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Urbanization is leading to biodiversity loss through habitat homogenization.
The smooth, featureless surfaces of many marine urban structures support
ecological communities, often of lower biodiversity, distinct from the com-
plex natural habitats they replace. Eco-engineering (design for ecological
co-benefits) seeks to enhance biodiversity and ecological functions on
urban structures. We assessed the benefits to biodiversity of retrofitting
four types of complex habitat panels to an intertidal seawall at patch
(versus flat control panels) and site (versus unmodified control seawalls
and reference rocky shores) scales. Two years after installation, patch-scale
effects of complex panels on biodiversity ranged from neutral to positive,
depending on the protective features they provided, though all but one
design (honeycomb) supported unique species. Water-retaining features
(rockpools) and crevices, which provided moisture retention and cooling,
increased biodiversity and supported algae and invertebrates otherwise
absent. At the site scale, biodiversity benefits ranged from neutral at the
high- and mid-intertidal to positive at the low-intertidal elevation. The
results highlight the importance of matching eco-engineering interventions
to the niche of target species, and environmental conditions. While species
richness was greatest on rockpool and crevice panels, the unique species
supported by other panel designs highlights that to maximize biodiversity,
habitat heterogeneity is essential.

This article is part of the theme issue ‘Ecological complexity and the
biosphere: the next 30 years’.
1. Introduction
Habitat complexity (hereafter ‘complexity’)—the number of different structural
elements per unit area—is widely regarded as a key driver of community com-
position and a positive determinant of biodiversity [1–3]. Complexity, through
the creation of microhabitats, increases the range of niches available to species
[4], and hence the number of species that can recruit into an area [5]. In stressful
environments, complexity can increase organismal survival by providing pro-
tective structure that mitigates predation and/or key environmental stressors
[3,6–8]. Additionally, complex habitats often (though not always) have a greater
surface area for organismal attachment and grazing, thereby increasing resource
availability and reducing the effects of competition [3].

In the sea, as on land, urbanization is simplifying habitats and reducing
their complexity [9,10]. This simplification is in part caused by the destruction
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and degradation of complex natural habitats, such as man-
grove forests, seagrass beds, and coral and shellfish reefs,
and their replacement with built infrastructure [11]. Struc-
tures such as seawalls, revetments, pilings and pontoons are
built in growing numbers to protect coastal settlements from
rising sea-levels, to support the booming blue economy, and
as part of land reclamation efforts to accommodate growing
coastal populations [12]. In urbanized coastal environments,
seawalls and other forms of shoreline hardening now
armour over 50% of the shoreline [13,14]. Urban structures
differ from natural habitats in the materials from which they
are constructed but are also typically characterized by
smooth, featureless surfaces [15]. At scales of millimetres to
tens of metres, seawalls have lower structural complexity
than natural rocky shores, and at the smallest and largest
scales, rock revetments are similarly deficient [16].

The low complexity of marine urban structures has the
potential to drive marked and pervasive changes in marine
benthic communities [15]. Biofilms of diatoms and cyanobac-
teria, as well as invertebrates and macroalgae, settle, feed
and grow on hard substrates [15]. These provide food and
habitat to mobile invertebrates and fish [8,17]. As compared
with natural hard substrates, urban structures typically
support distinct ecological communities, often of reduced
native biodiversity, enhanced non-native biodiversity and
fewer ecological functions [15,18,19]. Consequently, there
has been growing interest and investment in enhancing
the topographic complexity of coastal defence structures,
such as seawalls, to enhance biodiversity and the desired
ecosystem services it provides [6,20–23].

Enhancement of the complexity of marine urban struc-
tures is ideally done at the time of structure design [24],
but for the tens of thousands of kilometres of coastline that
is already hardened it can also be ‘eco-engineered’ (designed
for ecological co-benefits) through retrofits of habitat-
enhancing units or modification of the existing structure’s
surface [6,25,26]. To date, enhancement of complexity
through eco-engineering has predominantly been applied at
small, experimental scales, to existing structures (but see
[27] for a larger-scale example) and limited to adding a
single type of microhabitat (e.g. water-retaining feature,
pits, holes [6], but see [8,23] for examples simultaneously
manipulating two types of complexity). Despite the positive
effects of complexity that have been described at seascape
and landscape scales [3], these interventions have produced
effects on biodiversity ranging from highly positive to neutral
[6,21,28] and on individual functional groups of organisms
that range from positive to negative [21].

Whether complexity facilitates or inhibits a particular
group of species will be dependent on the match between
the species’ niche and the microhabitats provided [29]. For
example, whereas the incorporation of cool and dark water-
retaining features such as rock pools into a structure may
benefit invertebrates that are sensitive to desiccation stress,
it may negatively impact those species of algae that require
a threshold amount of light for photosynthesis [21]. Similarly,
whereas small interstices produced by rock weathering pat-
terns, may offer species of small body size protection from
larger-bodied predators, they will not protect species whose
body size exceeds the size of the interstices, or those that
are targeted by small-bodied prey [7]. Consequently, at the
patch scale, the community supported by a habitat may
vary according to the type of complexity provided [30], and
at the site scale, biodiversity is predicted to be greater
where multiple types of complexity are provided together
(i.e. habitat heterogeneity is high) than when a single type
of complexity is provided alone (i.e. habitat heterogeneity
is low).

Additionally, ecological benefits of complexity may
depend on its efficacy in mitigating key environmental stres-
sors [7,21]. On intertidal rocky shorelines, biodiversity is
broadly regarded as being shaped by the paradigmatic gradi-
ents of abiotic (desiccation and thermal) stress, which
increases from the low to the high shore, and biotic stress
(competition and predation by marine species), which often
runs counter to this ([31,32], but see [33,34]). For the many
rocky intertidal species living at or close to their upper ther-
mal limit [35], survival can be dependent on the availability
of thermally buffered microhabitats [36]. In environments
with strong top-down control, species must either rely on
anti-predator defences (e.g. thick shells; [37]), or reside in pro-
tective microhabitats [38]. Consequently, types of complexity
that are effective at providing cool, moist microclimates,
or that exclude finfish or shorebird predators, may be
particularly effective at increasing intertidal biodiversity.

Here, we assess how retrofitting complex habitat to
seawalls influences biodiversity at the patch and site scales.
Specifically, we attached complex habitat panels of four
different designs and flat control panels across the tidal
elevation gradient of a seawall in Sydney Harbour (hereafter
referred to as the eco-engineered seawall). We then compared
ecological communities at the eco-engineered seawall and at
unmodified (control) seawalls and natural (reference) rocky
shores. We hypothesized that: (i) over time complex panels
would acquire a greater number of species (i.e. species rich-
ness) and abundance of mobile and sessile invertebrates
and algae than flat (control) panels; (ii) complex panels of dif-
fering designs would support communities distinct from one
another; (iii) differences in community structure among panel
designs would be driven by the availability of microhabitats
that mitigate heat and desiccation stress; and (iv) at the site
scale, eco-engineered seawalls would develop greater species
richness and distinct assemblages compared with unmodi-
fied control seawalls, and similar richness and assemblages
to reference rocky shores.
2. Material and methods
(a) Study sites
The study was conducted at five sites on the northern side of
Sydney Harbour, New SouthWales, Australia: one vertical seawall
site installed with complex panels (hereafter ‘Eco-engineered site’),
two otherwise similar vertical seawall sites unmodified by panels
(hereafter ‘Control sites’) and two reference rocky shore sites with
a mixture of vertical and sloping horizontal surfaces (hereafter
‘Reference sites’). The Eco-engineered and Control sites were
located at Sawmillers Reserve (33.845702S, 151.201062E), and the
Reference sites at Balls Head Reserve (33.846760S, 151.197988E)
(figure 1). The sites were situated 5–8 km from the mouth of the
estuary and had a tidal range of approximately 1.8 m. Each site
was 12 m in length and separated from other sites by at least
50 m and by no more than 1 km.

The Eco-engineered and two Control sites were situated on
the seawall at Sawmillers Reserve. This vertical intertidal seawall
was approximately 320 m long and had approximately 2 m of
intertidal zone. At the Eco-engineered site, seventy-two 550 ×
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Figure 1. Location of study sites within Sydney Harbour, New South Wales, Australia.

Figure 2. The Eco-engineered site, approximately 6 months following panel installation ( photo credit: Alex Goad). (Online version in colour.)
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520 × 100 mm concrete ‘Living Seawalls’ panels designed by Reef
Design Lab (Melbourne, Australia) were installed in November
2018 along a 12 m length stretch of shoreline (figure 2). Panels
of five different designs were fitted in a continuous mosaic that
covered the entire intertidal zone (approx. 2 m height; electronic
supplementary material, figure S1). These included four complex
designs as well as a control (flat panel, free of any macro-scale
habitat complexity) (figure 3). The complex designs had microha-
bitat features that mimicked those of intertidal rocky shores, the
closest natural analogue of seawalls, specifically: (i) crevices and
ridges (horizontal depressions separated by ridges), (ii) honey-
comb (less than ca 25 mm pitting across the panel surface),
(iii) rockpools (15 cup-like structures per panel designed to
hold water as the tide retreats), and (iv) swimthrough (multiple
different-sized holes allowing organisms to pass through the
panel). Panels were attached to seawalls using three stainless
steel rods drilled into the seawall such that the panels sat
approximately 10 cm off the surface of the wall, eliminating the
need to clear existing marine life on the seawall or level the
seawall prior to panel installation.

(b) Panel-scale assessments
Panel-scale sampling tested the hypotheses that within the Eco-
engineered site: (i) complex panels would support greater rich-
nesses and abundances of species than flat, control panels and
that these differences would strengthen through time as more
species colonized; (ii) complex panels of differing designs would
support distinct benthic communities; and (iii) differences in com-
munities among complex panels would reflect differences in the



control

321 531 
mm2

crevice

518 240
mm2

honeycomb

689 406
mm2

rockpool

500 372
mm2

swimthrough

530 296
mm2

Figure 3. The five panel designs used in experiments and the area of their front (outer-most) surface. All panels were 550 mm in diameter, had flat backs and had
the same projected area of 321 531 mm2.
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microhabitats present, and not be explained by differences in sur-
face area alone. Four replicate panels of each of the five designs
(control, crevices, honeycomb, rockpool and swimthrough
(figure 3)) were repeatedly sampled at the mid-intertidal elevation
(mean low water springs (MLWS) + 0.5 m) of Sawmillers Reserve
at 2, 4, 6, 8, 12 and 24 months following panel deployment.
Low- and high-intertidal elevations were not considered in
panel-scale assessments as not all designs were represented
within these.

First, to test for differences in communities among panel
designs, four panels of each design were sampled in situ using
a 25 × 25 cm quadrat with 25 intersecting points, which was
placed over their centre. Within each quadrat, the per cent
cover of sessile biota was assessed using the point-intercept
method and mobile biota were counted. To represent the full
sessile community, both primary (i.e. attached directly to the sub-
strate, i.e. panel) and secondary (i.e. growing on the primary
species) cover were recorded separately and summed to give a
total cover that could exceed 100%. Sessile biota that were pre-
sent within the quadrat but did not fall beneath a point
intercept were given a count value of 0.1 (0.4%) to note their pres-
ence. All organisms were identified to species, or where this was
not possible, morphospecies.

Second, to test whether differences in sessile and mobile com-
munities among complex panel designs reflected differences in
microhabitats, we subsampled inner (e.g. inside crevices, rock-
pools, depressions or holes) and outer surfaces (ridges, and
outside of rockpools, holes and depressions) of complex panels.
Microhabitats were subsampled on four replicate panels of
each of the complex designs (i.e. crevice, honeycomb, rockpool
and swimthrough) at 2, 4, 6, 8, 12 and 24 months following
panel installation. For the first five time points (i.e. until 12
months) six replicate mini-quadrats were haphazardly sampled
within each of the two microhabitats per panel. At 24 months,
this was reduced to three replicates per microhabitat per panel,
owing to the substantial growth that slowed sampling. Microha-
bitats were sampled using 4 × 4 cm quadrats, constructed of
transparent film that was marked with 3 × 3 evenly spaced
lines to create nine intersection points. The quadrats could be
moulded to fit the contour of microhabitats. Sessile and mobile
species were quantified within quadrats using the methods
described above. For each time point, we averaged mini-quadrats
across each microhabitat of a panel to obtain a single estimate of
community structure for the inside versus outside microhabitat
of each panel.

To test for differences in the thermal environment between the
inner and outer microhabitats of each complex panel design and
the surface of the flat panel, a single iButton data logger
(DS1921G, Thermodata, Warrnambool Australia) was randomly
positioned in each microhabitat of each of three replicate panels
per design, at the mid-intertidal elevation. The loggers, water-
proofed with Plastidip rubber coating (Plasti Dip International,
Blaine, Minnesota, USA), were programmed to record tempera-
tures with 0.5°C accuracy at 20 min intervals during December
2018–February 2019 and increased to 60 min intervals from Febru-
ary 2019. Loggers were attached to panels using Fisher FIS EM
Plus 390 S epoxy mortar and were interchanged approximately
every 4–10 weeks to provide near-continuous monitoring of
temperature throughout the experiment.
(c) Site-scale surveys
Site-scale sampling was conducted to test the hypotheses that: (i)
prior to panel installation, the Control and Eco-engineered sites
would support fouling communities distinct from those at Refer-
ence sites, and (ii) after panel installation, the Eco-engineered site
would initially support communities distinct from those at
either Control or Reference sites, but through time acquire com-
munities more similar to those at the Reference sites. To test these
hypotheses, each of the five sites (2 × Control; 2 × Reference; 1 ×
Eco-engineered) was sampled twice before (6 and 1 month prior)
and four times after (6, 12, 18 and 24 months) installation of
habitat panels. The exception was Control Site 2 and Reference
Site 2, which were only sampled from 6 months onwards (i.e.
the four ‘after’ times). At the Eco-engineered site, the sampling
was done on the unmodified seawall before and on the panels
after installation.

Owing to strong vertical gradients in communities, sampling
of sessile and mobile communities was stratified by tidal
elevation. Three intertidal elevations were sampled at each site:
high (MLWS + 0.9 m); mid (MLWS + 0.6 m); and low (MLWS +
0.3 m). At the two before-installation times, five replicate 25 ×
25 cm quadrats were haphazardly sampled per elevation
of each site, at low tide. For the four sampling times after
installation of panels, this was increased to 10 replicate quadrats
to better document biodiversity. Quantification of sessile and
mobile species within quadrats was as described for the
panel-scale sampling.
(d) Statistical analysis
Multivariate and univariate permutational analyses of variance
(PERMANOVA) [39] tested hypotheses about panel- and site-
scale effects of complex panels on biodiversity. Multivariate
analyses used Bray–Curtis dissimilarity matrices that were
produced on untransformed matrices of each of: (i) sessile species
percentage covers and (ii) mobile species abundances. Univariate
analyses, using Euclidean distances, were run on each of:
(i) species richness (for sessile and mobile species combined,
and independently); (ii) the total cover of fouling species;
(iii) the total abundance of mobile species, and for panel-scale
analyses; and (iv) the covers of key functional groups of
habitat-forming species identified in our study that were
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abundant enough to analyse (red non-calcified algae, coralline
algae, brown algae, green algae, barnacles, oysters and
tube worms).

The development through time of panel-scale effects of
complexity on mid-intertidal communities was assessed using
three-way analyses, with the factors: Panel design (fixed); Time
(fixed) and Panel identity (random, nested in Panel design).
Panel identity was included as a factor in analyses as the same
panels were repeatedly sampled through time. Time was con-
sidered a fixed factor as we hypothesized that differences
among panels would strengthen through time as additional colo-
nization occurred. These analyses were run on all multivariate
and univariate metrics, with the exception of functional group
covers, which were instead run separately on 12 and 24 month
data and included only the factor Panel design. This approach
was taken because of the low abundances of some taxa at earlier
sampling times.

To assess the extent to which panel-scale differences
were driven by differences in protective microhabitats, we con-
ducted a second set of analyses that compared the inner and
outer microhabitats of complex panel designs (as sampled
using mini-quadrats). These analyses had four factors: Panel
design (fixed; four levels, excluding controls that were not
sampled), Microhabitat (fixed; inner versus outer), Time (fixed)
and Panel identity (random, nested in Panel design). Similar ana-
lyses, but also including the Control microhabitat, were run on
the mean, maximum and minimum temperatures recorded by
loggers each calendar month. Analyses of temperature variables
excluded the factor Panel identity, as loggers were rotated among
panels and time points were hence temporally independent.

Finally, site-scale effects of complexity were assessed using
three-way permutational analyses of variance (PERMANOVAs)
with the factors Treatment (Eco-engineered, Control, Reference),
Site (nested within Treatment) and Time (fixed). Before versus
After was not included as a factor in our analysis owing to predic-
tions of temporal change at the Eco-engineered site following
panel installation as well as lack of replication of the Control and
Reference sites prior to panel installation (i.e. only one Control
and one Reference site were sampled before). A separate analysis
was run on data from each of the three tidal elevations, as differ-
ences in communities among these otherwise dominated analyses.

For all analyses, sources of significant differences were
assessed using a posteriori pairwise PERMANOVAs. In instances
where too few permutations (i.e. fewer than 100) were available
for a given test, p-values were obtained through Monte Carlo
simulations [40]. Similarity percentages (SIMPER) analyses in
PRIMER [39] were used to identify key discriminating taxa (dis-
similarity to standard deviation ratio greater than 1.3) driving
multivariate treatment effects. All analyses were run in PRIMER
v7 with PERMANOVA+.
3. Results
(a) Panel-scale effects of complexity
At the panel scale, we found a total of 115 species over the
24 month study, including 25 species of algae, 42 species of
sessile invertebrate and 48 species of mobile invertebrate
(electronic supplementary material, table S1). Of these, 33
species were unique to a single panel design, with rockpool
panels supporting 22 of these, crevice panels 9 and swim-
through panels 2 unique species (electronic supplementary
material, table S1). Among the five panel designs, rockpool
panels supported the greatest number of species (102
detected across all panels during the experiment) and control
panels the least (28; figure 4).
Analyses of species richness per panel revealed that the
pattern of greatest richness on rockpool panels was apparent
from 4 months post-installation and persisted to 24 months
(significant Panel design × Time interaction, pseudo-F70,23 =
7.0, p = 0.001; figure 5a). Although the crevice and honeycomb
panels also initially (at 4 months) had higher species richness
than control panels, honeycomb panels were statistically indis-
tinguishable from control panels by 6 months, and crevice
panels by 12 months (electronic supplementary material,
table S2; figure 5a). Initially, species richness on each of the
panel designs increased with time since installation, but
between 12 and 24 months species richness stabilized
(electronic supplementary material, table S2; figure 5a).

Effects of panel design varied between sessile and mobile
communities (electronic supplementary material, table
S2 and figure S2; figure 5b,c). Sessile taxa initially (2–8
months post-panel installation) differed in multivariate com-
munity composition between control and complex panels,
with the four complex panels (i.e. crevice, honeycomb, rock-
pool, swimthough) displaying few differences (electronic
supplementary material, table S2 and figure S2). Across
longer time-frames of 12 and 24 months, multivariate sessile
communities of the honeycomb and swimthrough panels con-
verged with the controls, though crevice and rockpool panels
maintained distinct sessile communities—a pattern that per-
sisted to 24 months (electronic supplementary material,
table S2 and figure S2). Greater abundances of the algae Ulva
australis and Ralfsia sp. as well as the barnacles Austrominius
modestus and Austrominius covertus on rockpool and crevice
than other panels (SIMPER) drove these differences.

Multivariate analyses revealed that effects of complex
panels on community structure were weaker for mobile than
sessile communities. Rockpool panels were the only design
to consistently support mobile species communities distinct
from the control panels—a pattern that was apparent from 4
months (electronic supplementary material, table S2 and
figure S2). SIMPER analysis indicated that this multivariate
pattern was driven by the limpets Patelloida mimula, Patelloida
mufria and Siphonaria denticulata, each of which had greater
abundances on rockpool panels, and the gastropod Affrolittorina
acutispira, which was least abundant on the rockpool panels.
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By contrast, swimthrough panels did not support mobile
communities distinct from control panels at any of the
sampling times (electronic supplementary material, table
S2 and figure S2). Crevice and honeycomb panels supported
distinct communities at some intermediate time points
(between 4 and 12 months), but had converged on controls
by 24 months (electronic supplementary material, table S2
and figure S2; figure 5c).

Similar to the multivariate community structure, sessile
species richness and cover were initially (until 6 months)
greater on most complex panel designs than on flat controls
(electronic supplementary material, table S2; figure 5b). The
exception was sessile richness on the honeycomb panel,
which was statistically indistinguishable from that on the flat
control at all sampling times. However, by 24 months only
the crevice and rockpool panels supported greater covers
than the controls and only the rockpool panel supported
greater sessile species richness (electronic supplementary
material, table S2). Mirroring multivariate patterns in mobile
communities, the rockpool panel was the only design to sup-
port consistently higher abundances of mobile gastropods
than did control panels, though crevice panels supported
intermediate abundances to control and rockpool panels at
4–12 months (electronic supplementary material, table S2;
figure 5c). Differences among panel designs in mobile species
richness were temporally variable, and at 24 months no signifi-
cant differences were seen (electronic supplementary material,
table S2).

At 12 months, sessile cover on each of the panel types was
dominated by barnacles (mean ± s.e. cover: 39 ± 5%), with
oysters the second most dominant group (20 ± 4%; figure 6).
Neither group, however, significantly differed in cover
among panel types (electronic supplementary material,
table S3). Coralline algae, by contrast, were only found on
rockpool panels, and tube worms on crevice and rockpool
panels, with greatest cover in rockpools (electronic sup-
plementary material, table S3). By 24 months, oysters were
the spatial dominant on all panel types (mean ± s.e. cover:
67 ± 5%), with significantly greater abundances on crevice
and swimthrough panels than the other designs (electronic
supplementary material, table S3; figure 6). Barnacles,
though reduced in cover on all panel types (mean ± s.e.
cover: 8 ± 2%), had significantly greater cover on rockpool
than other panels (electronic supplementary material, table
S3; figure 6). Other groups did not display significant
differences among panel designs.
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At all sampling times, the inner microhabitat of rockpool
panels supported a greater species richness than any of the
other microhabitats (electronic supplementary material,
figure S3 and table S4)—a pattern that was also apparent
when sessile and mobile richness were analysed separately.
No other differences in richness were apparent among the
other inner or outer microhabitats, except for the crevice
panels at 24 months, where richness was greater in the
inside microhabitat. Mobile species counts followed a similar
pattern to total species richness, being most abundant inside
rockpools (electronic supplementary material, figure S3 and
table S4). By contrast, sessile cover was greater on the inner
than the outer surfaces of each of the panel designs, though
the crevice panel supported greater cover on its outer surface
than the other panel designs.

Mean temperatures were on average 0.5°C cooler in inner
than outer microhabitats, and were, on-the-whole, warmest
on control and coolest on rockpool panels (electronic sup-
plementary material, figures S4 and S5). The inner surfaces
of rockpool and swimthrough panels displayed thermal
maxima that were up to 10°C cooler than on control panels.
The control panels experienced greater temperature maxima
than either the inner or outer surfaces of the complex
panels, and the inner surfaces experienced less extreme
maxima than the outer surfaces of complex panels (electronic
supplementary material, figure S4 and table S5). Minimum
temperatures varied less among panel designs and micro-
habitats, but were ameliorated (warmer) in the inner
microhabitats of the rockpool and swimthrough panels
(electronic supplementary material, figure S4 and table S5).
(b) Site-scale effects of complexity
Over the duration of the study, site-scale sampling detected
102 species of algae and invertebrates on the Eco-engineered
seawall—a number that approached the most biodiverse of
the two Reference rocky shores (105 species) and was greater
than for either of the two Control seawalls (95, 87 species)
or the second Reference rocky shore (83; electronic sup-
plementary material, table S6). Contrary to our expectation,
Reference sites did not consistently support the highest
species richness of algae and invertebrates, covers of mobile
species, or counts of mobile species (electronic supplemen-
tary material, table S7; figure 7). Instead, site-specific



–10 –5 0 5 10 15 20 25 30

sp
ec

ie
s 

ri
ch

ne
ss

 p
er

 q
ud

ra
t

0

5

10

15

20

25

–10 –5 0 5 10 15 20 25 30
0

5

10

15

20

–10 –5 0 5 10 15 20 25 30
2

4

6

8

10

12

14 C1 
C2 
LS 
R1 
R2 

low-intertidal

mid-intertidal

high-intertidal(a)

(b)

(c)

time since installation (months)

Figure 7. Mean (±1 s.e.) species richness per quadrat at (a) high-, (b) mid-
and (c) low-intertidal elevations of Control (C1, C2; white), Eco-engineered
(LS; black) and Reference (R1, R2; grey) sites, before (−6, −1 months)
and after (6, 12, 18, 24 months) panel installation at the Eco-engineered
site. n = 5–10.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

377:20210393

8

differences were detected. At the Eco-engineered seawall, we
detected six species not found at any of the other sites. These
included the alga Champia sp., the barnacle Catmomerus poly-
merus, two bryozoans, Beania sp. and Cryptosula pallasinia, the
ascidian Styela plicata, as well as a tube worm, Salmacina
australis (electronic supplementary material, table S6).

As expected, at mid- and low-intertidal elevations,
sessile and mobile communities displayed differences in com-
munity structure between control and reference treatments
(electronic supplementary material, table S7 and figures S5
and S6). By contrast, no difference in community structure
was apparent among these treatments at the high-intertidal
elevation. At none of the three intertidal elevations did
the community of sessile species at the Eco-engineered site dis-
play change through time that was consistent with a response
to the eco-engineering intervention (electronic supplementary
material, table S7 and figure S5). Mobile species, similarly, dis-
played no community-level response to eco-engineering at
high- or mid-intertidal elevations, but at the low elevation,
displayed change from before to after panel installation at
the Eco-engineering site that was not replicated at Reference
or Control sites (electronic supplementary material, table S7
and figure S6).

Neither total species richness nor mobile species richness
responded to the eco-engineering intervention at any of the
three tidal elevations sampled. In the high intertidal, there
was, however, a weak but non-significant trend for increase
in total species richness from before to after the intervention
at the Eco-engineered site, which contrasted with idiosyn-
cratic changes at the Control and Reference sites (electronic
supplementary material, table S7; figure 7b). By contrast,
sessile species richness displayed significant responses to
eco-engineering at the mid- and low-intertidal elevations.

In the mid intertidal, there was little change in species
richness through time, for either of the control or reference
treatments (electronic supplementary material, table S7;
figure 7b). Richness at the Eco-engineered site initially
declined immediately following installation of bare panels,
but rapidly recovered to match the pre-installation value
(electronic supplementary material, table S7; figure 7b).

In the low intertidal, sessile species richness at the
Eco-engineered site gradually increased following panel
installation to a peak at 12 months post-installation (elec-
tronic supplementary material, table S7; figure 7c). Neither
of the other treatments displayed this temporal trend, with
the reference treatment, to the contrary, displaying a steep
decrease in richness in the time period spanning before to
after installation. Consequently 6, 12 and 18 months post-
panel installation the Eco-engineered site had higher richness
than the other two treatments (figure 7c).

Eco-engineering had no effect on sessile cover or mobile
abundance that could be detected above natural spatio-tem-
poral variation (electronic supplementary material, figure S7,
table S7). Indeed, the greatest change in mobile abundance at
the Eco-engineered site occurred between times 6 months
and 1 month prior to panel installation, so could not be attrib-
uted to eco-engineering (electronic supplementary material,
table S7 and figure S7).
4. Discussion
Based on ecological theory [1,3] and the results of small
experimental-scale marine eco-engineering studies (e.g.
[8,21]), we expected that the addition of complex habitat
panels to otherwise relatively flat and featureless seawalls
would enhance biodiversity at panel and site scales. General
effects of complexity were, to the contrary, not found by this
study. Instead, effects on community assembly, richness and
abundance (cover, counts) were confined to specific panel
designs and tidal elevations, and exhibited considerable tem-
poral variability. The designs offering most protection from
desiccation, heat stress and predation (i.e. rockpools and, to
a lesser extent, crevices), had greater richness and abundance
(as compared with flat control panels) that extended for at
least two years. While other designs accelerated community
development and supported some unique species at some
time points, their communities had converged with flat con-
trol panels by 2 years. Because all five panel designs
supported unique species for at least some points in time,
site-scale effects of eco-engineering on community assembly
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were, nevertheless, apparent. These were, however, limited to
the low-intertidal elevation. These results highlight the need
to match eco-engineering interventions to the niches of
species and to environmental gradients in key stressors.
ietypublishing.org/journal/rstb
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(a) Panel-scale effects of habitat complexity
Complexity may enhance species richness by enhancing sur-
face area [41], and by increasing the diversity and availability
of microhabitats and hence the range of species niches sup-
ported [4–7]. In this study, whether habitat complexity
enhanced species richness and appreciably altered species
assembly varied through time, and according to the type of
complexity provided. Initially, all complex designs, with the
exception of swimthrough panels, enhanced the abundance
(cover, counts) of organisms, and had more species than
flat, control panels. By 24 months after panel deployment,
however, only the rockpool and crevice panels supported dis-
tinct communities. The lack of a general effect of complexity
suggests that its ecological effects were not driven by the
enhancement of substrate surface area but instead reflected
protective functions of particular microhabitats. Further, the
rockpool panel, which consistently supported the greatest
abundances and richnesses of species, had the second smal-
lest surface area of the five panels.

Of the four types of complex panel, the rockpool panel was
the only one designed to retain water at low tide, consequently
supporting algal species and associated crustacea (amphipod,
isopod grazers) that were not otherwise present. Desiccation
stress is broadly considered to be among the key environ-
mental stressors that control the upper vertical limit of
species on intertidal rocky shorelines [32]. Consequently,
water-retaining devices can be particularly effective at facilitat-
ing algal and invertebrate species on marine urban structures
[6]. Additionally, we found that the insides of rockpools pro-
vided microclimates that were up to 10°C cooler in
temperature than exposed surfaces. Crevices did not produce
this same temperature-ameliorating effect, and instead their
main protective function may have arisen from exclusion of
key predators such as finfish, which exhibit strong top-down
control on sessile invertebrates in Sydney Harbour [7,8].

The variable effects of the four complex panel designs on
community structure highlight the importance of matching
the ecological niche requirements of target species to the fea-
tures of the microhabitats provided [42,43]. This requires
identifying the key stressors to species, under a given set of
environmental conditions, and identifying those aspects of
complexity that successfully mitigate these [6,21]. Adding
random habitat complexity to build structures, without
knowledge of key environmental stressors to target species,
is likely to lead to suboptimal outcomes [21,28]. For example,
if the goal of an intervention is to improve water quality,
crevice and swimthrough panels that have protective surfaces
that bolster the cover of oysters might be selected. By
contrast, if the goal is to encourage algal species, water-
retaining rockpools should be selected. Because all five
panel designs supported unique species for at least some
points in time, biodiversity might be maximized by provid-
ing a range of types of complexity at one site. The common
approach of only applying a single type of complexity to a
site (reviewed by [6]) therefore represents a suboptimal
approach to maximizing biodiversity.
Convergence through time of ecological communities on
the various panel designs likely reflected the growing impor-
tance of competitive processes. Whereas initially communities
were dominated by r-selected species, of high reproductive
output, short life-history and broad environmental tolerances
(e.g. ephemeral green algae), through time these were replaced
with competitively superior K-selected species, such as the
Sydney rock oyster, Saccostrea glomerata [44]. At 12 months
this species occupied 20% of space, and by 24 months
accounted for, on average, 67% of cover. Oysters form complex
three-dimensional habitat created through the settlement of
successive generations of oysters on top of one another. Conse-
quently, as time progressed, the underlying complexity of the
panels themselves was replaced by the complex structure of
oysters. This complex habitat, in turn, facilitated dense and
diverse communities of algae and invertebrates.

This study employed non-destructive, in situ sampling, as
the eco-engineering interventionwas designed to be permanent.
Carewas taken to thoroughly scanmicrohabitats, and our in situ
sampling captured much of the epifaunal biodiversity associ-
ated with oyster habitat (e.g. Patelloidia mimula and Bembicum
auratum, which graze on biofilms on oyster shells; and Tenguella
marginalba and Bedeva paivae, which are oyster drills). Neverthe-
less, it is likely that both the biodiversity associatedwith habitat-
forming species, such as oysters, and the biodiversity associated
with topographically complex habitats were underestimated,
resulting in conservative estimates of community differences
between complex and flat panels. Destructive sampling of
microhabitats and habitat-forming species would be required
to fully document cryptic biodiversity, such as the infauna
living in oyster biodeposits between oyster shells.

Furthermore, it is likely that ecological benefits of complex
panels were underestimated by the focus of this study on foul-
ing communities at low tide. Intertidal eco-engineering
interventions can also benefit fish and mobile consumers by
increasing the prey resource base, and by providing hiding
places at high tide [8,45,46]. Interstitial spaces (e.g. holes),
such as those provided by the swimthrough panels, may in
particular be beneficial to fish biomass, abundance and species
richness [43]. Indeed, the swimthrough panels were designed
with fish, as opposed to fouling species, in mind.

With the exception of the swimthrough design, habitat
complexity accelerated the rate of community establishment.
While, ultimately, complex and flat panels may converge on
similar community compositions, the acceleration of commu-
nity development may assist, through the pre-emption of
space, in limiting the colonization of non-native species
[23,47]. Future studies would be required to test this hypoth-
esis. Acceleration of community establishment also means
that services provided by biodiversity (e.g. water filtration
by bivalves, provision of food and habitat to fish) will be
more rapidly recovered, and the recovery debt lowered [48].
(b) Site-scale effects of habitat complexity
Effects of habitat complexity vary across environmental gradi-
ents, at a range of spatial scales [21,49]. Here panel-scale
benefits of habitat complexity on biodiversity translated to
site-scale benefits that varied spatially across a tidal elevation
gradient. Positive effects of complexity onmobile communities
andsessile species richnesswere seenon the lowshore,whereas
effects were weak or neutral at higher elevations. These effects
were apparent within 24 months of installation despite the
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initially bare concrete surface of the panels, which
contrasted with the many years of marine growth on unmodi-
fied seawalls and on rocky shore. Like others (e.g. [50]),
we found mobile species to be particularly negatively
impacted at Control sites, possibly reflecting decreased
recruitment and increased mortality on urban structures [51].

Threemain hypothesesmay potentially explain the varying
effects of complexity across the intertidal gradient. First, the
greater inundation time and less abiotically stressful conditions
on the low shore [31,32] may result in a more speciose pool of
available colonists on which complexity can act. On the high
shore, stressful conditions may, to the contrary, over-ride the
effects of complexity by creating conditions that are inhibitory
to the survival of most species. Other types of stressors, such as
contaminants and propagule supply, have been found to med-
iate complexity effects [52,53]. Second, effects of predationmay
be greater on the low than the high shore, owing to the greater
inundation time enhancing predation risk from finfish preda-
tors [54]. Third, the differing configurations of panels on the
low, mid and high shore of our study site may produce differ-
ential effects. Interestingly, however, the rockpool panel, which
most positively influenced species richness and abundance on
the mid shore, was over-represented at the high, but not the
low shore of this site. Irrespective, the stronger effects of com-
plexity at low- than mid- or high-intertidal elevations add to
growing evidence that benefits of marine eco-engineering are
highly context-dependent [21,28,55].

Like panel-scale benefits of complexity, site-scale benefits
peaked at 12–18 months after panel installation but were still
apparent, though weaker, at 24 months. This result highlights
the need for long-term studies monitoring the efficacy of eco-
engineering interventions. Most studies evaluating effects of
marine eco-engineering are terminated at 12 months [6,7].
Such short-term studies may over-inflate the benefits of
marine eco-engineering. This is particularly problematic if
marine eco-engineering is being applied as an offset for ecologi-
cal damage to other habitats or as part of requirements for no
net biodiversity loss or even net biodiversity gain from marine
construction. The generally stronger effects of complexity at
panel than site scales also reinforce the importance of including
appropriate control and reference sites in the monitoring and
evaluation of eco-engineering interventions [24].

(c) Implications for management
As sea-levels continue to rise and global energy markets shift
to renewable sources such as offshore wind, the number of
built structures in our oceans is set to increase, by an antici-
pated 50–70% by 2030 [12]. Our study has demonstrated
that eco-engineering offers a promising approach for enhan-
cing biodiversity at the site scale. However, the benefits of
eco-engineering applied through retrofit will depend on the
baseline biodiversity on the seawall, and the identity of key
environmental stressors, as well as the types of complexity
provided. Consequently, where the goal of eco-engineering
is to enhance biodiversity, the optimal strategy might be to
provide a variety of types of complexity that provide different
microhabitats, and mitigate different stressors.

Our study was focused on biomimicry of microhabitats
missing from seawalls, but present on rocky shores, the clo-
sest natural analogue. Disentangling effects of various
aspects of complexity, such as fractal dimension, rugosity
and surface area, may however be instructive in designing
from first principles microhabitats that maximize benefits to
associated species. We expect that those fractal dimensions
and rugosities that maximize species diversity in nature
may also be most beneficial on artificial substrates.

Additionally, our study tested effects of panel designs at a
single study site, and across a relatively narrow tidal
elevation gradient. As environmental factors vary not only
across tidal elevation but also across estuarine [55] and latitu-
dinal gradients [21], additional tests of panel designs are
required across a broad range of environmental conditions.
Eco-engineering that is applied without a rigorous scientific
evidence base is little more than greenwashing [56].

Our study adds to a growing body of literature that
suggests that water-retaining features may be particularly
beneficial in bolstering biodiversity on intertidal marine
urban structures (e.g. [25,57]). Consequently, we suggest
that these may be a particular focus of future eco-engineering
interventions in the intertidal space.
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