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INTRODUCTION

During the past few decades, the abundance
and frequency of occurrence of abiotic substrata
has increased drastically in the oceans, mainly as a
result of massive amounts of plastic entering the sea
(Barnes et al. 2009). Increasing abundances of abiotic
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ABSTRACT: A wide diversity of organisms is dis-
persed on abiotic floating substrata, but little is
known about the succession of fouling communities
on these items. The main abiotic floating items
found in the oceans (volcanic pumice, plastics, and
Styrofoam) differ in 3 principal characteristics,
namely surface rugosity, buoyancy, and floating
behaviour, confirmed herein by light and electron
microscopy (SEM), measurements of buoyancy, and
laboratory tests to determine floating stability. In
order to examine how these properties affect colo-
nization and com munity succession on these sub-
strata, 3 experiments were conducted in the field for
14 wk: (1) substrata were permanently  submerged
to determine if colonization depends on  substratum
surface (‘Rings’ experiment); (2) substrata were
tethered at the sea surface to examine the impor-
tance of buoyancy (‘Lines’ experiment); and (3) sub-
strata were caged to test the role of their floating
behaviour (‘Cages’ experiment). The most common
colo nizers in all 3 experiments were diatoms,
Ulvales, and clonal ascidians from the genus Diplo-
soma. Surface rugosity of the substrata had only
minor effects on the taxonomic richness of the
developing communities. Buoyancy caused some
differences in taxon cover, but taxon richness was
similar on all 3 substrata. Finally, the floating
behaviour at the sea surface had a strong influence
on the communities developing on the floating sub-
strata. Plastics (fewest changes in position) pre-
sented a higher richness and cover of taxa, while
Styrofoam (most positional changes) harboured very
few taxa. We conclude that colonization and succes-
sion on floating substrata is strongly influenced by
positional changes, while surface rugosity and buoy-
ancy appear important only during initial stages of
community succession.

Dispersal of organisms across the oceans is brought about by
dense aggregations of pumice (left), which may appear
 sporadically after submarine volcanic eruptions, and by
ubiquitous accumulations of anthropogenic debris (right).
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 substrata of anthropogenic origin are reason for con-
cern because they might result in a drastic shift of
dis persal opportunities on these long-lasting floating
objects (Gregory 2009).

In the marine environment, floating substrata (nat-
ural and anthropogenic) are ubiquitous dispersal
agents for a wide diversity of different organisms.
The properties of floating substrata are thought to
determine the pool of organisms that might be trans-
ported on them (Thiel & Gutow 2005a,b). Even
though this relationship has been known for a long
time, surprisingly little is known of how substratum
characteristics affect the diversity of biota on floating
substrata. This is particularly true for organisms asso-
ciated with abiotic floating items, which can be very
abundant in specific areas (Thiel & Gutow 2005a) or
at certain time periods (Bryan et al. 2004).

Some of the most relevant properties of abiotic sub-
strata in the context of rafting are their chemical and
physical composition, which determine their buoy-
ancy and longevity at the sea surface. Substrata such
as volcanic pumice and Styrofoam have numerous
small inclusions of air bubbles, allowing them to float
at the sea surface (e.g. Jokiel 1989). Similarly, many
plastic items enclose large volumes of air, conferring
them extraordinarily high buoyancy. Most of these
abiotic substrata are also very resistant to decay. Due
to their inorganic nature, they offer no or only mini-
mal food value to most marine organisms, and there-
fore resist biotic attacks (albeit small items may be
swallowed by seabirds and other organisms; e.g.
Laist 1987, Ryan et al. 2009). Even though abiotic
substrata are prone to degradation by exposure to
light (Andrady et al. 1993), temperature variations
(Thiel & Gutow 2005a), and abrasion (in the case of
pumice) (Risso et al. 2002), their decay rates in sea
water are usually slow, i.e. these substrata persist for
many months, often more than a year (Pegram &
Andrady 1989). Due to these properties (buoyancy
and resistance to decay), abiotic substrata survive
much longer at the sea surface than most biotic float-
ing substrata, e.g. algae and wood (Thiel & Gutow
2005a). This high longevity makes abiotic substrata a
potential transport vector for long distance dispersal
of organisms that can hold onto and do not depend
on them for food.

While there are important similarities (e.g. longe -
vity) among abiotic floating substrata, they also differ
in some characteristics that are relevant in the con-
text of species colonization and rafting. Surface
rugosity, known to affect settlement and survival of
sessile organisms (Dudley & D’Antonio 1991, Wahl &
Hoppe 2002, Faimali et al. 2004, Granhag et al. 2004),

may differ substantially among substrata. Moderate
rugosity facilitates colonization because propagules
find better substratum adhesion in surface depres-
sions (Granhag et al. 2004) or protection against
grazers (Wahl & Hoppe 2002, Hutchinson et al. 2006).
Buoyancy can also affect colonization by fouling
organisms. For example, Styrofoam has very high
buoyancy, and therefore most of its surface will be
exposed to air, which might negatively influence the
success of initial colonizers. Another characteristic,
rarely taken into account, is floating stability at the
sea surface. Sailors are well acquainted with the
importance of floating stability: when the boat turns
over its passengers are exposed to the surrounding
water, while any organisms growing on the under-
side of the boat get exposed to the air. Many marine
organisms, and in particular early benthic stages, are
susceptible to repeated or prolonged exposure to air
(e.g. Benedetti-Cecchi et al. 2006), and consequently
the stability of a floating item at the sea surface may
affect the composition of the communities develop-
ing on them.

Most of our present knowledge on organisms that
are transported on abiotic floating substrata comes
from items found on the shore. Often these items
have been deposited on the beach long before being
collected for scientific analysis. Thus, while we have
relatively good information on sessile species such as
corals, oysters, barnacles, and bryozoans being trans-
ported on volcanic pumice (Jokiel 1984, 1989, 1990)
or plastics (Barnes 2002, Barnes & Milner 2005), we
know relatively little about other organisms, let alone
the succession processes of the floating community
on these abiotic floating substrata.

Succession of benthic communities on hard sub-
strata is mainly related to the occurrence of distur-
bances, arrival of colonists, and species interactions
(e.g. Connell & Slatyer 1977, Platt & Connell 2003,
Underwood & Chapman 2006). A number of studies
have also explored the importance of substratum
rugosity, which can influence initial settlement and
survival of colonists (Wahl & Hoppe 2002, Faimali et
al. 2004, Granhag et al. 2004, Hutchinson et al. 2006).
However, rugosity effects mainly appear during very
initial stages but lose relevance during later stages of
community succession (e.g. Bers & Wahl 2004, Scar -
dino & de Nys 2004, Totti et al. 2007). While rugosity
may thus only be important at the beginning of com-
munity succession on floating substrata, buoyancy
and floating behaviour may significantly affect sub-
stratum stability and, thereby, community succession
throughout the floating period. Frequent exposure
of substrata to air, either due to high buoyancy or
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because they frequently turn over (or both), may
repeatedly lead to high mortality and disappearance
of fouling organisms. Consequently, community suc-
cession on highly buoyant and unstable substrata
might be arrested in initial successional stages,
where only stress-tolerant colonizers can survive,
similar to benthic communities under conditions
of extreme air exposure (e.g. Benedetti-Cecchi et al.
2006).

In order to evaluate the role of abiotic floating sub-
strata as dispersal agents for marine organisms, we
conducted a series of samplings and experiments to
(1) determine the floating properties of 3 different
abiotic substrata (pumice, plastics, and Styrofoam),
and (2) to examine how these properties affect spe-
cies colonization and community succession on each
substratum. Specifically, we predicted that species
richness would initially be highest on the substratum
with the highest surface rugosity, that communities
were most diverse on the least buoyant substratum,
and that opportunistic colonizers dominated on the
substratum that most frequently changed position at
the sea surface. These predictions were tested by
exposing floating substrata to natural colonization
by fouling organisms in coastal waters of  northern-
central Chile.

MATERIALS AND METHODS

Study site

Colonization experiments were conducted between
August and December 2006 in Bahía La Herradura
(Coquimbo), a semi-enclosed bay on the northern-
central coast of Chile (Fig. 1a). Water temperatures in
the bay vary between 13°C in winter and 20°C in
summer (Moraga & Olivares 1993). The sea floor at
the study site is characterized by soft sediments at 7
to 8 m from the water surface. There are numerous
artificial struc tures in the bay (buoys, piers, sus-
pended culture systems, and other marine facilities)
that are colonized by a diverse fouling community
(for more details of the study system see Valdivia et
al. 2005, Cifuentes et al. 2007).

Floating substrata and their properties

Three types of abiotic substrata were used in the
colonization experiments: volcanic pumice, plastic jars,
and Styrofoam pieces (Fig. 1b), all of an approximate
volume of 40 to 70 ml. In the case of the plastic jars
and Styrofoam pieces, these were chosen to be of
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Fig. 1. (a) Study site; exact location
where the experiments were carried out
is shown with a star. (b) The 3 abiotic
substrata (left to right: pumice, plastic,
Styrofoam). (c) Experimental set-up for 

the 3 colonization experiments
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 similar sizes as the pumice pieces commonly found on
beaches of the Chilean coasts. The dimensions of the
plastic jars were 5 cm diameter × 4 cm high, while the
Styrofoam pieces were 5 cm in diameter × 2.5 cm high.
In order to gain a better understanding of the factors
driving the colonization process, we characterized the
substratum properties according to their floating dura -
tion, surface features, buoyancy, and floating stability.

Floating duration. A total of 20 replicates of each
substratum was placed in a 300 l tray with flowing
seawater for 1000 d. This time period was chosen
because the floating duration of many abiotic sub-
strata is known to exceed 1 yr. Every 1 to 3 d, we sur-
veyed whether substrata remained floating. Some
objects were lost from the tray due to unknown rea-
sons (2 pieces of pumice at 193 d and 287 d, 1 piece
of plastic at 287 d). The total number of substrata
remaining in the tray at the end of the experiment
was considered as 100%.

Surface rugosity. A total of 10 replicates of each
substratum was photographed with a dissecting
microscope, using lateral lights for better contrast of
the surface relief. Images were analyzed with the
program Image-Pro Plus 4.5 (Media Cybernetics) with
the purpose of identifying and counting rugosities.
The images of the substrata were transformed to B&W
(black & white) contrasts. The ranges of threshold
values for this B&W transformation depended on
substratum type: pumice was in a range of 120 to 155,
plastics 85 to 115, and Styrofoam 165 to 200. All rugo -
sities within an area of 1 cm2 were counted, and their
individual area was measured. In the case of pumice
and Styrofoam, depressions in the substratum were
considered as rugosities (the contiguous surface is
interrupted by depressions). In plastics, protuber-
ances on the substratum were considered as rugosi-
ties (contiguous surface is interrupted by elevated
scratches and small grains). We calculated for each
replicate the total rugosity area as the sum of all indi-
vidual areas.

Substratum buoyancy. A total of 20 replicates of
each substratum was placed individually in a gradu-
ated cylinder topped with seawater. Before placing it
in the water, each object was weighed (0.1 g accu-
racy). The cylinder was placed in a plastic tray to
retain the water that was displaced after putting the
floating substratum in the cylinder. The total volume
was calculated using the volume of water displaced
after submerging the entire object. Substratum buoy-
ancy was thus defined as the inverse of the percent-
age of the object below the water surface. Higher
percentages of submerged volume of a replicate rep-
resented lower substratum buoyancy.

Floating stability. A total of 20 replicates of each
substratum was placed individually in a tray (37 cm
long × 29 cm wide × 17 cm high) filled with 10 l of
seawater. The tray was then agitated to produce
waves. Following this agitation, we waited until the
water surface and the floating item had completely
calmed down. The side of the floating object that was
facing upwards (i.e. the highest point) was marked
with a permanent marker pen, and recorded as one
position. This procedure was repeated 100 times for
each of the 20 replicates from a substratum type. For
each replicate, we registered the number of times
that it changed position, the number of positions it
adopted, and the frequency of occurrence of these
positions.

Colonization of substrata

We conducted 3 colonization experiments in the
field in order to test the effects of substratum proper-
ties on the colonization process. We used a random-
ized block design with replication for each experi-
ment. In the first experiment (Rings), substrata were
permanently suspended (about 1 m below the sea
surface) to examine the effects of surface rugosity on
the colonization process. In the second experiment
(Lines), substrata were attached to lines that held the
substrata at the sea surface, restricting the overturn
of substrata, to examine the effects of buoyancy (pro-
portion of the substratum below the sea surface) on
colonization. And in the last experiment (Cages),
substrata were maintained in cages, allowing them to
overturn freely to examine the effects of floating sta-
bility on the colonization process.

The 3 colonization experiments lasted 98 d each.
This duration was chosen because previous studies
had suggested that rafting communities experience
important changes during this time period (Ye &
Andrady 1991, Tsikhon-Lukanina et al. 2001). The
developing fouling communities were surveyed at
regular intervals (2, 4, 6, 8, 10, and 14 wk after the
start of the experiment). At each sampling date, we
estimated the % cover of each sessile species, and we
determined the taxonomic richness on each repli-
cate. All experiments started in August 2006 and
ended in November 2006, with the last sampling
after 14 wk of exposure.

Surface rugosity (Rings). In this experiment we
tested the effect of substratum rugosity (3 levels:
pumice, plastic, or Styrofoam) on community succes-
sion. Blocks consisted of 6 PVC rings (60 cm diameter
× 25 cm height × 0.3 cm thick) that were individually
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suspended 1 m below the sea surface (Fig. 1c). Nine
PVC panels (15 cm × 15 cm × 0.3 cm) were fixed to
the inner surface of each PVC ring with cable ties.
We glued a layer (~4 to 5 cm diameter) of 1 of the 3
substrata to the centre of each panel with non-toxic
adhesive (for a similar set-up, see also Totti et al.
2007). The 3 substratum levels with 3 replicates each
were randomly allocated to panels. Pumice and Sty-
rofoam layers were prepared by cutting sheets of
~1 cm thickness. We used the lids of the jars as plastic
substrata, which resulted in a height of ~1 cm above
the PVC panel. Since panels were at a fixed depth
and orientation within rings, we were able to keep
buoyancy and floating stability constant across sub-
strata, and to focus on the differences in substratum
rugosity.

Buoyancy (Lines). We tested the effects of substra-
tum buoyancy and face of the substrata (3 levels:
upper face, lower face, and side) on successional pat-
terns of fouling communities. In this experiment,
blocks consisted of five 6 m long lines (Fig. 1c), fixed
at ~10 cm below the sea surface. We tethered 4 repli-
cates of each substratum in random order along the
line, at distances to each other that impeded direct
contact. Substrata were attached with a nylon thread
and a spindle that allowed the object to rotate freely
around the axis of the spindle. The nylon threads,
which held the substrata on the lines, ensured that
substrata did not turn over. Thus, this experiment
allowed us to keep floating stability constant across
different substrata and to focus mainly on the effects
of buoyancy.
Floating stability (Cages). To examine how floating
stability and face of the substrata affected coloniza-
tion, freely floating substrata were placed in large
mesh cages (i.e. blocks), which allowed the substrata
to turn over naturally. Five cylindrical cages (67 cm
diameter × 35 cm high), made of 1 cm rigid plastic
mesh, were anchored at the sea surface (Fig. 1c).
Three swimmers (small  plastic bottles of 500 ml vol-
ume each) were attached to the side of each cage in
order to keep it  semi-submerged. Each cage held 4
replicates of each substratum.

Surveys of the developing communities

At each sampling date all experimental units were
brought to shore. The substrata were carefully re -
trieved or detached from their holding structures and
placed in trays with seawater. Care was taken that
substrata were constantly protected against direct
sun exposure. There is no indication that handling

 affected the species composition of the developing
 communities (see also Valdivia et al. 2005, Cifuentes
et al. 2007).

Each replicate was then individually surveyed.
Taxo nomic richness and % cover of sessile species
was estimated with the aid of a dissecting micro-
scope. All taxa were identified to the lowest possible
taxonomic level. Organisms identified up to genus
and showing minimal morphological differences
were grouped under the species epithet ‘sp’. The %
cover of each sessile macrobenthic species (>1 mm)
was estimated using a quadrat of an area of ca. 3 ×
3 cm on each face of the substratum. This area was
selected because all 3 substrata had an approximate
surface area of 5 × 5 cm, thus leaving about 1 cm on
each side of the survey quadrat in order to avoid
edge effects. Percentage cover was estimated at 5%
intervals, and species covering less than 5% were
recorded as 1%. Due to the multilayered structure of
the community, total cover could exceed 100%, but
cover of a single species had a maximum of 100%.

On the substrata in the Rings experiment, we esti-
mated the species cover on the surface that was
exposed to colonization (see also Totti et al. 2007). In
contrast, on the floating substrata in the Lines and
Cages experiments, which could be colonized on all
faces, we surveyed 3 faces on each replicate: (1)
lower face, (2) upper face and (3) side. These faces
were permanently marked to re-identify them in sub-
sequent samplings.

Statistical analyses

Surface rugosity, buoyancy, and floating stability.
We used separate 1-way ANOVAs to test the effect of
substratum (fixed factor with 3 levels: pumice, plas-
tic, or Styrofoam) on total rugosity area, percentage
of volume below water, and number of changes of
position. In addition, persistence of substrata in each
position was assessed with contingency tables.

Colonization. In all 3 experiments (i.e. Rings,
Lines, and Cages), taxonomic richness and % cover
were analyzed as dependent variables. Each experi-
ment was analyzed separately as a split-plot ANOVA
arranged in randomized blocks. Each replicate piece
was considered as a plot. Either time (Rings experi-
ment) or face (Lines and Cages experiments) were
the splits. For the Rings experiment, we used a 3-way
mixed model ANOVA with substratum as between-
plot and fixed factor, block as between-plot and ran-
dom factor, and time (6 levels) as within-plot and
fixed factor.
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For the Cages and Lines experiments,
only data from the last sampling date were
analyzed in order to simplify interpretation
of interactive effects; this is also justified be-
cause we were mainly interested in the suit-
ability of these substrata as long-distance
dis persal vehicles, i.e. colonization patterns
after long time periods (here 14 wk) at the
sea surface. We used 3-way ANOVAs with
substratum and block as de scribed in the
previous paragraph, and face (3 levels: up-
per face, lower face, side) as within-plot and
fixed factor. Some replicates were lost from
the Line experiment due to wave action and
bird attack. In that case, we randomly re-
moved replicates from the ana lysis until all groups
had the same n. Since in some cases the  variance-
covariance matrices were not spherical (Mauchly’s
test for sphericity; p < 0.001), we adjusted the de grees
of freedom of the within-subject factors with the
Greenhouse-Geisser epsilon (Quinn & Keough 2002).

Prior to all ANOVAs (i.e. analyses of substratum
properties and colonization), data were graphically
explored to determine appropriate transformations.
After data exploration, homogeneity of variances was
formally tested with Levene’s test. Data were arcsine,
log10, or rank transformed when needed. Tukey’s
HSD was used as post hoc test after ANOVAs.

We conducted multivariate analyses to test the
effects of substratum on community composition.
Separate analyses of similarity (ANOSIM) based on
Bray-Curtis dissimilarities were conducted for each
experiment, sampling date, and substratum. Data
were presence-absence transformed before ANOSIM.
Univariate analyses were conducted in R environment
version 2.11.1 (R Development Core Team 2011), and
ANOSIMs were conducted with PRIMER version 5.

RESULTS

Substratum properties

Floating duration. After 1000 d in the seawater
tray, 14 pieces (out of the 18 replicate pieces) of vol-
canic pumice had sunk. The first pumice sank after
161 d, the second after 332 d, the third after 503 d, the
fourth after 523 d, the fifth after 541 d, and the sixth
after 635 d. Most pumice pieces sank between 500
and 750 d (Fig. 2). After 554 d, one piece of pumice
split in 2 pieces, and was removed from the tray. At
the end of the experiment (1000 d) all 20 Styrofoam
pieces and the 19 plastics continued floating (Fig. 2).

Surface rugosity. There were significant differ-
ences among the 3 substratum types in terms of
rugosity (total area of rugosities) (1-way ANOVA:
F2,26 = 8.758, p < 0.001). Pumice had a higher sur -
face rugosity compared with the other 2 substrata
(Tukey’s HSD, p < 0.001). There were no significant
quantitative  differences between plastic and Styro-
foam rugosity (Tukey’s HSD, p > 0.05). However, in
the Styrofoam the continuous surface area was inter-
rupted by surface depressions, while in the plastics
the continuous area was interrupted by surface pro-
tuberances. SEM images confirmed those differences
in surface rugosity between the 3 types of substrata.
Volcanic pumice had a very irregular surface with
numerous cracks and porosities (Fig. 3a). The plastics
had a very smooth surface, without any cracks or
cavities (Fig. 3a). The surface of the Styrofoam was
irregular, made up of layers of material that formed
some depressions and ridges (Fig. 3a).

Substratum buoyancy. The mean percentage of
volume below water signifi cantly differed among the
3 substratum types (1-way ANOVA on rank-trans-
formed data: F2,57 = 306.86, p < 0.001). A large pro-
portion of the volume of clean pumice was sub-
merged. This percentage was much higher than for
the other 2 substratum types. Only ~15% of the vol-
ume of the plastic pieces was submerged, and in the
Styrofoam pieces this proportion is <0.5% (Fig. 3b).
Accordingly, all pairwise comparisons showed signifi-
cant differences (Tukey’s HSD test, p < 0.001). The
density of pumice was sub stantially higher than that
of the plastics and in particular of Styrofoam, which
had an extremely low density (Table 1).

Floating stability. The 3 types of floating objects
significantly differed in terms of number of positional
changes (1-way ANOVA on rank-transformed data:
F2,57 = 96.71, p < 0.001). Styrofoam changed floating
position significantly more often than pumice and
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Fig. 2. Total % of substrata (solid line: plastics and Styrofoam; dotted line:
pumice) that remained afloat during the 1000 d of the floating experiment
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plastics, and pumice more often than plastics (Fig. 3c;
Tukey’s HSD, p < 0.001). There were also significant
differences in the number of positions adopted by the
different objects (χ2

(2) = 19.1; p < 0.001). Four pumice
pieces had only one single stable position, while the

remaining 16 pieces adopted 2 dif -
ferent positions. In the case of the
plastic jars, 12 of the 20 objects only
adopted one position, and the re -
maining 8 adopted 2 positions. All
20 Styrofoam objects adopted 2 posi-
tions during the 100 agitation trials.
There were also significant differ-
ences between objects in their persis-
tence in one position (χ2

(2) = 52.9; p <
0.001). In the pumice pieces, one
position dominated, but in the plas-
tics this tendency to remain in one
particular position was even more
marked. In the case of the Styrofoam,
the objects assumed almost equally
either of the 2 positions (Table 1).

Colonization

Taxa found on the substrata. A
total of 39 different taxa were
observed in the 3 colonization experi-
ments. Eight of these taxa occurred
very infrequently and only during
the first 10 wk of the experiments.
These taxa belonged to Chlorophyta,
Rhodophyta, Porifera, Hydrozoa,
Anthozoa, Bivalvia, and Cirripedia.
The dominant taxa in all 3 experi-
ments and on all 3 substrata at the
end of the samplings (Week 14) were
diatoms, Ulvales and Diplosoma sp. 1
(this last species was not found on

Styrofoam in the cages) (Table 2). There were taxa
that prevailed in one experiment more than in
another. Obelia sp. 1 and Austromegabalanus psitta-
cus were predominant on the rings, while Ecto-
carpales, Polysiphonia spp., and Bugula neritina pre-
vailed on the lines. Some species that were common
on the lines or abundant in the cages (e.g. Scyto -
siphon lomentaria) did not occur on the rings
(Table 2). At the end of the experiment (after 14 wk),
the highest number of taxa was observed in the
cages on plastics (22 taxa) and on pumice (19), and in
the lines on the plastics (19) (Table 2). The lowest
taxon richness was observed on Styrofoam in both
the cages (7) and on the rings (12).

Surface rugosity (Rings). On all 3 substrata, a grad-
ual increase in taxonomic richness occurred  during
the first 2 mo. But, after reaching a peak in Week 8,
the number of taxa decreased again, particularly on
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Fig. 3. (a) Light microscope images and SEM-images (inset) of the 3 abiotic
 substrata. (b) Total % of submerged volume of each substratum type. (c) Number
of positional changes of the 3 substrata after 100 agitations in a small tank.
Box plots show the median (line in box), 25 and 75% quartiles (ends of the box),
and extreme values within 1.5 box length (whiskers); different letters above
the boxes indicate signi ficant differences after Tukey’s HSD post hoc test, p < 0.05

Substrata Density Floating stability
(g cm–3) Position 1 (%) Position 2 (%)

Pumice 0.56 ± 0.100 75 (50.6–90.4) 25 (0.3–49.4)0
Plastic 0.17 ± 0.005 99 (73.1–99.7) 1 (0.03–26.9)
Styrofoam 0.04 ± 0.009 56 (32.0–76.1) 44 (23.8–67.9)

Table 1. Density ± SD and floating stability (permanence in a
determined position; % ± 95% binomial confidence inter-
vals of occasions that the objects adopted position 1 or posi-
tion 2) of the 3 abiotic floating substrata. The  experiment
was carried out with 20 items of each substratum. Each 

item was agitated 100 times
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plastics and Styrofoam (Fig. 4). Accordingly, the
ANOVA suggests that the 3 substrata responded
 differently over time (time × substratum, p = 0.001,
Table S1 in the supplement at www.int-res.com/
articles/ suppl/ m439p001_ supp. pdf). Inspection of
means and Tukey’s HSD post hoc tests conducted for
each sampling date showed that taxonomic richness
on plastic substrata was significantly lower than
on pumice and Styrofoam in Week 2, and higher
than pumice in Week 10. No significant differences
among substrata were evident at all other sampling
dates. We also detected that blocks (= rings) varied
differently over time in terms of taxonomic richness
(time × block, p < 0.001, Table S1 in the supplement).
The differences among blocks, however, did not influ-
ence the differences between substrata over time
(time × block × substratum, p = 0.742, Table S1 in the
supplement).

Total % cover significantly varied over time and
across substrata (Fig. 5; time × substratum, p < 0.001,
Table S1 in the supplement). Tukey’s HSD post hoc
tests conducted for each sampling date showed that
total % cover on plastic substrata was significantly
lower than on pumice and Styrofoam in Week 2, and
higher than pumice and Styrofoam in Weeks 10 and
14. No other significant differences between sub-
strata were found. On the other hand, block effects
on total % cover also varied significantly over time
(time × block, p = 0.002, Table S1 in the supplement),
but this effect did not influence the differences
between substrata (time × block × substratum, p =
0.094, Table S1 in the supplement).

In the first 2 wk of the experiment, diatoms domi-
nated on all 3 substrata. Also the hydrozoan species
1 was very common, but then disappeared and was
not found thereafter. Starting in Week 6, the com -
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Rings Lines Cages
Pumice Plastic Styrofoam Pumice Plastic Styrofoam Pumice Plastic Styrofoam

n 20 20 20 10 16 9 21 20 20

Diatoms 95 85 100 50 100 89 76 100 95
Ulvales 90 45 70 100 100 100 100 95 95
Ectocarpales 5 − − 70 50 44 19 10 25
Rhodophytas 5 − − − − − − 35 −
Scytosiphon lomentaria − − − 20 19 11 52 55 5
Petalonia sp. 1 − − − − − − 14 20 5
Red frond − − − − − 22 − − −
Antithamnion sp. 1 5 15 20 − − − − 10 −
Polysiphonia spp. 55 55 50 80 75 44 10 25 −
Ceramiales 10 5 5 − − 11 29 10 20
Crustose coralline 5 − − − 13 − − 15 −
Chlorophyta indet. − − − − − 44 − 5 40
Ochrophyta indet. 1 − − − − 6 − − − −
Hydrozoa sp. 1 − − − − − − − 10 −
Hydrozoa sp. 2 − − − − − − 5 10 −
Hydrozoa sp. 4 − − − − 6 − − 25 −
Obelia sp. 1 95 100 100 − 56 − 38 45 −
Tubularia sp. 1 − − − 10 6 11 33 40 −
Plumularia sp. 1 5 5 5 − − − − − −
Balanus spp. − − − − − − 5 5 −
Austromegabalanus psittacus 20 95 25 − 6 11 − − −
Lepas pectinata − − − − − 11 5 − −
Lepas spp. − − − 10 − − 5 − −
Membranipora isabelleana − 5 − 40 6 11 48 − −
Bugula neritina − 10 15 90 56 44 14 65 −
Bugula flabellata − − − 10 6 − 5 45 −
White Bugula − − − 10 6 − − − −
Diplosoma sp. 1 65 85 70 100 81 44 76 85 −
Ciona intestinalis 20 10 10 30 6 11 14 45 −
Pyura chilensis 45 50 50 30 63 22 14 70 −
Nudibranchia egg mass 5 5 − − 13 − − − −
Total number of species 15 14 12 14 19 16 19 22 7

Table 2. Frequency of occurrence of species on each substratum (pumice, plastic, Styrofoam) in the 3 field experiments (Rings, 
Lines, Cages) during the last survey (Week 14)

http://www.int-res.com/articles/suppl/m439p001_supp.pdf
http://www.int-res.com/articles/suppl/m439p001_supp.pdf
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munities of all 3 substrata were dominated by
diatoms, Obelia sp. 1, Austromegabalanus psittacus,
and Diplo soma sp. 1, and there were no major differ-
ences among the substrata, with the exception of A.
psittacus, which began to show a predominance on
the plastics starting in Week 10 (Fig. 5).

The ANOSIM showed that the community struc-
ture on plastics differed significantly from that on
pumice and Styrofoam during Weeks 2 and 14 (p =
0.001, Table S2 in the supplement). Between plastic
and pumice, these significant differences first ap -
peared in Week 10 (p = 0.012). Throughout the entire
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Fig. 4. Species richness on pumice, plastic, and Styrofoam
plates on the rings during the different sampling dates;
box plots show the median (line in box), 25 and 75% quar-
tiles (ends of the box), and values within 1.5 box length
(whiskers). (*) = outliers and (S) = extreme values. Signifi-
cant differences (Tukey’s HSD, p < 0.05) between substrata
in a given week are indicated by different uppercase letters.
In the weeks where there are no letters, no significant differ-
ences were found among the 3 substrata (comparisons be-
tween substrata need to be viewed in vertical direction)

Fig. 5. Total % cover and community composition on pu -
mice, plastic and Styrofoam plates on the rings during the
different sampling dates. See Fig. 4 for further explanations
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experiment, no significant differences were found
between pumice and Styrofoam (p > 0.05). During
the first 2 and last 2 samplings, significant differ-
ences were found between some pairs of rings, yet
these differences were not consistent (Table S2 in the
supplement).

Buoyancy (Lines). Starting in Week 4, numerous
replicates of this experiment, mainly Styrofoam and
pumice, were lost due to storms, seabirds, and sink-
ing. The highest losses were recorded in Styrofoam,
where a total of 11 (out of 20) replicates disappeared
during the experiment, mainly due to destruction by
seabirds. During the last sampling date (Week 14),
3 pieces of pumice sank.

Analyses conducted on 14 wk old assemblages
showed that taxonomic richness significantly varied
between substrata (Fig. 6, p = 0.018, Table S2 in
the supplement) and this effect was independent of
blocks (block × substratum, p = 0.457) and faces (face
× substratum, p = 0.098). No main effect of face was
found (p = 0.153). Species richness was higher on
pumice than on plastic substratum (Tukey’s HSD, p =
0.036) but there were no significant differences
between either pumice and Styrofoam (Tukey’s HSD,
p = 0.082) or plastic and Styrofoam (Tukey’s HSD, p =
0.999).

Similarly, total % cover significantly varied be -
tween substrata (p < 0.001, Table S1 in the supple-
ment). This effect was independent of block (block ×
substratum, p = 0.567) and face (face × substratum,
p = 0.118). We found no significant differences be -
tween faces (p = 0.118). Inspection of means and a
posteriori comparisons showed that assemblages
developing on pumice covered a significantly larger
percentage of substratum than assemblages devel-
oping on plastic and Styrofoam (Fig. 7, Tukey’s HSD,
p < 0.001).

In the first 2 wk, diatoms dominated on all 3 sub-
strata. Ulvales, Obelia sp. 1, and Diplosoma sp. 1
appeared in Week 4 on the pumice where they per-
sisted until the end of the experiment, with the
Ulvales becoming dominant after Week 6. On the
plastics, Ulvales and Obelia sp. 1 appeared in Week
4 and stayed during the whole experiment, but here
the Ulvales did not become dominant, and Diplo-
soma sp. 1 only appeared in Week 10. In the case of
Styrofoam, Ulvales and Obelia sp. 1 appeared in
Week 4 and Diplosoma sp. 1 in Week 8 (Fig. 7).

Multivariate analyses (ANOSIM) showed signifi-
cant differences in the structure of the communities
among the 3 substrata throughout the entire experi-
ment (p < 0.05). No consistent block effects were ob -
served: only in Week 6, significant differences were

observed among some of the lines (p = 0.009), but
these differences quickly disappeared thereafter
(Table S3 in the supplement).

Floating stability (Cages). The effect of substratum
on taxonomic richness after 14 wk significantly
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Fig. 6. Species richness on pumice, plastic, and Styrofoam
plates on the lines during the different sampling dates. For
each substratum the following 3 faces are shown: LF: lower
face; UF: upper face; and S: side. Significant differences be-
tween the 3 substrata in Week 14 are shown with different 

capital letters. See Fig. 4 for further explanations
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depended on face (face × substratum, p < 0.001,
Table S1 in the supplement). This interaction was
consistent across blocks (face × block × substratum,
p = 0.338). The highest taxonomic richness was found
in assemblages developing on the lower faces of
plastic substrata (Fig. 8, Tukey’s HSD p < 0.001).
Within pumice substrata, species richness remained
statistically similar across faces (Fig. 8, Tukey’s HSD,
p > 0.05); within plastic substrata, richness was high-
est on lower faces, followed by sides and upper faces;
for Styrofoam, species richness was higher on the
sides than on lower and upper faces (Fig. 8, Tukey’s
HSD, p < 0.05).

At the end of the experiment (Week
14), cover significantly varied across
substratum and face (face × substratum,
p < 0.001, Table S1 in the supplement),
and block had no effect on these differ-
ences (face × block × substratum, p =
0.959). In general, considering the 3 sub-
strata, the highest % cover was ob served
on the lower face of plastic substrata
(Fig. 9, Tukey’s HSD, p < 0.001). Within
pumice pieces, assem blages de veloping
on lower and upper faces showed the
highest cover; within plastic pieces,
lower faces showed the most abundant
assemblages; within Styrofoam pieces,
assemblages developing on the side
showed the highest cover (Fig. 9,
Tukey’s HSD, p < 0.001).

In the first 2 wk, diatoms dominated on
the 3 substrata, and in Week 4 Obelia sp.
1 appeared on the pumice and plastics.
Both taxa persisted on these substrata
until the end of the experiment. In the
case of the pumice, Ulvales became
abundant and maintained a high %
cover until the end of the experiment. On
the plastics, the community was com-
posed mainly of Obelia sp. 1, Ulvales,
Tubularia sp. 1, and clonal ascidians
from the genus Diplosoma, but none of
these taxa showed a clear dominance.
On Styrofoam, Ulvales also appeared,
but only reached a low % cover. In gen-
eral, the community on the Styrofoam re -
mained in an early successional stadium
through out the experiment with a clear
predominance of diatoms (Fig. 9).

The ANOSIM showed significant dif-
ferences among the structure of the com-
munities of the 3 substrata from Week 4

until the end of the experiment (p < 0.05). Cage
(= block) effects were found in Weeks 4, 6, and 14
(p < 0.05), but differences be tween individual cages
shifted in a random pattern between subsequent
 samplings (Table S4 in the supplement).

DISCUSSION

Substratum properties

Herein we confirmed the high floating duration of
abiotic substrata, ex ceeding 1 yr of flotation for all 3
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Fig. 7. Total % cover and community composition on pumice, plastic, and
Styrofoam plates on the lines during the different sampling dates. See Fig. 6 

for further explanations
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substrata. Volcanic pumice had a shorter flotation
time compared to the 2 anthropogenic substrata. This
might be due to the erosion of interconnected gas
vesicles in the pumice matrix causing the subsequent
intrusion of water (Whitham & Sparks 1986). Plastics
and Styrofoam are anthropogenic objects of compar-
atively low density (Cundell 1974, Dixon & Dixon
1981, Ye & Andrady 1991) and appear to be substan-
tially more resistant to degradation (Pegram &
Andrady 1989, Andrady et al. 1993). Accordingly,
these substrata have a very long floating time in
water (Gregory & Andrady 2003).

During the formation of volcanic pumice, gas vesi-
cles and crystals are incorporated into the matrix,
which makes pumice a very porous and heteroge-
neous material (Richards 1958, Frick & Kent 1984,
Risso et al. 2002) with a very high surface rugosity
(Whitham & Sparks 1986). In the case of the anthro-
pogenic materials such as plastics and Styrofoam,
their surface rugosity can be highly variable, depend-
ing on the production processes and purposes of these
materials (polystyrene, polyethylene, polypropylene,
among others; Cundell 1974). Some of the most com-
mon plastic items with smooth surfaces are boxes,
bags, and bottles, while plastic meshes, ropes, and
Styro foam are characterized by less homogeneous
surfaces.

Even though some volcanic pumice have initial
specific densities as low as 0.6, the relatively rapid
entry of water into some incompletely closed pores
quickly leads to an increase of density (Whitham &
Sparks 1986), and consequently a high percentage of
its surface area is below the sea surface (Jokiel 1989,
1990). The low density of plastics and Styrofoam (e.g.
Ye & Andrady 1991, Morét-Ferguson et al. 2010) and
their capacity to retain volumes of air in hermetically
closed spaces provide particularly high buoyancy to
some of these substrata. A reduction in buoyancy can
also be caused by organisms growing on floating
substrata, as previously recorded for floating plastics
(Ye & Andrady 1991, Winston et al. 1997, Lobelle &
Cunliffe 2011). This effect, also suggested for pumice
(Jokiel 1990, Bryan et al. 2004), was confirmed herein
for the pumice pieces on the lines, where 3 replicates
sank due to high epibiont biomass.

The floating stability of a substratum can have
important consequences in the context of rafting.
Herein it was found that Styrofoam is substantially
less stable than pumice and plastics. These differ-
ences are probably caused by the different buoyancy
and location of the centre of gravity of the 3 floating
items. The Styrofoam pieces—due to their high buo -
yancy (>80% of their surface above the water) and
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Fig. 8. Species richness on pumice, plastic, and Styrofoam
pieces in the cages during the different sampling dates. Sig-
nificant differences between the faces within each substra-
tum in Week 14 are shown with different lowercase letters
(comparisons between faces of each substratum need to be
viewed in a horizontal direction). See Figs. 4 & 6 for further 

explanations
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regular shapes—have their centre of gravity above
the sea surface and close to the core of the object,
resulting in repeated changes in position. In the case
of the plastics used in our experiments, the centre of
gravity is displaced toward one of the faces due to
higher density of the outer lid. Consequently, the
plastic jars usually floated with this lid-face below
the sea surface. The pumice pieces mostly remained
in one position, which partly can be explained by

their relatively low buoyancy. How-
ever, they turned occasionally over to a
second position. This pattern of a pri-
mary and a secondary stable position
is probably caused by their irregular
shape and the fact that their centre of
gravity is somewhat displaced from
the core of the pumice piece. This
property of floating objects (floating
sta bility) has previously been sug-
gested as a factor that might affect the
fouling community growing on them
(Thiel & Gutow 2005b), but surpris-
ingly, the importance of this factor has
not yet been studied in a rigorous
manner.

Colonization and surface properties
of abiotic floating substrata

Surface properties (in the Rings
experiment) slightly affected the com-
munity succession of the 3 substrata,
mainly because the succession on
plastics differed from that on the
other substrata. As predicted, plastics
showed the lowest total % cover at the
beginning of the experiment, but then
it increased continuously until the end
of the experiment, when plastics sur-
prisingly reached a higher coverage
than both pumice and Styrofoam. Pos-
sibly, the low surface rugosity of plas-
tics can explain these differences. Ini-
tially, the smooth surface of the plastic
jars may have impeded successful
 settlement of some organisms. It has
been suggested that in absence of a
biofilm, surface rugosity determines
the initial establishment of some spe-
cies (Faimali et al. 2004). However,
over time this effect would diminish
(Bers & Wahl 2004, Scardino & de

Nys 2004, Totti et al. 2007), because the developing
biofilm attenuates the micro-topography of the sub-
stratum (Bers & Wahl 2004). This diminishing effect
could explain our results where differences among
substrata disappeared between Weeks 4 and 10.
The significantly higher coverage on the plastics dur-
ing the last sampling (Week 14) was marked by the
in creasing dominance of Austromegabalanus psitta-
cus. This predominance on plastics can be ex plained
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Fig. 9. Total % cover and community composition on pumice, plastic, and
 Styrofoam plates in the cages during the different sampling dates. Significant
differences between the faces within each substratum in Week 14 are shown
with different lowercase letters (comparisons between faces of each substratum
need to be viewed in horizontal direction). See Figs. 4 & 6 for further explanations
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by the better adhesion forces on smooth surfaces
(see e.g. Berntsson et al. 2000, Herbert & Haw kins
2006), re ducing post settlement mortality of  barnacles
on plastics.

The taxonomic composition showed only minor
 differences among the 3 substrata. The taxa that
appeared on the rings are common fouling species
(Uribe et al. 2001, Callow & Callow 2002), known to
colonize a wide variety of surfaces such as cement,
wood, plastics, and others (Dubois 1979, Viviani &
DiSalvo 1980, Uribe et al. 2001, Valdivia et al. 2005).
We thus conclude that potentially all species found
herein can settle on the 3 substrata, but that initial
settlement of some species may be facilitated by the
co-developing biofilm, while late-stage persistence
may be enhanced by substratum properties such as
surface smoothness and hardness. Survival of barna-
cles (herein Austromegabalanus psittacus) seems to
be mostly affected by these different surface proper-
ties (e.g. Savoya & Schwindt 2010), but some barna-
cles persisted on all 3 substratum types until the end
of the experiment.

The intense and rapid colonization observed on all
3 substrata in the Rings experiment suggests that
chemical composition of the substrata played either
no, or only a minor role in the colonization. Styrofoam
and other plastics such as polyethylene can become
brittle over time (Cundell 1974, Andrady et al. 1993,
Gregory & Andrady 2003), but this did not seem to be
of relevance for colonization in our experiments. In
seawater, abiotic degradation (making substrata
 brittle) occurs over time scales (mo or even yr) that ex -
ceed the duration of our present experiments (~100 d)
(Pegram & Andrady 1989, Andrady et al. 1993).

Colonization and buoyancy of substrata

Volcanic pumice had the highest taxonomic rich-
ness and highest coverage in the Lines experiment,
which probably was caused by its low buoyancy. A
large proportion of the pumice pieces were continu-
ously under water, keeping their surface humid. This
may have facilitated survival of recent settlers, ex -
plaining the higher taxonomic richness on pu mice.
Desiccation and solar radiation, which are known to
negatively affect colonization of littoral benthic com-
munities (Smith et al. 1986, Molis et al. 2003, Hung et
al. 2005), may have suppressed taxonomic richness
on the other 2 substrata. Both the plastic jars and the
Styrofoam have a high buoyancy and always a large
proportion of their surface above the water. Despite
the differences between the substrata, all faces

within a substratum type showed similar taxonomic
richness or species cover, which suggests that buoy-
ancy effects influenced the differences in coloniza-
tion and succession on these substrata.

Colonization and floating stability of substrata

In the Cages experiment, where the substrata
could float and overturn relatively freely, the highest
% cover was observed on the volcanic pumice, where
the community was mainly composed of Ulvales as of
Week 6. Green algae are common colonizers on float-
ing substrata (Ye & Andrady 1991). In previous stud-
ies on pumice rafting, it was observed that some algal
species settle and grow preferentially in protected
areas such as in porosities or cracks (Bryan et al.
2004). This can explain the dominance of Ulvales on
pumice compared to plastics and Styrofoam. Con-
trary to the pumice, the Styrofoam was the substra-
tum with the lowest % cover and species richness
throughout the experiment, which suggests that the
multiple positional changes negatively affect the col-
onization on Styrofoam. Both the lower and upper
faces of Styrofoam were frequently exposed to air,
probably causing high mortality among some colo-
nizers, as observed in other studies (Valentine et
al. 2007) and herein on the lines (see ‘Discussion—
colonization and buoyancy of substrata’).

Colonizers themselves may offer floating stability
to a substratum, namely when some colonizers domi-
nate on one face of the object, forming a sort of keel
(e.g. Bryan et al. 2004). However, this does not seem
to occur on Styrofoam, where the community per-
sisted in the same initial successional stage through-
out the experiment, most likely because the Styro-
foam frequently turned over.

Colonization in the 2 experiments where substrata
floated at the sea surface (Lines and Cages) presented
differences mostly when analyzing the  lateral areas of
each substratum. During the 14 wk in the cages, the
pumice presented the lowest % cover and taxonomic
richness on the lateral area of the substratum. This
was not observed on the lines where the lateral area
occasionally even had a higher % cover and taxo-
nomic richness than either of the 2 faces. These differ-
ences among the experiments can be explained by
erosion when touching each other (Frick & Kent 1984,
Bryan et al. 2004), which could impede establishment
or survival of settlers (Jokiel 1989). It is considered
that this kind of erosion also happens in nature,
when large quantities of pu mice are concentrated in
oceanographic fronts (e.g. Richards 1958).
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In the case of the plastics in the cages, it was the
face with the lid that presented the highest cover and
taxonomic richness. The high floating stability of the
plastics used in the present study might have
favoured colonization. Since the face with the lid was
continuously submerged, those taxa that are sensi-
tive to ultraviolet radiation and desiccation probably
experienced higher survival on this side (see also
‘Discussion—colonization and buoyancy of sub-
strata’).

Implications for rafting dispersal and outlook

Even though in the present study pumice har-
boured a large number of taxa, its potential as a dis-
persal agent depends on its survival at the sea sur-
face (Whitham & Sparks 1986) and the impact of
erosion (Frick & Kent 1984). Pumice has a low fre-
quency of occurrence in the world’s oceans, which
also reduces the likelihood of successful transport on
this substratum. However, when pumice occurs, it
can be very abundant (Richards 1958, Sutherland
1965, Coombs & Landis 1966, Bryan et al. 2004),
which enhances the probability of simultaneous
arrival of potential colonizers. In the case of the plas-
tics, it should be considered that the jars used in the
present study had particular characteristics (internal
and outer lid) that strongly influenced floating stabil-
ity and colonization. Other plastics such as bottles
(objects frequently floating in the sea; see e.g. Pruter
1987, Aliani & Molcard 2003) may have a similarly
low floating stability as Styrofoam. Consequently, the
results from our experiment may not be representa-
tive for all plastic items at sea. However, even though
not all plastics are good rafting substrata for associ-
ated organisms, their high frequency of occurrence
makes them a topic of ecological concern because
they may serve as dispersal vehicles for species from
many differ ent phyla (Stevens et al. 1996, Winston et
al. 1997, Barnes 2002, Barnes & Milner 2005, Gregory
2009). Styrofoam can float for long time periods, but
colonization on this substratum was suppressed due
to its low floating stability and high buoyancy. Con-
sequently, Styrofoam can probably serve as dispersal
agent only for a very limited number of organisms
that grow during initial stages of community succes-
sion. Furthermore, Styrofoam is also exposed to fre-
quent attacks by birds that confuse it with their prey
(Laist 1987, Moser & Lee 1992).

Most species found herein are facultative rafters
(an exception being stalked barnacles from the genus
Lepas), i.e. species from coastal environments that

opportunistically colonize floating substrata. Thus,
the studied substrata can be important dispersal
vehicles for common coastal organisms, including
invasive species such as Bugula neritina or Ciona
intestinalis. In general, similar taxa colonize and
might be transported on the 3 floating substrata, in -
cluding soft-bodied organisms (21 of the 31 taxa found
after 14 wk were soft-bodied organisms). While there
are no substantial differences in the species composi-
tion between the 3 substratum types, some species
that did not occur on volcanic pumice, were recorded
on plastics and Styrofoam. This is cause of concern,
because the abundance and continuous presence
of these anthropogenic substrata throughout the
world’s oceans might dramatically increase the prob-
abilities of successful dispersal and colonization of
organisms via rafting on abiotic substrata.
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