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ABSTRACT: I experimentally separated the positive and negative effects of light penetration and
sedimentation on the assembly and maintenance of 3 subtidal habitats whose heterogeneity characterizes much of the world’s temperate coastline; encrusting (non-geniculate) coralline algae, articulated (geniculate) coralline algae and filamentous, turf-forming algae. The ability of encrusting
corallines to monopolize and retain space without overgrowth depended on the presence of shade
(positive effect) if sediment deposition was below that observed on coast characterized by high rates
of sedimentation (negative effect). In contrast, the growth and persistence of articulated corallines
depended on the absence of shade (negative effect) and high levels of sediment accumulation
observed on human-dominated coast (positive effect). The recruitment of filamentous-turfs was facilitated by full light, but was not strongly affected by sedimentation. Instead, filamentous-turfs tolerated heavy sediment accumulation, a factor thought to explain the concomitant increase in spatial
dominance of algal-turfs and loss of canopy-forming algae on reefs with heavy sedimentation. Importantly, different habitats will assemble or be maintained to match the environmental conditions in
which they are most extensive, demonstrating the key role of physical factors associated with habitat-formers (kelp forests) and human-dominated coast (heavy sedimentation). These results also
demonstrate that an appreciation of the integrated roles of physical processes may assist the development of predictive models about the assembly and maintenance of heterogeneity of natural communities, and their potential disruption by humans.
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Understanding the processes that maintain habitat
heterogeneity is a central theme of community ecology
and conservation (Roughgarden & Diamond 1986).
Subtidal habitats are notoriously heterogeneous
(Witman & Dayton 2001), producing patterns of local
complexity that are repeated across thousands of kilometres of coast (Irving et al. 2004a). Variation in light
intensity has profound consequences for the maintenance of subtidal habitat because the community
dominants (e.g. kelp and corals) often rely on photosynthesis that is directly influenced by light intensity.

While many physical properties co-vary with light
intensity (e.g. depth), a key, but surprisingly littlestudied, co-variate is sedimentation (Airoldi 2003).
Potential synergies between light intensity and sedimentation are not widely studied in subtidal ecology,
but their interaction may explain a considerable
amount of natural variation of subtidal habitat. In ‘natural’ systems, light intensity and sediment accumulation can be lower under canopies (Connell 2003a,b),
and interact with surface orientation to maintain
invertebrate-dominated assemblages on down-facing
surfaces (reduced light and sediment accumulation)
whose taxa fail to recruit or survive on up-facing sur-
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faces dominated by algae (enhanced light and sediment accumulation) (Irving & Connell 2002a). Human
activities that release sediment into coastal waters may
not only increase sediment deposition (Airoldi 2003),
but also reduce light penetration through increased
turbidity (Ruffin 1998). The 2 factors may not always be
linked, but it is clear that an experimental understanding of the interactive effects of these 2 factors can
provide substantial insights into the ‘natural’ processes
that maintain habitat and how this maintenance may
be disrupted.
Renewed interest in the maintenance of communities has highlighted the interplay between positive
feedbacks, particularly through the presence of habitat-forming organisms and human activity (Bruno &
Bertness 2001). Habitat-formers and humans profoundly affect the physical environment to facilitate or
exclude species in the origin of communities. For
example, while a physical condition (e.g. shade) can
cause ‘stress’ that suppresses an organism’s potential
for growth or precludes it from an assemblage (Grime
1977), it may represent a facilitator to other organisms
(e.g. shade-tolerant organisms). In this way, heterogeneity of communities has been usefully viewed as
the sum of both positive and negative effects (Callaway 1995), but such net effects have rarely been
explicitly divided into their positive and negative components (Bruno et al. 2003).
This study assessed the positive and negative effects
of light and sedimentation on the assembly and maintenance of subtidal habitats that characterize much of
the world’s temperate coastline: encrusting (nongeniculate) coralline algae, articulated (geniculate)
coralline algae and filamentous, turf-forming algae
(Witman & Dayton 2001, Irving et al. 2004a). Across
Australia, these habitats co-vary with the presence and
absence of the canopy-forming kelp Ecklonia radiata.
On the south coast, encrusting coralline algae monopolize the understorey of E. radiata, whereas 2 types of
algal-turfs (filamentous turfs comprising tightly
packed filamentous algae < 4 cm in height, and articulated coralline algae) form extensive habitats in the
absence of canopy-forming algae (Fowler-Walker &
Connell 2002).
Continuing work has established that encrusting
corallines monopolize the understorey because
canopy-shade facilitates their growth (Connell 2003b)
and sweeping fronds exclude fouling invertebrates by
abrading the bottom (Connell 2003a). When forests are
experimentally cleared, encrusting corallines immediately reduce their photosynthetic activity and bleach
(Irving et al. 2004b), and are then overgrown by epiphytic algae that produce a new system dominated by
algal-turfs (Melville & Connell 2001) that typically trap
large amounts of sediment. Indeed, turf-forming algae

have a sediment-trapping morphology that enables
them to dominate space under heavy sediment deposition (Airoldi 2003), including South Australia’s humandominated coast (Gorgula & Connell 2004). These
algae are most extensive in the absence of canopyforming algae (Irving et al. 2004a) on coasts with few
benthic grazers (Western and South Australia, FowlerWalker & Connell 2002, Vanderklift & Kendrick 2004).
While grazers are considered fundamental to shaping
the relative covers of encrusting coralline algae and
algal-turfs in eastern Australia (Fletcher 1987), and
many other parts of the world (Chapman & Johnson
1990, Shears & Babcock 2002), their influence in South
Australia is negligible relative to effects of canopyforming algae (S. D. Connell unpubl. data).
Taken together, these studies suggest that variation
in light intensity and sedimentation could account for a
substantial amount of variation in the presence and
spatial extent of these habitats. I assessed the model
that shade and sediment act in opposite directions to
facilitate 1 habitat-type, while simultaneously suppressing an alternate habitat-type. Previous work has
assessed the effects of enhanced sedimentation and
nutrients in the absence of canopies (positive effect on
filamentous turfs, Gorgula & Connell 2004), and the
combined effects of canopy-mediated shade and sedimentation (positive effect on encrusting coralline
algae, Connell 2003b); yet, we still lack knowledge on
the interactive effects of sediment deposition and light
intensity during the assembly and maintenance of
habitat heterogeneity.
I experimentally tested the hypotheses that (1) shade
not only facilitates encrusting coralline algae, but also
suppresses both types of turf-forming algae, (2) full
light facilitates both types of turf-forming algae, particularly with the heavy levels of sediment deposition
experienced on human-dominated coast. For this
assessment, it was useful to distinguish between the
mechanisms of positive-feedback that sustain heterogeneity of habitat (i.e. the problem of maintenance)
from the mechanisms that govern the assembly of heterogeneity (i.e. the problem of early divergence). In
these experiments, I therefore compared the effects of
shade and sedimentation on the assembly of habitat
with the ability of these factors to maintain them.

MATERIALS AND METHODS
Study site. Experiments were performed on a boulder reef (3 to 5 m deep) in Abalone Cove, West Island,
South Australia (Fig. 1; 35° 36’ S, 138° 35’ E). Boulders
are granitic, approximately 300 mm across by 80 mm
deep and covered by sediments of fine sand in the
absence of stipate canopy-forming algae (Shepherd &
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Womersley 1970). Boulders support extensive monospecific stands of kelp Ecklonia radiata and sparse or
patchy stands of fucoids (particularly, Cystophora
moniliformis and C. subfarcinata). E. radiata grow to
about 800 mm in height, but were mostly ~630 mm
high at the time of study. The 3 habitats studied
(encrusting and articulated coralline algae, and filamentous turfs) and their association with canopyforming algae at West Island (Melville & Connell 2001)
is representative of much of Australia’s south coast
(Fowler-Walker & Connell 2002). Detailed descriptions
of the physical environment at West Island and its
association with these algae are provided in Shepherd
& Womersley (1970).
The experimental design. The effects of light and
sedimentation were tested in a fully fixed, factorial
design (3 sediment × 4 shade treatments; n = 5 replicates per treatment). This design provided for 60 replicate units that were deployed for 338 d (December
1999 to November 2000). Light was manipulated in 4
different treatments: (1) heavy shade, (2) partial shade
(equivalent to canopy-mediated shade), (3) no shade
and (4) a procedural control (see Fig 2. in Connell
2003b). Sedimentation was manipulated so the deposition of sediments was enhanced (Addition), unmanipulated (Natural) and reduced (Removed). These treatments were randomly assigned to 60 plots from which
I removed monspecific stands of Ecklonia radiata to
create plots large enough (1500 × 1500 mm) to prevent
edge effects (i.e. of the kelp) on treatments (600 ×
600 mm, see ‘Manipulation and quantification of
shade’). Within each treatment, 3 types of habitat (see
‘Experimental surfaces’ below) growing on boulders

Fig. 1. Map showing location of West Island in South Australia
and extent of subtidal rock (dashed line) on which experiments were constructed (Abalone Cove)
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(~150 mm across) were placed flush with the surrounding boulders. Percentage cover of algae on these
boulders was estimated approximately every 3 mo
for almost 1 yr using the point interception method
comprising 25 regularly spaced points within a 100 ×
100 mm quadrat.
The experimental surfaces. Three types of boulder
(~150 mm across) were transplanted to each treatment
and placed flush with the surrounding boulders to test
the effect of treatments on the assembly and maintenance of differing habitat-types. The assembly of habitat was observed on virgin habitat (unoccupied space),
which consisted of entirely bare, sun-bleached boulders sourced from above the intertidal zone. The maintenance of habitat was tested on boulders that represented the dominant natural type in the presence and
absence of canopies. The maintenance of encrusting
coralline algae was tested on boulders whose upper
surface was 100% covered by encrusting corallines
algae and located from within forests of Ecklonia
radiata. The algae that formed encrusting coralline
habitat were primarily Mesophyllum incisum, M.
macroblastum and Lithophyllum johansenii red algae
(Rhodophyceae). The maintenance of articulated
coralline algae was tested on boulders whose upper
surface was primarily covered by articulated corallines
(> 60% cover: mean ± SE = 79 ± 1%) and located from
reefs without canopy-forming algae. The algae that
formed articulated coralline habitat were primarily
Haliptilon roseum, Amphiroa anceps, Metagoniolithon
radiatum, Corallina sp. and Jania sp. (Rhodophyceae).
Manipulation and quantification of shade. Heavy
shade was created by bolting 5 mm thick black plastic
(600 × 600 mm) 300 mm above the substratum with
steel rods (5 mm thick) at each corner. Partial shade
and procedural controls were of the same construction
but a translucent cloth (Coolaroo® 50% shade cloth)
was tied underneath clear Mylor® plastic to create partial shade (equivalent to under canopies of kelp, Connell 2003b) and only clear Mylor® plastic was used for
procedural controls. Mylor® plastic (Acrylite OP-U)
was used because it allows the maximum penetration
of a broad spectrum of UV light, unlike clear plastic.
Acrylite OP-U has > 90% transmittance at ~400 to
600 nm (similar to quartz crystal), 86% transmittance
at 320 nm and ~70% at 280 nm, as determined by a
mass-spectrometer. Treatments of no shade consisted
of open plots of rock bottom with no shade structures
and no kelp. Comparison of procedural controls with
open plots (no shade) was intended to indicate the
presence of artefacts associated with the structure.
Treatments provided 3 levels of light intensity, in
which partial shade was equivalent to shade under
moderate densities of kelp (~6 plants mm–2) (heavy
shade < partial shade = kelp < open = control) on each
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of 4 occasions sampled at 3 mo intervals (see Connell
2003b). These observations were based on relative differences in light intensity (log[lumens m–2]) quantified
simultaneously (n = 3 replicate readings for each of 5
treatments) with Hobo light meters. It is important to
qualify that lumens only provide an index of irradiance
and not an absolute measure of wavelengths of light
used by plants. In the current study, however, Hobos
enabled a cost-effective test of whether distinct intensities of light were achieved by the treatments. The
ability to cheaply quantify light among all treatments
simultaneously (with replication) avoided temporal
confounding (e.g. variable cloud cover) associated with
the use of 1 or 2 Li-Cor meters. This approach may provide information about the effectiveness of treatments,
but does not provide a standard measure familiar and
useful to phycologists. My current tests on the physiological effects of light (Irving et al. 2004b) necessarily
focus on absolute wavelengths of light and require a
Li-Cor meter for PAR (400 to 700 nm: quantified as
µE m–2 s–1 or µmol m–2 s–1) and RAMSES Radiometer
for ultraviolet radiation (UVB: 280 to 320 nm; UVA: 320
to 400 nm).
Manipulation and quantification of sedimentation.
Sediment accumulation and removal was manipulated
on the same visits used to maintain treatments of shade
(every ~18 d). Enhanced accumulation was achieved
by adding sediment collected from the boulder reef
(39 g wet wt per experimental boulder; equivalent to
29 g dry wt). Sediments were added as fine ‘rain’
(Airoldi & Virgilio 1998) to boulders (~150 mm across)
so that sediment deposition was enhanced by ~72 g
m–2 d–1 dry wt over 18 d, equivalent to ~1290 g m–2 on
the day of application (~1 to 2 mm depth of sediment).
This level of enhancement is within the natural range
of sediment deposition observed on metropolitan
coasts of South Australia (80 to 470 g m–2 d–1 dry wt;
T. J. Greig unpubl. data) and its main harbour (323 to
2033 g m–2 d–1 dry wt; Irving & Connell 2002a) where
Ecklonia radiata occurs. Sedimentation was reduced
by gently fanning water across boulders to re-suspend
the sediment away from the treatments (e.g. Irving &
Connell 2002b), so that no visible sediment remained.
The application of these treatments took ~5 s per
boulder. Both types of turf-forming habitats appeared
to retain sediment added to treatments assessing maintenance (already colonised) and assembly (becoming
colonised) of algal-turfs. Sediment was not retained on
boulders already colonised or becoming colonised by
encrusting corallines.
Test of artefacts of water flow and sedimentation.
Procedural controls do not always provide adequate
tests of artefacts, particularly where experiments
involve the addition of novel structures to habitat. One
of the simplest ways to increase the interpretability of

such experiments is to augment controls with direct
tests of known or suspected artefacts (Connell 1997). I
tested whether the experimental treatments modified
rates of sediment deposition and water flow before,
during and after mid-austral winter: April, June and
August. Sediment traps made from cylindrical
polypropylene (170 mm high × 50 mm diameter: aspect
ratio > 3 as recommended by Hakanson et al. 1989)
were used to collect sediments. One sediment trap was
placed at the center of each treatment, so that the
opening was slightly raised above the surrounding
boulders. The traps were deployed for periods of ~14 d.
In the laboratory, each sample was first filtered
through 200 mm mesh (coarse fraction), then through
pre-weighed (dried at 70°C) Whatman GF/B 1 mm filter paper (fine fraction). Both fractions were weighed
after reaching a constant weight (dried at 70°C). Plaster cod cards (Jokiel & Morrissey 1993) were used to
test whether relative rates of water flow differed
among the treatments. Clods were made from plaster
of Paris (5 mm high × 5 mm diameter) and glued to concrete-fibre cards (70 × 70 mm) with holes drilled in
their corners for attachment. They were weighed after
drying at 70°C to a constant weight, attached near the
middle of the experimental units, left in situ for 24 to
28 h (~20% weight loss) and then dried to a constant
weight (at 70°C) before re-weighing.
Statistical treatment of the data. Analyses were performed using ANOVA (Underwood 1997), in which
treatments (shade and sediment) were crossed and
treated as fixed. ‘Time’ was treated as random, given
that times of sampling represented a random subset of
possible times around the austral winter. Homogeneity
of variances was judged by Cochran’s C-test (p > 0.05)
and data were transformed where necessary.

RESULTS
Assembly of heterogenous habitat
Heterogeneity of habitat originated through an
interactive combination of sediment deposition and
shade (Table 1). To assist visual interpretation, the factor showing the largest effect is plotted against time
(Fig. 2, left), but the final effect is plotted against all
treatments (Fig. 2, right). It is noteworthy that the
response only manifested itself after ~100 d, which
indicates the minium duration of such experiments.
The percentage cover of encrusting coralline algae
was greater under partial and heavy shade when rates
of sedimentation were natural or reduced, but shade
had a substantially smaller effect when the rate of sediment deposition was enhanced (Fig. 2a, Table 1a:
SNK tests). The negative effects of enhanced sedimen-
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Table 1. ANOVA testing the development of algae (percentage cover) on unoccupied space among treatments of shade (heavy,
partial, none, procedural control) and sedimentation (addition, natural, removed). NS: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
To meet assumption of homogeneity, transformations were (b) arc-sine (Cochran’s C-test, p > 0.05) and (c) square root (x+1)
(Cochran’s C-test, p > 0.05)
Source

df

(a) Encrusting corallines
MS
F
p

(b) Articulated corallines
MS
F
p

Shade (Sh)
Sediment (Sed)
Sh × Sed
Residual

3
2
6
48

7917.66
1296.52
561.23
115.65

692.84
210.03
86.49
29.52

68.46
11.21
4.85

***
***
***

Fig. 2. Effect of shade and sedimentation on the assembly of
habitat-type. Line graphs (left) plot the greatest biological
effect through time and bar graphs (right) show the final
effect of all treatments. Plots through time show (a) the effect
of sedimentation within the treatment of heavy shade, (b) and
(c) the effect of shade across all levels of sedimentation

23.47
7.11
2.93

***
**
*

(c) Filamentous turfs
MS
F
p
96.59
1.11
3.39
1.36

70.89
0.81
2.49

***
NS
*

tation only occurred under shaded treatments (SNK:
add < reduce = natural) and not in unshaded treatments (SNK: add = reduce = natural). Mesophyllum
incisum and Lithophyllum johansenii primarily contributed to this habitat. Sparse covers of other encrusting red algae were observed (namely, Hildenbrandia
spp.), but occurred in insufficient abundance to
warrant analysis.
Articulated coralline algae were facilitated by a combination of full light and enhanced sedimentation. The
percentage cover of articulated coralline algae was
sparsest under lower levels of light and sedimentation
(Fig. 2b, Table 1b). Enhanced sedimentation had a positive effect on percentage cover within treatments of
no shade and procedural controls (SNK: add > natural = removal), but no effect under partial and heavy
shade (SNK: add = natural = removal). Full light (no
shade and procedural control) only created greater
percentage cover (SNK: no shade = procedural control > partial shade = heavy shade) in treatments of
high sedimentation (addition and natural), and not
when sediments were removed (SNK: no shade = procedural control = partial shade = heavy shade). Amphiroa anceps and Corallina sp. primarily contributed to
this habitat.
The percentage cover of filamentous turfing-algae
was primarily constrained by shade, and this effect was
greatest when shade was heavy and sedimentation
was enhanced (Fig. 2c, Table 1c). Full light caused the
most extensive cover of filamentous turfs under natural
and reduced sedimentation (SNK: no shade = procedural control > partial shade = heavy shade) and the
negative effect of heavy shade was intensified under
enhanced rates of sedimentation (SNK: no shade =
procedural control > partial shade > heavy shade).
Sediment did not have a clear effect on turfs under the
experimental regime of sediment manipulation (every
~18 d), but addition of sediments had strong positive
effects on a similar assemblage at the same location
when manipulated more frequently (every day to
every week, Gorgula & Connell 2004). The alga that
formed filamentous turfs primarily comprised Feldma-
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Fig. 3. Effect of shade and sedimentation on the maintenance
of (a) encrusting coralline algae and (b) articulated coralline
algae

nia sp. (Phaeophyceae), and sparser covers of green
algae (Chlorophyceae: Caulerpa fastigata, C. obscura,
Cladophora spp., Ulva spp.), brown algae (Phaeophyceae: Ectocarpus sp., Feldmania sp.) and red algae
(Rhodophyceae: Ceramium spp., Gelidium spp.). The
species of Caulerpa and Ulva observed were juvenile
and short forms, which comprised part of the tightly
packed filaments of algae that were generally less than
1 to 2 cm in height.

Maintenance of heterogeneity of habitat

lated coralline algae was best maintained by high light
(open plots and procedural controls) and enhanced
sedimentation (Fig. 3b, Table 2b). Shade, whether partial or heavy, negatively affected persistence (SNK: no
shade = procedural control > partial shade = heavy
shade). Enhancement of sediment deposition positively affected percentage cover relative to the
removal of sediments (SNK: addition > removal), but
the effect of enhancing or reducing sedimentation was
not detected (SNK: natural = removal, natural = addition). The cause of overall decline in percentage cover
of articulated coralline algae (originally > 60%) over
the duration of the experiment (338 d) is unknown.
These changes do not appear to represent artefacts of
translocation of boulders (see Melville & Connell 2001
for comprehensive tests of such artefacts over ~70 d).

Test of artefacts of water flow and sedimentation
Differences in sediment deposition and dissolution of
clod cards were detected through time, but not among
treatments of shade and sediment. The following
analyses (3-way, fully-crossed ANOVA) treated ‘Time’
as random, and both ‘Shade’ and ‘Sediment’ as fixed
factors (Cochran’s C-tests were p < 0.05 and sediments
were log x+1 transformed). Rates of deposition of
coarse sediments differed among months (F 2,144, p <
0.001, SNK: April > August > June), but not among
treatments of shade (F3,6, p > 0.05), sedimentation
(F 2,4, p > 0.05), or any of their interactions. Deposition
of fine sediments differed among months in accordance with coarse sediments (see sentence above), and
while a Time × Sediment interaction (F4,144, p < 0.01)
indicated differences among treatments of shade in
August, SNK tests were unable to resolve which treatments differed in this month. Rates of dissolution of
plaster clod cards differed among months (F2,144, p <
0.001, SNK; August > April > June), but not among
treatments of shade (F3,6, p > 0.05), sedimentation
(F2,4, p > 0.05), or any of their interactions.

The percentage cover of encrusting coralline algae
(free of overgrowth) was best maintained by a combination of low light (partial and heavy shade) and low
sediment accumulation (natural and reduced sedimentation) (Fig. 3a, Table 2a). Shade facilitated cover across
all regimes of sedimentation (SNK: heavy = partial >
open = procedural control). Enhanced sedimentation,
however, reduced the magnitude of this effect under
partial and heavy shade (SNK: add < reduce = natural),
but not under full light experienced in open plots and
controls (SNK: add = reduce = natural). It is noteworthy
that there was no difference in percentage covers
among treatments of sediment under
canopy-equivalent shade (Fig. 3a) and
Table 2. ANOVA testing the persistence of monopolized space (percentage
dense canopies (> 6 plants m–2) of
cover) by alternative habitat-types among treatments of shade (heavy, partial,
monospecific Ecklonia radiata (78% ±
none, procedural control) and sedimentation (addition, natural, removed).
Transformation (b) arc-sine was needed to meet assumption of homogeneity
10.2 SE, n = 5; ANOVA: F 3,16, p >
(Cochran’s C-test, p > 0.05)
0.05). This equivalence not only suggests that the decline in cover across
Treatment
df
(a) Encrusting corallines
(b) Articulated corallines
all treatments was natural, but also reMS
F
p
MS
F
p
inforces the prime contribution of
canopy-mediated shade to the mainteShade (Sh)
3
13143.87 95.18
***
1550.79 16.64
***
nance of habitat under E. radiata (ConSediment (Sed) 2
526.02 3.81
*
390.25 4.19
*
nell 2003b).
Sh × Sed
6
361.55 2.62
*
98.93 1.06
NS
Residual
48
138.10
93.19
In contrast to encrusting coralline
algae, the percentage cover of articu-
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DISCUSSION
These experiments highlight the capacity for physical conditions to impose strong synergistic effects that
facilitate the assembly and maintenance of subtidal
habitat. Such synergies between physical factors have
been recognised (Irving & Connell 2002a), but their
net effects have rarely been dissected into their negative and positive components (but see Bertness et al.
1999). The ability of encrusting corallines to monopolize and retain space without overgrowth depended on
the presence of shade (positive effect) if sediment
deposition was below that of human-dominated coast
(negative effect). In contrast, the growth and persistence of articulated corallines depended on the
absence of shade (negative effect) and high levels of
sediment accumulation found on human-dominated
coast (positive effect). The recruitment of filamentousturfs was facilitated by full light, but was not strongly
affected by sedimentation. Instead, filamentous-turfs
tolerated heavy sediment accumulation, a factor
thought to explain the concomitant increase in spatial
dominance of algal-turfs and loss of canopy-forming
algae on reefs with heavy sedimentation (Airoldi
2003).
A mechanistic understanding of such positive and
negative effects and their amalgams not only provides
a more causative account of plant interactions (Callaway & Walker 1997), but may also account for other
ecological patterns affected by a similar suite of processes. The described synergistic effects of light and
sedimentation are consistent with positive feedback
mechanisms associated with the presence of canopyforming algae (low light; Connell 2003b) and absence
of canopy-forming algae (intense light and heavy sedimentation). Whereas algal-turfs incorporate sediment
into their structure (Airoldi 2003) and appear to inhibit
the recruitment of canopy-forming algae (Devinny &
Volse 1978, Kennelly 1987c), kelps generally prevent
the accumulation of sediment and turfs under their
canopy (Edwards 1998, Melville & Connell 2001, Connell 2003b). Natural disturbances to kelp forests (e.g.
storms; Kennelly 1987a,b) can create sufficiently large
clearances (i.e. past a critical size; Wernberg-Møller
2002), that enable habitat to switch to one monopolized
by filamentous-turfs (Kennelly & Underwood 1993,
Melville & Connell 2001). The present study suggests
that light penetration and deposition of sediments are
crucial aspects of the physical environment which not
only maintain differences in habitat, but can also give
rise to early divergence during succession.
It is clear that an experimental understanding of
light penetration and sedimentation can also provide
substantial insights into processes that may disrupt the
natural maintenance of subtidal habitat. Increasing
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sedimentation and turbidity (Ruffin 1998, Airoldi 2003)
are among a broad spectrum of land- and ocean-based
activities, coupled with continued growth of the
human population and migration to coastal areas, that
is driving unprecedented and complex changes in the
water chemistry (Boesch et al. 2001) and ecology of
marine habitats (Vitousek et al. 1997, Jackson 2001).
Enhanced coastal sedimentation may play a key role in
such changes to habitat on human-dominated coast
(Airoldi 2003). For example, large expanses of Ecklonia radiata forests were lost from South Australia’s
metropolitan coast following a massive dredging event
(November 1997, Cheshire et al. 1999). Today, these
forests remain largely absent and this coast now supports extensive tracts of filamentous-turfs that are sustained by enhanced coastal sedimentation and nutrification (Gorgula & Connell 2004). These changes in
habitat appear intergenerational and perhaps permanent. It is likely that E. radiata forests have completely
turned over since the pulse disturbance (rate of annual
mortality of adults > 60%, Hatcher et al. 1987) and the
average age of surviving adults (2 to 4 yr, Larkum
1986).
Most systems exposed to some gradual change (e.g.
increasing sediment loading and turbidity) are thought
to respond in a gradual way. Of key concern is the
increasing frequency with which smooth change has
been interrupted by sudden drastic switches to a contrasting state (Scheffer et al. 2001). The theory of ‘alternate stable states’ provides a framework for understanding this phenomenon, an idea that emerged from
work on theoretical models about abrupt switches to
contrasting states (Holling 1973, May 1977). Switches
in species dominance are predicted to occur after pulse
events (e.g. dredging) that change environmental
conditions (e.g. light and sedimentation), which in
turn starts a positive feedback mechanism resulting in
a switch (Petraitis & Dudgeon 2004a). These ideas are
yet to be tested in subtidal kelp, but it is possible that
critical thresholds of light and sediment exist (as
related to size of clearings of kelp and human activity),
and crossing them produces a switch (kelp versus
alternate state of habitat). Whether such switches are
indeed scale-dependent, and the results intergenerational, is not known in subtidal kelp. While it is possible that Ecklonia radiata forests and algal-turfs represent alternative stable states, evidence for this theory is
notoriously difficult to provide (Peterson 1984) and
controversial (Bertness et al. 2004, Petraitis & Dudgeon
2004b), but could change the way we view the origin
and maintenance of these habitats.
In conclusion, it is clear that light penetration and
sedimentation combine to place strong local constraints on the assembly and maintenance of particular
types of habitat. Heterogeneity of habitat is often asso-
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ciated with the presence and absence of habitat-forming species (Wilson & Agnew 1992), and homogeneity
of habitat by human modification of the environment
(Tilman & Lehman 2001). An appreciation of the integrated roles of physical processes that act in negative
and positive ways may assist the development of predictive models about the assembly and maintenance of
heterogeneity of natural communities, and their
potential disruption by humans. I have shown that by
exposing different habitat-types to a set of physical
conditions associated with habitat-formers and human-dominated coast, different habitats will assemble
or be maintained to match the environmental conditions in which they are most extensive. Such feedback
mechanisms (synergies of light penetration and sedimentation) may not only underlie the maintenance of
habitat heterogeneity, but may also be key to the processes that operate at the origin and early divergence
of different habitats.
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