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Abstract
There remains little understanding of the relationship between the ecologies of urban
habitats (pilings and pontoons) and natural habitats (rocky reef) for sessile plants and animals
(epibiota) living on urbanised coasts. This study describes the structure of subtidal assemblages of epibiota among pilings, pontoons and adjacent rocky reef in Sydney Harbour,
Australia. I tested the prediction that the experimental provision of substrata of the same age
and composition in all three habitats would produce assemblages that: (1) diered among all
three habitats; and (2) diered most on ¯oating pontoons relative to the two ®xed habitats
(pilings and reef). As predicted, the results suggested that both pilings and pontoons, particularly the latter, create novel habitats for epibiotic assemblages independent of age and
composition of substratum. It is not fully understood why these urban structures act as such
dierent habitats from natural rocky reefs. The important point is that they are dierent and
we are yet to understand the implications of this for the ecology of coastal areas subject to
urbanisation. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
More than half (67%) of the human population lives on the coast (Hammond,
1992) and within 30 years this population will probably double (Norse, 1995). A
disproportionate amount of the coastal population lives around estuarine habitats
because they provide valuable resources for the harvesting of food, assimilation of
waste and safe anchorage for shipping (Shabman & Batie, 1980). While the eects
of these activities on the degradation of habitat have been a focus of ecological
research (reviews Lunden & Linden, 1993; Norse; Sebens, 1994), there remains little
understanding of the role of urban structures as habitats for marine organisms
(review: Glasby & Connell, 1999).
Rocky reef is the primary habitat for a diverse set of marine biota (Moore & Seed,
1986; Shepherd & Davies, 1997; Womersley, 1987), but this habitat continues to be
destroyed and replaced with urban structures. Importantly, these structures provide
habitats for a substantial number of subtidal plants and animals normally attached
to rocky reef (e.g. Connell & Glasby, 1999; Fletcher, 1980; Karlson, 1978). Despite
this apparent surrogacy, there remains a poor understanding of how the ecology of
these man-made habitats relates to the ecology of their adjacent natural habitats
(Glasby & Connell, 1999). This understanding is of practical importance; epibiotic
organisms are sources of food and shelter for many types of organisms (e.g. Minchinton & Ross, 1999; Connell & Anderson, 1999) and are an important component
of subtidal systems.
Pilings and pontoons are common to estuarine and coastal areas throughout the
world because they are the primary structures used to anchor boats. Epibiotic
assemblages attached to these structures dier substantially from those on adjacent
natural reefs (Connell & Glasby, 1999). Understanding the causes of these dierences will not only contribute to an understanding of urban structures as marine
habitats, but this is a key to predicting how continued urbanisation will eect the
ecology of coastal habitats. An important next step in this research, therefore, is
the identi®cation of the nature of dierences in the composition and abundances of
epibiota between rocky reef and pilings and pontoons.
A previous study of the eect of urban structures on local abundance and diversity of subtidal epibiota indicated that dierences in age of substratum (length of
time immersed in water) and composition of substratum may have a profound aect
on dierences in structure of assemblages among these habitats (Connell & Glasby,
1999). Age and composition of substratum are important determinants of the identity and abundances of epibiotic organisms within a habitat (e.g. Anderson &
Underwood, 1994; McGuinness, 1989; Menge & Sutherland, 1976; Underwood
& Anderson, 1994) and these factors dier greatly between rocky reef and urban
structures. There is a need, therefore, to identify how the abundances of taxa dier
among these habitats (pilings, pontoons, reef) without confounding these observations with dierences in age and composition of substratum.
This study describes the structure of subtidal assemblages of epibiota among
pilings, pontoons and rocky reef on substratum of the same age and composition.
I predicted that the experimental provision of substrata of the same age and
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composition in all three habitats would produce assemblages that: (1) diered
among all three habitats; and (2) diered most on ¯oating pontoons relative to the
two ®xed habitats (pilings and reef). This hypothesis was derived from the model
that pontoons are distinct habitats for subtidal epibiota because pontoons spend
more time near the sea surface than subtidal surfaces of pilings and reef, and factors
aected by depth (e.g. light, ¯ow, larval supply, etc.) have considerable eects on the
abundances of epibiota.
2. Materials and methods
2.1. Study area and experimental treatments
The study was done from June (winter) 1998 to January (summer) 1999 in Middle
Harbour, the northern part of Sydney Harbour, Australia (33 480 S, 151 140 E, Fig.
1). Rocky reefs in Middle Harbour extend about 5 m from the shore and reach a
depth of 4 m. Pontoons (34 m) are typically moored 5±10 m from the shore and
5 m above the sandy bottom. Pilings are positioned at each corner of a pontoon.
Experimental plates (1515 cm) made of concrete were fastened vertically to pilings,
pontoons and reef.
Experimental plates were attached to the outer edges on two sides of a pontoon
(34 m) at a depth of 25 cm. Plates were attached to a beam of PVC pipe that was
strapped to a bottom edge of a pontoon. Experimental plates were attached to pilings and reef at a depth of approximately 1.5 m below low water spring tide. Plates
were fastened to pilings with wire that was attached to a ¯at piece of PVC plastic
glued to the back of the plates. Experimental plates on the reef were supported by
beams of aluminium 90 angle (1.6 m long) bolted to the reef with stainless steel
screws. PVC brackets were glued on to the backs of plates and these were bolted

Fig. 1. Map showing location of sites of study within Sydney Harbour. Location of Sydney Harbour
indicated on insert of map of Australia.
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onto the PVC pipes and beams. Five replicate plates (1±5 m apart) were attached to
each habitat (pilings, pontoons, reef) and this design was replicated at each of three
sites 200 m apart.
After 7 months, each panel was collected and taken to the laboratory for examination under a dissecting microscope in which the abundances of benthic invertebrates were estimated. Primary cover (organisms attached directly to the plate) and
secondary cover (organisms attached to primary cover) were estimated for sessile
organisms on the front of plates using 64 regularly spaced points within a 1313 cm
grid (i.e. a 1-cm border around each plate was not sampled to avoid ``edge eects'').
Taxa on the front of plates, but not under a point were assigned a cover of 0.5%.
2.2. Analytical methods
Data were standardised by converting raw data to percentages before summing
the primary and secondary covers for all multivariate and univariate tests. Observations of secondary cover were rare. Multivariate analyses were done using the 37
taxa identi®ed and bare space. Data were fourth-root transformed and the Bray±
Curtis measure (Bray & Curtis, 1957) was used to calculate dissimilarities among
replicates. A visual assessment of dissimilarities in the structures of assemblages was
provided by a dendrogram in which replicate plates were pooled within each habitat
for each site. One-way analyses of similarities (ANOSIM) were done (Clarke, 1993)
using all replicates to test for dierences between substrata and habitats. The signi®cance level was adjusted for multiple pairwise comparisons (Bonferroni procedure; Rice, 1989).
Univariate analyses were done using two-way analyses of variance (ANOVAs; e.g.
Underwood, 1981) in which both factors (habitat, site) were crossed, and ``habitat''
was treated as ®xed and ``site'' as random. All data were arc-sine transformed and if
Cochran's C-test detected heterogeneous variances, signi®cance of ANOVA F-ratios
was judged at the more conservative probability of 0.01 (Underwood).
3. Results
Assemblages on plates were composed of bivalves (Mytilus edulis, Crassostrea
gigas), encrusting bryozoans (Watersipora arcuata, W. subtorquata, Cryptosula pallasiana, Schizoporella errata, Beania magellanica, Fenestrulina mutabilis, Conopeum
seurati, Celleporaria sp., Microporella spp.), arborescent bryozoans (Bugula neritina,
B. stolonifera, Tricellaria inopinata), barnacles (Balanus variegatus and B. trigonus),
calcareous tubeworms (spirorbids and serpulids), solitary ascidians (Styela plicata),
colonial ascidians (Diplosoma listerianum, Didemnum sp.), ®ve taxa of sponges,
green algae (Cladophorales, Enteromorpha, Ulvales, Codium), red algae (Ceramiales,
Laurencia, Hypnea, Rhodymenia), brown algae (Feldmania, Sphacelaria, Dictyotalean spp. Dictyota dichotoma), and coral (Culicia sp.). Assemblages diered among
all three habitats (ANOSIM: P<0.001), and pontoons supported the most distinct
assemblages (Fig. 2). The dendrogram indicated that the structure of assemblages
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Fig. 2. Dendrogram showing the relative similarities of assemblage structure among the three habitats at
each of three sites.

was most similar between pilings and rocky reef and these were most distinct from
pontoons (Fig. 2). Correspondingly, multivariate dierences between pontoons
and reef (R=0.933) and pontoons and pilings (R=0.727) were large compared to
the dierence between reef and pilings (R=0.474). Under the null hypothesis H0:
no dierences among habitats, the test statistic R of ANOSIM tends towards 0
(Clarke, 1993). Values that tend towards 1 indicate large departures from H0. These
results support the hypotheses that: (1) the structure of assemblages would dier
among all three habitats; and (2) the structure of assemblages would be most similar
between ®xed habitats (pilings and reef) and most dierent between these and
¯oating pontoons.
Of 12 common taxa tested for dierences in abundance among habitats, dierences were detected for six taxa. One taxon, spirorbid polychaetes, was least abundant on pontoons (Fig. 3a, Table 1: SNK test, pontoons<pilings=reef). The
abundance of most taxa, however, was greatest on pontoons and did not dier
between pilings and reef. Mytilus edulis and solitary ascidians were more abundant
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Fig. 3. Percentage cover of taxa (per 1515 cmS.E.) on pontoons (PO), pilings (PI) and reef (RE) at
each of three sites (n=5). The ®rst three bars representing each type of habitat (PO, PI, RE) represent
sites 1±3 respectively.
Table 1
Analysis of variance comparing the percentage cover of selected taxa among habitats (reef, pilings, pontoons) at three sitesa
Source

d.f.

MS

F

P

Habitat
Site
HabitatSite
Residual

2
2
4
36

(a) Spirorbid polychaetes
4571.73
43.62
**
65.95
1.04
±
104.81
1.66
>0.05
63.24

MS

F

P

MS

F

P

(b) Mytilus edulis
(c) Solitary ascidians
b
2467.63 5.41 >0.05 233.02
8.32
503.66 21.70
±
89.55
3.20
±
b
455.92 19.64
16.44
0.59
>0.25
23.21
29.28

a

Direct comparison of sites was not relevant for testing the hypothesis.
Signi®cance was judged at a=0.01 because variances were heterogeneous (Cochran's C-test P<0.05).
**P<0.01.
b

on pontoons than reef and pilings at all sites (Fig. 3b, c, Table 1). This pattern was
also detected for barnacles and arborescent bryozoans at two of the three sites (Fig.
4a, b, Table 2a, b: SNK test on HabitatSite interaction). Although there was a
trend for green algae to be most abundant on pontoons at two sites, SNK tests
could not distinguish among habitats for the signi®cant HabitatSite interaction
(Fig. 4c, Table 2c). Encrusting bryozoans varied inconsistently among structures
and sites (Fig. 4d, Table 2d). No dierences were detected among surfaces for the
remaining ®ve taxa (Fig. 4, Table 2). Colonial ascidians were mainly absent from
pilings and reef, but patchily distributed among pontoons (Fig. 4g).
4. Discussion
An important result was that ¯oating pontoons appear to provide very dierent
habitats for epibiota than rocky reef and pilings that are ®xed in one position relative to tidal rise and fall. This study did not attempt to assess the cause of these
dierences, but the identi®cation of these patterns of similarity/dissimilarity in
structure of assemblages are important to the construction of conceptual models to
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Fig. 4. Percentage cover of taxa (per 1515 cmS.E.) on pontoons (PO), pilings (PI) and reef (RE) at
each of three sites (n=5). The ®rst three bars representing each type of habitat (PO, PI, RE) represent
sites 1±3 respectively.

explain them. No studies have speci®cally compared the development of assemblages with and without the in¯uence of tides, but it is likely that factors associated
with proximity to the sea surface (e.g. light) have some of the strongest eects on
the development of subtidal assemblages of epibiota (Glasby, 1999a; Saunders &
Connell, 2001). This would explain why assemblages develop most dierently on
pontoons (which spend all their time near the sea surface) compared to pilings and
reef (which spend less time near the sea surface).
While these results may not appear surprising, they provide some of the ®rst
quantitative information on the types of taxa likely to be aected by the continued
addition of pilings and pontoons into our waterways. In many cases the addition of
pilings and pontoons involves the creation of additional patches of hard substratum
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Table 2
Analysis of variance comparing the percentage cover of selected taxa among habitats (reef, pilings, pontoons) at three sitesa
Source

d.f. MS

F

P

MS

F

P

MS

F

P

>0.05
±
**

(b) Arborescent bryozoans
57.95
0.29
>0.25
631.27
8.65
±
198.46
2.72
*
72.99

(c) Green algae
62.97 0.93 >0.25
5.32 0.25
±
68.02 3.15
*
21.62

Habitat
2
Site
2
HabitatSite 4
Residual
36

(a) Barnacles
1221.57
5.18
33.22
0.62
236.00
4.43
53.28

Habitat
2
Site
2
HabitatSite 4
Residual
36

(d) Encrusting bryozoans
346.29
6.35
>0.05
45.17
2.41
±
54.49
2.90
*
18.76

(e) Serpulid spp.
65.50
2.13
369.09
12.02
23.26
0.76
31.54

>0.05
±
>0.25

(f) Sponges
132.82 1.55 >0.25
5.54 0.23
±
85.82 3.53 >0.05
24.39

Habitat
2
Site
2
HabitatSite 4
Residual
36

(g) Colonial ascidians
39.94
2.37
>0.05
23.03
0.88
±
16.87
0.65
>0.25
27.04

(h) Brown algae
37.59
0.19
391.77
4.19
196.79
2.11
93.39

>0.25
±
>0.05

(i) Red algae
293.56 1.28 >0.25
613.32 4.51
±
228.74 1.68 >0.05
136.14

a

Direct comparison of sites was not relevant for testing the hypothesis.
*P<0.05.
**P<0.01.

in areas lacking such habitats. This may change the dispersal of sessile organisms,
allowing species that are poor dispersers (Butler & Keough, 1990) to cover greater
distances by using urban structures as ``stepping stones'' (sensu Glasby & Connell,
1999). This may not only allow the expansion of native taxa to new areas, but also
facilitate the invasion of exotic taxa that arrive in harbours as a result of international shipping. The capacity for pontoons to be relocated suggests that of the many
urban structures (e.g. pilings, rock walls, tunnels, pipes), ¯oating structures are
likely to have some of the most profound implications for urban planning and
wildlife and ®sheries management. While shipping introduces taxa over global
scales, pontoons and barges are frequently relocated on local scales and have been
suspected to spread introduced species within the recipient region. Recent introductions of exotic plants and animals to Europe, North America and Australia have
had profound eects on native species, and led to the collapse of ®sheries (review:
Carlton & Geller, 1993).
Changes to the distribution and abundances of native taxa may also have widescale consequences to estuarine and coastal ecology. It is well known that many
suspension-feeding bivalve molluscs (e.g. oysters and mussels that attach in abundance to pontoons) have key functional roles within estuarine and coastal habitats.
Bivalves can in¯uence at least two key functions viz. the ¯ux of particles between the
water and the sediment, and the recycling of nutrients (Dame & Dankers, 1988;
Heip, Goosen, Herman, Kromkamp, Middelburg & Soetaert, 1995). In many bays
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and estuaries, bivalves may ®lter the entire volume of water three or more times for
every single exchange eected by tidal ¯ushing and runo (B.L. Bayne personal
communication). Hence, change in the distribution and abundances of bivalves may
result in substantial changes in the biomass of phytoplankton and larvae that are
important components of coastal systems.
While there has been much discussion of the roles of fragmentation of habitat as a
cause of human-generated heterogeneity (Pickett, Burch, Dalton, Foresman, Grove
& Rowntree, 1997), there has been less emphasis on the capacity for temporal
heterogeneity of development to do the same. The addition of urban structures has
and will continue to occur haphazardly through time, hence, temporal heterogeneity
will be an important source of variation in the structure of assemblages among
urban structures and between urban structures and native habitat. Consequently,
some of these dierences may be explained by time since provision of new substrata
(Underwood & Anderson, 1994) associated with the timing of recruitment, disturbance (Dean & Hurd, 1980) and stage of succession (Connell & Slatyer, 1977).
Connell and Glasby (1999) proposed that such dierences in age potentially
explain why assemblages directly attached to pilings were more similar to those on
pontoons and not reef. Our reasoning was that relative to rocky reef, pilings
and pontoons have been introduced into estuaries at very similar times and therefore
have experienced the most similar history. If these temporal dierences do not
explain this pattern (i.e. reef6pilingpontoon), then the experimental provision of
substratum of the same age (i.e. removing age as a factor aecting observations)
should result in the same pattern (i.e. alternative processes cause these patterns
independently of age). The results of the current study (i.e. reefpiling6pontoon)
are not consistent with this hypothesis and support the model of temporal heterogeneity as an explanation for some of the observed dierences in assemblages among
these habitats.
An important conclusion of this study is that pilings and pontoons provide novel
habitats for marine plants and animals that naturally occur on rocky reef. It is not
fully understood why these urban structures are such dierent habitats from one
another, and from natural rocky reefs, but their ¯oating nature and proximity to the
sea surface are likely to have a major impact on the physical and biological factors
that aect the development of epibiota (Glasby, 1999a). Regardless of the reason for
the dierences among these habitats, the fact is that they are dierent and we are yet
to understand the implications of this for the ecology of coastal areas aected by
urbanisation (Glasby & Connell, 1999).
While a substantial amount of our understanding of the ecology of epibiota is
based on urban structures (particularly pilings and pontoons), few of these studies
have been designed to understand the consequences of man-made habitats on the
ecology of coastal areas. It would be prudent to assess how our current understanding of the ecology of epibiotic assemblages on urban structures relates to rocky
reef. There is mounting evidence to suggest that such assessment is urgently needed;
major anomalies between these habitats have been become apparent (Butler &
Connolly, 1996; Connell, 2000; Connell & Glasby, 1999; Glasby, 1999a, b; this
study). A better understanding of the causes of these dierences will not only
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improve our understanding of the ecology of urban structures but also provide
greater insight into the eects of continued addition of these structures on the ecology of coastal habitats.
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