & Vasquez, 2000),
despite a saturation has been described for the overall
abundance of invertebrates associated with the hold-
fast of E. radiata (Anderson et al., 2005b). This fact
was explained since very large, old, holdfasts have a
large amount of encrusting species that can limit the
available space inside holdfasts (Anderson et al.,
2005b).
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Fig. 3 Laminaria 500
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Holdfast volume (ml)

Epifaunal assemblages: differences between
S. polyschides and L. hyperborea

Our results indicated a lack of differences in epifau-
nal assemblage structure between the two types of
kelp holdfasts. Functionally, this suggests that provi-
sion by kelp holdfasts of food and living space for the
entire epifaunal assemblage does not depend on the
shape of kelp holdfast. This result, of course, may be
mediated by the fact that processes that generate
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Holdfast area (pixels 107)

variability for kelp-associated epifauna at small
spatial scales are of less importance when using
large taxonomic groups, such as whole families,
orders or phyla—as we did—rather than species
(Anderson et al., 2005b). Mechanisms that can
produce such small-scale patchiness in kelp holdfast
assemblages may include aggregation of organisms
relative to individual plants (Thiel & Vasquez, 2000),
the spatial arrangement of neighboring plants (Good-
sell & Connell, 2002), and mobility of fauna among
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Table 2 Results of multivariate multiple regressions testing the effect of a set of structural kelp holdfast variables on the assemblage
structure of epifauna inhabiting holdfasts of the kelps Saccorhiza polyschides and Laminaria hyperborea

Saccorhiza polyschides

Laminaria hyperborea

Pseudo-F P Prop. explained Pseudo-F P Prop. explained
variation variation

Marginal tests

WW holdfast 18.68 0.0002 8.22 0.0002

Volume 19.72 0.0002 8.86 0.0002

DW sediment 7.98 0.0004 2.83 0.025

DW holdfast 17.38 0.0002 7.64 0.0002

Area 1.72 0.1536 5.66 0.0006

SA/V 19.83 0.0002 5.28 0.0008
Sequential tests

+SA/V 19.83 0.0002 0.38

+DW holdfast 5.23 0.0024 0.08

+Area 2.59 0.0037 0.04 5.39 0.0004 0.12

+Volume 8.86 0.0004 0.24

The AIC routine was used as a selection criterion (sequential tests); the contribution of each variable is described by the amount of

explained variation

Area holdfast surface area, DW dry weight of kelp holdfast (g), DW sediment dry weight of entangling sediment (g), SA/V holdfast
surface area to volume ratio, Volume holdfast volume (ml), WW holdfast wet weight of kelp holdfast (g)

plants (Norderhaug et al., 2007). Despite reducing
taxonomic resolution decreases the amount of effort
for proper taxonomic identifications, results at finer
taxonomic scales could have been different. It is
plausible that some species, even within the same
genus and family, prefer one specific type of mac-
rophyte over others. Our results, therefore, should be
taken as a first, coarse, approximation.

Epifaunal assemblages: effect of habitat attributes

The best physical predictors that explained variation
in epifaunal assemblage structure differed between
the two types of kelp holdfasts. In the case of
L. hyperborea, attributes related to the amount of
available habitat (i.e., holdfast volume and area) for
epifauna were selected to explain variation in patterns
of multivariate structure. In contrast, an attribute that
characterize the amount of available area per unit of
volume, rather than the amount of available habitat
per se, was selected as the most relevant for epifauna
living in holdfasts of S. polyschides; that is a
surrogate of habitat complexity (Koukouras et al.,
1992). Therefore, epifauna associated with holdfasts
of S. polyschides seems to respond to the complexity
of the habitat rather than to the amount of habitat

provided by kelp holdfasts. Despite difficulties asso-
ciated with disentangling the relative importance of
the amount of habitat (e.g., holdfast volume) from the
complexity of the habitat (indeed they are correlated),
this result suggests that the arrangement of structural
elements rather than their quantity is likely the
main factor determining patterns in the assemblage
structure of epifauna living within the holdfasts of
S. polyschides. It is plausible that the internal
channeling of tissue within the bulbous holdfast of
S. polyschides affects the quantity and diversity of
microhabitats and niches for associated epifauna. In
contrast, L. hyperborea has a root-like and less
heterogeneous holdfast characterized by relatively
fewer, and less deep, crevices that would offer less
protection against strong wave action. Such a mech-
anism would be consistent with previous findings
suggesting that fauna living within kelp holdfasts do
not exclusively respond to the amount of available
habitat, but also to its level of complexity (Smith
et al., 1996).

The amount of retained sediment within kelp
holdfasts did not contribute to explain variation in the
structure of faunal assemblages associated with
holdfasts of both kelp species. The amount of
retained sediment per holdfast was larger for
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Fig. 4 Distance-based
Redundancy Analysis
(db-RDA) biplots of first
and second axes relating the
set of holdfast structural
variables to epifaunal
assemblage structure

(n = 30 holdfasts).

A Saccorhiza polyschides,
B Laminaria hyperborea.
Area holdfast surface area,
DW dry weight of kelp
holdfast (g), SA/V holdfast
surface area to volume
ratio, Volume holdfast
volume (ml)
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Table 3 A comparison of total epifaunal densities inhabiting the holdfasts of different kelp species (densities are means per 10 ml of
holdfast volume, sensu Smith et al., 1996)

Species Density Location Reference

S. polyschides 79.93 Portugal This study

L. ochroleuca 114.03 Portugal This study

E. radiata 9.9 Australia (NSW, site 1) Smith et al. (1996)

E. radiata 62.9 Australia (NSW, site 2) Smith et al. (1996)

E. radiata 47.66 New Zealand Anderson et al. (2005a, b)
L. digitata 10.4 North Sea Jones (1971)

L. digitata 22.3 North Sea Jones (1971)

M. pyrifera 16 Chile Ojeda & Santelices (1984)
M. pyrifera 1.15 Chile Rios et al. (2007)
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S. polyschides (5.39 g & 6.14) than L. hyperborea
(1.66 g = 2.88). However, holdfasts of S. polysc-
hides are larger than those of L. hyperborea; when the
average amount of retained sediment is standardized
per unit of biomass of holdfast tissue, values are
considerably similar (0.29 g of sediment g~' of
holdfast tissue for S. polyschides and 0.25 g of
sediment g~ ' of holdfast tissue for L. hyperborea).

Conclusions

This study has shown a lack of differences in the
assemblage structure of fauna living in two function-
ally similar biogenic habitats within the same envi-
ronment (holdfasts of the kelps S. polyschides and
L. hyperborea). However, the attributes of these
biogenic habitats that better predict patterns in the
assemblage structure of associated fauna differ
according to their different morphology.
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