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ABSTRACT: There is growing realisation that foundation species often co-occur in nested or adja-
cent assemblages. Whether multiple co-occurring foundation species have additive or interactive
effects on communities depends on the extent to which they are functionally redundant, and on
the density-dependent functions within and across species. We compared how 2 secondary foun-
dation species—the Sydney rock oyster Saccostrea glomerata and the free-floating fucalean
algae Hormosira banksii, each facilitated by the grey mangrove Avicennia marina— influence the
recruitment and survival of associated invertebrates. Field experiments revealed that effects of the
2 species on recruitment processes were generally distinct and additive. S. glomerata recruitment
was enhanced in the presence of oysters but unaffected by algal biomass. Barnacle recruitment,
however, decreased with oyster or algal habitat biomass. The efficacy of secondary foundation
species in ameliorating predator—prey interactions was dependent on body size relative to the
refuge space provided by the foundation species. The naticid gastropod Conuber sordidum was
sufficiently small to penetrate habitats, such that neither foundation species influenced its preda-
tion on the gastropod Batillaria australis. By contrast, each foundation species reduced predation
of the toadfish Tetractenos hamiltoni on small crabs, Paragrapsus laevis, which were able to seek
refuge in the interstitial space provided by either habitat. Differential effects of co-occurring
secondary foundation species on key ecological processes (recruitment and predation) will result
in their facilitation of distinct ecological communities. Hence, models of community assembly should
consider interactions among primary and secondary foundation species, and of co-occurring sec-
ondary foundation species, which may occur in complex networks.
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1. INTRODUCTION

Foundation species (sensu Dayton 1972) are critical
to the maintenance of biodiversity (Bertness & Call-
away 1994, Stachowicz 2001, Bruno et al. 2003). They
maintain complex habitat, and in doing so may ame-
liorate abiotic stressors such as temperature and des-
iccation, and biotic stressors such as competition and
predation (e.g. Hay 1986, Jones et al. 1997, McAfee
et al. 2016). Most studies have considered the effects
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of foundation species independently of one another,
but many overlap in time and space (e.g. Altieri et al.
2007, Gribben et al. 2009, Dijkstra et al. 2012). In
some instances, primary foundation species simulta-
neously facilitate multiple secondary foundation
species that may form nested or adjacent configura-
tions (Bishop et al. 2012, Hughes et al. 2014). There is
growing evidence that habitat cascades —nested in-
teractions whereby primary foundation species pro-
vide habitat for secondary foundation species that in
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turn provide habitat for a focal community (Thomsen
et al. 2010, Angelini et al. 2011) —are common in a
wide range of terrestrial and aquatic ecosystems (e.g.
Angelini et al. 2011, Thomsen et al. 2018, Gribben et
al. in press).

The way in which spatially overlapping foundation
species interact to facilitate biodiversity is determined
by interspecific differences in their functional traits
(Angelini et al. 2011) and by intraspecific variation in
traits at the population- (e.g. density) and individual-
level (e.g. morphology; Bishop et al. 2013). At a spe-
cies level, foundation species that are functionally
similar are more likely to compete (Krassoi et al. 2008,
Angelini et al. 2011) and be functionally redundant in
terms of the biodiversity that they support (e.g. Wilkie
et al. 2012). By contrast, species that are functionally
distinct and fill different niches can coexist (Angelini
etal. 2011) and may have large additive or synergistic
effects on biodiversity (e.g. Bishop et al. 2012,
Dijkstra et al. 2012, Hughes et al. 2014). Within spe-
cies, intraspecific variation in density, morphology
and key functions can lead to variation in the biologi-
cal communities they support (e.g. Bruno & Kennedy
2000, Bishop et al. 2009, Nicastro & Bishop 2013) and
determine how foundation species
interact (Bishop et al. 2012, 2013,
Hughes et al. 2014). For example,
in nested assemblages of founda-
tion species, a critical density or
particular morphology of the pri-
mary foundation species might be
required to support the secondary
foundation species, and particular
densities or morphologies of the
secondary foundation species
might be required to facilitate a fo-
cal community (Bishop et al. 2013).
How secondary foundation species
interact to facilitate biodiversity
has, however, received little atten-
tion (but see Hughes et al. 2014).
Furthermore, the mechanisms by
which secondary habitat formers
enhance biodiversity remains poor-
ly understood (Thomsen et al. 2018,
Gribben et al. in press).

In estuarine and coastal environ-
ments of eastern Australia, the grey
mangrove Avicennia marina is a
primary foundation species that
creates structure and shading in
the otherwise sedimentary environ-
ment (Fig. 1A) (McAfee et al. 2016).

Among the species facilitated by A. marina are the
secondary foundation species the Sydney rock oyster
Saccostrea glomerata (Fig. 1B) and the fucalean
algae Hormosira banksii (Fig. 1C) (Bishop et al. 2012,
2013, Hughes et al. 2014). S. glomerata use the pneu-
matophores (peg-roots) and trunks of A. marina as a
substrate for attachment, on which they build dense
aggregations (Bishop et al. 2012, McAfee et al. 2016).
Mangrove pneumatophores facilitate free-living
H. banksii by providing a structure around which the
alga's fronds —bead-like chains of spherical recepta-
cles—become entangled and trapped (Bishop et al.
2012, 2013). The net effect is mosaics in which the
2 secondary foundation species S. glomerata and A.
marina are found in overlapping (Fig. 1D) and adja-
cent configurations (Bishop et al. 2012). The indirect
effect of mangroves on invertebrate biodiversity, aris-
ing from their facilitation of oysters and algae, over-
whelms their direct effect (Bishop et al. 2012). In pre-
vious studies, the 2 secondary foundation species
have been demonstrated to have additive effects on
associated communities of invertebrates (Hughes et
al. 2014). Nevertheless, the mechanisms by which
their distinct effects arise have not been investigated.

Fig. 1. In southeast Australia the (A) grey mangrove Avicennia marina is a primary
foundation species. The peg-root pneumatophores of A. marina facilitate (B) the
free-living Hormosira banksii, around which the alga becomes entangled and (C)
the Sydney rock oyster Saccostrea glomerata, by providing hard structure for at-
tachment. The 2 secondary foundation species, S. glomerata and H. banksii, are
patchily distributed and may display adjacent or (D) overlapping distributions
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The mechanisms by which S. glomerata and H.
banksii facilitate invertebrates in temperate man-
groves may include provision of substrate for attach-
ment and grazing, modification of recruitment to co-
occurring substrates, and provision of a microhabitat
refuge from predation (Hughes et al. 2014, McAfee et
al. 2016). In mangrove forests, hard substrate is gen-
erally limited to biogenic structures (e.g. mangrove
trunks, pneumatophores and shell substrates), and
competition for space and the food resources that
grow on these surfaces is intense (Branch & Branch
1980, Minchinton & Ross 1999). Both H. banksii and
S. glomerata offer a potential substrate for recruit-
ment of organisms, but their functional roles may dif-
fer as a result of differences in the hardness and
micro-complexity of their surfaces, as well as the bio-
films they support (Anderson 1996, Minchinton &
Ross 1999). Additionally, they may have differential
effects on recruitment—not only to their own sur-
faces, but also to others —by influencing settlement
cues, modifying small-scale currents and, in the case
of filter-feeding oysters, larviphagy (Tamburri et al.
2008, Fulford et al. 2011).

Foundation species can provide critical protection
for juvenile species which rely on complex habitat
for protection from predators and from abiotic
stressors such as desiccation (Altieri et al. 2007).
Mangrove invertebrate communities can be subject
to high rates of predation by marine fishes and
invertebrates that feed in mangrove forests at high
tide, shore and wading birds that forage at low
tide, and invertebrate predators, such as crabs and
muricid and naticid gastropods that are resident
within the mangrove benthos (Warren 1990, Bishop
et al. 2008, Nagelkerken et al. 2008). The match
between invertebrate body size and habitat archi-
tecture can influence invertebrate habitat selection
(Hacker & Steneck 1990). Additionally, at low satu-
ration rates of habitats with prey (Toscano &
Griffen 2013), habitat architecture may influence
susceptibility of small prey to larger predators by
determining whether there are suitable interstices
between habitat units to provide protection (Pen-
nings 1990, Eggleston & Lipcius 1992). Hence, S.
glomerata and H. banksii may functionally differ in
the protection they offer prey from predators.

Here, we utilised a combination of field and aquar-
ium experiments to assess the independent and inter-
active effects of H. banksii and S. glomerata on inver-
tebrate recruitment to a common substrate, survivor-
ship and predator-prey interactions. We thereby add
a mechanistic perspective to previous research that
has focused on net effects on biodiversity of the 2

secondary foundation species (Hughes et al. 2014).
We hypothesised that due to functional differences
between the 2 foundation species, they will differ in
their influence on 2 key ecological processes that
shape community structure: recruitment and preda-
tion. We hypothesised that not only would there be
interspecific differences in such functions of the 2
foundation species, but that these functions would
also vary according to intraspecific variation in the
density and habitat configuration of the foundation
species. We expected that with increasing biomass
and density of H. banksii and S. glomerata, inverte-
brate recruitment and survival would increase.

2. MATERIALS AND METHODS
2.1. Field experiments
2.1.1. Experimental design

Densities of the 2 secondary foundation species,
Saccostrea glomerata and Hormosira banksii, were
manipulated in the Avicennia marina mangrove
forest of Quibray Bay (34.025°S, 151.180°E), within
the Towra point Aquatic Reserve, Botany Bay, New
South Wales (NSW), Australia. During March 2015, a
total of 6 sites, each separated by at least 4 m, were
established in the seaward pneumatophore fringe at
a tidal elevation of mean low water springs +0.7 m
and along a ~80 m length of shoreline. Sites had a
similar pneumatophore density of 586 + 26 m~2 (all
measurements are presented as mean + SE unless
otherwise noted).

Within each site, 12 experimental plots (0.5 x
0.5 m?), at least 1.5 m apart, were cleared of all oys-
ters and algae. A 0.5 m area around each plot was
also cleared to ensure that adjacent habitat structure
did not dominate the effects of experimental inter-
ventions. Within each site, a single plot was ran-
domly assigned to 1 of 12 habitat treatments arising
from every possible combination from each of 4 oys-
ter and 3 algal treatments. Oyster treatments con-
tained naturally occurring clumps of oysters varying
in number and size: no (0 clumps), low (2 small
clumps), high (4 small clumps) or large (1 large
clump). Oyster treatments were based on the range
of naturally occurring densities within this system
(Hughes et al. 2014). Small oyster clumps contained
9 + 1 oysters, while large clumps contained 31 + 2
oysters. The large oyster clumps contained a similar
number of oysters to 4 small clumps, with the com-
parison between high and large oyster treatments
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assessing whether the configuration rather than just
density of oyster habitat influences community struc-
ture. The positioning of small clumps of oysters
within low or high treatments was random whereas
large clumps were placed in the center of their
assigned experimental plots. Algal treatments were
based on the range of naturally occurring densities
within this system (Bishop et al. 2012, Hughes et al.
2014) and were no (0 kg), low (1.25 kg), or high
(2.5 kg) biomass (wet weight), which were placed
evenly throughout the 0.25 m? plot. All plots were
checked every 2 wk to maintain habitat treatments
and the cleared area around each plot.

2.1.2 Oyster and barnacle recruitment

To compare how the 2 secondary foundation spe-
cies influence oyster and barnacle recruitment onto
hard substrates, and to assess the extent to which
their varying effects on predation drives differences
between the two, caged and uncaged roughened
pieces of polyvinyl chloride (PVC) were introduced
into experimental plots as recruitment sticks. The
PVC stakes were not intended to mimic pneumato-
phores, but rather introduced an identical recruit-
ment substrate into habitats containing one or both
secondary foundation species. Each plot received 6
randomly positioned 25 cm long and 1.9 cm diame-
ter PVC posts that were pushed 15 cm into the sedi-
ment so that approximately 10 cm of PVC was
exposed. Cylindrical cages that were 15 cm in
length and 8 cm in diameter and constructed of 25 x
25 mm galvanised steel mesh enclosed the top sec-
tion of 3 of the PVC posts per plot (caged treatment).
The coarse mesh size of cages was designed to
exclude predators such as fish and crabs that forage
on oyster recruits at high tide, whilst minimising
shading or sediment accretion artefacts of cages.
Recruitment sticks were checked every 2 wk until
recruitment of oysters and barnacles was observed.
Once oyster recruitment was observed (September
2015), 1 randomly selected caged and 1 uncaged
PVC stake was collected from each plot 2 wk later,
and again after 4 and 6 wk, and the number of oys-
ter spat and barnacles on each was quantified.
Because sediment accretion in some plots affected
the length of each stake that was exposed above the
sediment, densities of barnacles and oysters were
expressed as the number per unit area of surface
exposed. Cages did not become fouled throughout
the experiment and the change in sediment accre-
tion did not significantly differ between caged and

uncaged PVC stakes (ANOVA: F; 3 = 3.16, p =
0.08; see Table S1 in the Supplement at www.int-
res.com/articles/suppl/m608p061_supp.pdf for full
ANOVA results), suggesting minimal cage artefacts
(Peterson & Black 1994). Nevertheless, because our
design did not include caging controls, the interpre-
tation that differences in recruitment between
caging treatments were due to predation must be
made cautiously.

2.1.3. Juvenile invertebrate survival

The interacting effect of oysters and algae on the
survival of juvenile Bembicium auratum and juvenile
S. glomerata was monitored over 3 to 4 mo. The gas-
tropod B. auratum is common within the mangrove
forest and is found living on oysters, H. banksii, sed-
iment and pneumatophores (Reid 1988, Bishop et al.
2009, Hughes et al. 2014). Juvenile S. glomerata re-
cruit to pneumatophores, the shells of conspecifics
and other molluscs, as well as any other hard sub-
strates that may be present (Bishop et al. 2012,
Hughes et al. 2014).

In May 2015, a total of 8 B. auratum snails (width:
7.12 £ 0.17 mm; height: 5.63 + 0.19 mm) were teth-
ered within each plot. Tethers consisted of a 25 cm
piece of fishing line secured at one end to a single
snail using SikaBond super glue gel, and at the other
end to a galvanised steel mesh stake (approximately
2.5 cm in width and 6 cm in height) that was
anchored beneath the sediment surface. The spire of
each snail was marked with a small dot of red nail
polish so that in the event that snails were missing
from tethers, plots could be searched for marked
individuals to determine if this was due to glue fail-
ure or predation. Pilot studies indicated that the nail
polish did not influence snail survival.

In August 2015, a total of 9 juvenile S. glomerata
oyster spat (shell height: 17.5 + 0.24 mm) were
marked with red nail polish and placed in each plot.
In treatments with oysters, spat were attached using
Sikaflex-291 marine sealant and evenly distributed
among 3 clumps of dead oysters, comprising 4 + 1
pieces of shell, that were in turn attached with mar-
ine sealant to the end of a wooden chopstick (23.0 cm
length). In plots with no oysters, spat were evenly
distributed among 3 bare chopsticks, with oysters
attached to one end of each using the marine sealant.
Chopsticks were used to mimic pneumatophores,
onto which oysters recruit within this system (Bishop
et al. 2012), and were secured in plots by depressing
the end without oysters ~12 cm into the sediment.
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Snails and spat were checked every month and
classified as alive, dead or missing. Among dead
molluscs it was noted whether they had drill-holes
(indicative of predation by naticid or muricid gastro-
pods), were cracked (likely from crab or finfish pred-
ators) or had entire shells intact (indicative of non-
predatory mortality; Bishop et al. 2008). Where snails
or spat were missing, the surrounding area was
checked for painted individuals. On the rare occasion
(6 occurrences) that a marked individual was found,
it was recorded as alive and reattached. Monitoring
of snail survival was terminated after 3 mo because
simultaneous monitoring of tethered snails in bare
0.5 x 0.5 m plots (n = 3) caged with 25 x 25 mm gal-
vanised steel mesh to exclude predators revealed
that glue failure occurred over longer time intervals.
Although oyster spat remained attached to wooden
pegs over longer time intervals, their monitoring was
terminated at 4 mo, because almost all spat had been
consumed by this time.

2.2. Aquarium experiments

To assess the interactive and independent effect of
algae and oysters on predator—prey interactions, we
conducted 2 aquarium experiments. Each followed
the same fully orthogonal design as the field experi-
ments, with 4 oyster treatments (no clumps, low den-
sity of small clumps, high density of small clumps,
single large clump) and 3 H. banksii treatments (no
algae, low biomass, high biomass). The first experi-
ment, conducted in October-December 2015 (Aus-
tral spring and summer), considered how the 2
foundation species influence predation by common
toadfish Tetractenos hamiltoni on shore crabs Para-
grapsus laevis. The second experiment, run in
March—-April 2016 (Austral fall), considered how the
foundation species affect moon snail Conuber sordi-
dum predation on the mud whelk Batillaria australis.
Both toadfish and moon snails are generalist preda-
tors of invertebrates in temperate Australian man-
grove forests, which in tethering and mesocosm
experiments have been demonstrated to account for
a significant proportion of predatory mortality (War-
ren 1990, Bishop et al. 2008). Toadfish forage in man-
grove forests at high tide (Warren 1990), with deca-
pods comprising a majority of their diet (Bell et al.
1984). Moon snails are resident on and in mangrove
sediments (Bishop et al. 2008), sometimes living in
association with H. banksii (Bishop et al. 2009). Shore
crabs are ubiquitous across intertidal oyster habitat
(Hughes et al. 2014) and are often found hiding in

and beneath oyster shells (M. L. Vozzo pers. obs.). B.
australis is an epibenthic species that displays en-
hanced abundances under H. banksii (Bishop et al.
2009, 2012, Hughes et al. 2014).

Experiments examining toadfish predation on
shore crabs were conducted in the Macquarie Uni-
versity seawater facility, a recirculating system utilis-
ing seawater trucked from Sydney Harbour, while
experiments examining moon snail predation on
mud whelks were run in the Sydney Institute of Mar-
ine Science (SIMS) aquarium, a flow-through system
which directly sources water from the harbour. Para-
grapsus laevis (carapace width: 10.81 + 0.35 mm),
B. australis (shell height: 18.71 + 0.30 mm) and C.
sordidum (18.65 + 0.24 mm) for use in experiments
were collected by hand from the Quibray Bay man-
grove forest at low tide, the day before commence-
ment of each experiment. Toadfish (total length: 10.1
+ 0.2 cm) could not be collected from Quibray Bay
due to the status of this site as an Aquatic Reserve,
and were instead collected by seine net from Tam-
bourine Bay, Lane Cove River, Sydney, 5-7 d prior to
experiments. Until the start of experiments, toadfish
were housed in 55 1 tanks supplied with ~18°C recir-
culating seawater; the tanks were exposed to a natu-
ral lighting regime and cleaned daily. Toadfish were
fed a varied diet of prawns, oysters and crabs daily,
but were starved 36 h prior to use in the experiment.
Predatory snails were kept in individual 0.5 1 contain-
ers and prey snails were kept in two 101 containers of
aerated seawater (22-24°C) supplied by the SIMS
flow-through water system.

Experiments at Macquarie University utilising toad-
fish and crabs were conducted in 27 1 tanks (47 x 35 x
25 cm, length x height x width). The tanks were each
closed systems, filled with seawater and individually
aerated. The air temperature in the seawater facility
was set to match water temperatures recorded in
Sydney Harbour to mimic natural conditions (18.5—
20.5°C) in the housing and trial tanks. A total of 72
tanks were established, and randomly assigned to
each of 4 oyster treatments, to give 18 tanks of each
oyster treatment. The percentage covers of oysters in
treatments (0 [no], 8.5 £ 0.53 [low], 17.33 + 1.05
[high], or 15.33 + 0.56 [large]) and number of oyster
clumps matched those of oyster clumps within plots
of the field experiment, with small clumps positioned
randomly and large clumps positioned in the center
of the aquarium. Clumps were smaller due to the
aquarium setup and contained 5 + 1 oysters in small
clumps and 22 + 4 oysters in large clumps. For each
oyster treatment, 6 tanks were randomly assigned to
each of 3 algal treatments: no algae, 0.82 kg (towel-
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dried wet weight) or 1.65 kg to match the densities (0,
0.5 or 1 kg per 0.25 m?) utilised in field experiments.
Once the habitats were constructed, an individual
toadfish and 10 shore crabs were added to each tank.
The number of shore crabs added to tanks was based
on pilot studies that indicated that even in the ab-
sence of structured habitat, toadfish would consume
no more than 9 crabs over the experimental duration
of 9 h. Fish were added 30 min prior to crabs to give
them time to acclimate, but were gently kept to the
side of the tank when crabs were added, allowing the
crabs time to hide within the habitat. Trials (n = 6 for
each of the 12 habitat treatments) were run during
daylight hours, as toadfish are omnivorous scav-
engers that are active during the day and night (Miller
& Skilleter 2006). After 9 h, fish were removed from
tanks, tanks were thoroughly searched for crabs and
the number of crabs remaining was quantified. Fish
were only used once in the experiment to eliminate
any learned foraging behavior, and were returned to
their collection site at the end of the experiment.
Experiments at SIMS utilising C. sordidum and B.
australis were run in 4 1 plastic ice cream tubs (19 x
19 x 12 cm, length x height x width) that were fully
submerged in one of two 20 cm deep water tables.
Seawater from Sydney Harbour, ranging from 22—
24°C during February—-April 2016, was supplied to
the water tables via a flow-through system at a con-
stant flow rate (1 1 min~'). As with the first predator—
prey experiment, oyster treatments were established
so that they had the same percent cover of oysters as
the 4 treatments used in the field experiment (0%
[no], 8.5 +0.53% [low], 17.33 = 1.05% [high] or 15.33
+ 0.56 % [large]) and the same number and position-
ing of oyster clumps. Small oyster clumps contained
3 + 1 and large oyster clumps contained 12 + 1 oys-
ters. There were 18 tubs of each oyster treatment that
were randomly assigned to each of 3 algal treatments
(no, low or high biomass of H. banksii) to give n = 6
for each of the 12 treatments. The low biomass treat-
ment received 0.06 kg of algae tub™!, and the high
biomass treatment, 0.11 kg tub™!, to match the bio-
mass per unit area of algae in the field experiment.
Once the habitats were constructed, an individual
moon snail and 10 mud whelks were added to each
tank. The number of mud whelks added to tanks was
based on a pilot study that indicated that in unstruc-
tured habitat, moon snails consumed no more than 10
snails within the experimental period of 12 d. The
mud whelks were added to the tanks first to allow
them time to explore the habitat before adding the
predatory snail, approximately 30 min later. Tubs
were covered and sealed with wire screen mesh to

prevent escape of snails, and were aerated via an
individual airline fed through a small hole in the
mesh for each tub. After 12 d, the moon snails were
removed from tubs and the number of mud whelks
with drill holes (indicative of moon snail predation)
was quantified. Moon snails and mud whelks were
only used once and released to Quibray Bay after use
in the experiment.

2.3. Statistical analyses

Four-way ANOVAs, with the factors oyster habitat
(4 levels: zero oyster clumps [no], low density of
small clumps [low], high density of small clumps
[high] and large [large] clump), algal habitat (3 lev-
els: no, low and high biomass), caging (2 levels:
caged, uncaged) and time (3 levels: 2, 4 and 6 wk)
examined sources of variation in the recruitment of
barnacles and oysters to PVC stakes and their sub-
sequent survival. Time was considered an inde-
pendent factor because different PVC stakes were
sampled each time. Site was not considered as a fac-
tor because these were used solely for the purposes
of ensuring interspersion of plots, with the distance
between sites the same order of magnitude as the
distance among plots. Separate 2-way fully ortho-
gonal ANOVAs tested for effects of oyster and algal
habitat on the survivorship of juvenile B. auratum
snails after 1, 2 and 3 mo, and S. glomerata oysters
after 1, 2, 3 and 4 mo in field plots, and on P. laevis
and B. australis over the duration of the laboratory
predator-prey experiments. For these, sampling
times were analysed separately as the same inverte-
brates were sampled through time and times were,
hence, non-independent. Prior to each analysis,
Cochran's C-test was performed to confirm homo-
geneity of variance, and where necessary, data were
square root (recruitment counts) or arcsine (surviving
invertebrate percentages) transformed (Underwood
1997) to achieve homogeneity of variance. After
transformation, the 3 and 4 mo S. glomerata survival
data still did not meet homogeneity of variance re-
quirements for ANOVAs; therefore, significant dif-
ferences were determined at p = 0.01 (Underwood
1997). Where ANOVAs found significant treatment
effects, Tukey's HSD tests were conducted a posteri-
ori to determine significant differences among means
(o0 = 0.05). A Welch's t-test was done to test whether
there was any difference in the mean percentage of
damaged B. auratum snails that had been drilled and
cracked across all treatments. Statistical tests were
conducted in R version 3.0.2.
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3. RESULTS
3.1. Field experiment
3.1.1. Oyster and barnacle recruitment

Neither the density of oysters nor barnacles on
recruitment sticks displayed interacting effects of
any combination of algal habitat, oyster habitat, time
and caging (ANOVA, p > 0.05 for interaction terms;
see Table S2 in the Supplement for full ANOVA
results), allowing for the interpretation of main ef-
fects. No differences in the densities of either oysters
(ANOVA: time, F, 360 = 0.03, p = 0.97) or barnacles
(F2,360 = 2.16, p = 0.12) were detected through time
(Fig. S1). Densities of oysters (ANOVA: cage, Fj 350 =
11.54, p = 0.001) and barnacles (F; 350 = 15.47, p =
0.001) were greater on caged than uncaged recruit-
ment sticks (62.8 cm? surface area; oysters: 3.29 *
0.21 caged vs. 2.36 = 0.18 uncaged; barnacles:
30.45 + 3.32 caged vs. 15.78 = 2.07 uncaged; Tukey
tests: p < 0.001). Oyster habitat had differing effects
on each of oyster and barnacle recruitment to PVC
stakes. Whereas greater oyster recruitment to stakes
occurred in plots with oyster habitat of any type than
in plots that received no oyster habitat (ANOVA: oys-
ters, Fj 360 = 7.84, p < 0.001; Fig. 2A), less barnacle
recruitment occurred to stakes in plots with than
without oyster habitat, although this trend was not
significant (Fig. 2C). Among treatments with oyster
habitat, there was no significant difference in oyster
recruitment to stakes between plots with a low or
high density of small oyster clumps, or a single large
oyster clump (Tukey: p > 0.05; Fig. 2A). While the
algal habitat had no effect on the density of oyster
recruits (ANOVA: algae, F, 35 = 2.50, p = 0.084;
Fig. 2B), barnacle density varied with algal biomass
(ANOVA: algae, F, 350 = 9.94, p < 0.001), with lower
barnacle recruitment occurring in the high algal bio-
mass treatment than the no or low algal biomass
treatments which, in turn, did not significantly differ
(Tukey: p < 0.02; Fig. 2D).

3.1.2. Juvenile invertebrate survival

One and 3 mo after tethering, survival of the snail
B. auratum was not significantly affected by oyster
habitat, algal habitat or the interaction (ANOVA: p >
0.05, see Table S3 for full ANOVA results). By con-
trast, snail survival displayed an effect of algal
(ANOVA: F, 40 = 3.49, p = 0.037) but not oyster habi-
tat (ANOVA: F; 50 = 1.29, p = 0.29) or the interaction
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Fig. 2. Mean (+SE) density of (A) Saccostrea glomerata oys-
ters and (B) barnacles (Amphibalanus spp. and Hexaminius
spp.) recruiting to PVC stakes in plots with no, low, high or
large oyster biomass and of (C) oysters and (D) barnacles re-
cruiting to PVC stakes (62.8 cm?) in plots with no, low or
high algal biomass after 4 mo. Letters above bars: significant
differences (ANOVA, Tukey: p < 0.05; see Table S2 in the
Supplement for full ANOVA results)

between oysters and algae (ANOVA: F; 0 = 1.10, p =
0.37) after 2 mo of tethering. Snail survival was
greater in plots with low than no algal biomass
(Tukey test: p = 0.031), but there were no significant
differences among other pairwise comparisons of no,
low and high algal biomass treatments (Tukey tests:
p > 0.05; Fig. 3A). Among damaged snails, a signifi-
cantly greater (f3; = 3.30, p = 0.001) percentage were
drilled (7.61 + 1.6 %) than cracked (1.62 = 0.55 %) but
there were no effects of habitat (oysters, algae, or the
interaction) on the percentages of drilled and
cracked snails (p > 0.05, Table S3).

Oyster survival was not influenced by the interac-
tion between oyster and algal habitat at any of the 4
sampling times (ANOVAs: p > 0.05; Table S3) allow-
ing for the interpretation of main effects. At the 1 mo
time interval, algae but not oysters had a significant
effect on oyster survival (ANOVA: algae, F, ) = 5.46,
p = 0.00%; oysters, F3 g0 = 1.72, p = 0.17), with survival
greater in low than no or high algal biomass treat-
ments (Tukey tests: p £ 0.02; Fig. 3B). There were no
differences in oyster survival due to main effects of
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Fig. 3. Mean (+SE) percentage of (A) Bembicium auratum

snails surviving after 2 mo and (B) oysters surviving after

1 mo in each algal habitat treatment (no, low or high algal

biomass). Letters above bars: significant differences

(ANOVA, Tukey: p < 0.05; see Table S3 in the Supplement
for full ANOVA results)

oysters or algae after 2 mo (ANOVA: oysters, F; g9 =
0.51, p =0.68; algae, F, 6o =2.02, p=0.14), but at each
of the 3 and 4 mo time intervals, the main effect of
oyster treatment but not algal biomass had a signifi-
cant effect on oyster survival (ANOVA, 3 mo: oysters,
F3 6 = 16.34, p < 0.001; algae, F, 4 = 0.1, p = 0.91;
4 mo: oysters, F3 60 = 21.78, p < 0.001; algae, F, 5 =
0.02, p = 0.98). During the third and fourth month,
oyster survival was greater in plots with any density
of oyster habitat than plots without oysters (Tukey
test: p < 0.001; Fig. 4).

3.2. Aquarium experiments

Predation by toadfish on crabs was determined by
the interacting effect of oyster and algal habitat
(ANOVA: F; 60 = 4.99, p < 0.001; see Table S4 for full
ANOVA results). In the absence of oysters, survivor-
ship was significantly greater at low or high biomasses
of algae than in the absence of algae (Tukey test: p <
0.004), but in the presence of oysters, of any habitat
configuration, there was no effect of algae on crab
survivorship (Tukey test: p > 0.05; Fig. 5). Similarly, in
the absence of algae, survivorship was greater in
tanks with oysters than in those without oysters
(Tukey test: p < 0.001), which in turn did not signifi-
cantly differ, and at the low biomass of algae, there
was lower survivorship in tanks without oysters than
those with a large oyster clump (Tukey test: p = 0.05).
At the high algal biomass, there was little effect of
oysters on survivorship (Tukey test: p > 0.05; Fig. 5).

In trials examining Conuber sordidum predation
on Batillaria australis, there was no significant effect
of oysters, algae or the interaction on snail survivor-
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Fig. 4. Mean (+SE) percentage of oysters surviving in each
oyster habitat treatment across the 4 mo of monitoring. Plots
received no oyster habitat (No), 2 small clumps (Low), 4 small
clumps (High) or a single large clump (Large). After 3 and
4 mo, survival was greater in plots that contained any oyster
habitat than plots without oyster habitat. Asterisks indicate
significant differences (ANOVA, Tukey: p < 0.001; see
Table S3 in the Supplement for full ANOVA results)
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Fig. 5. Mean (+SE) percentage of shore crabs Paragrapsus
laevis surviving in each of 12 habitats after the 9 h feeding
trial with toadfish Tetractenos hamiltoni. Tanks received ei-
ther no oyster habitat (None), 2 small clumps (Low), 4 small
clumps (High) or a single large clump (Large), and either no,
low or high algal biomass in a fully factorial design. Letters
above bars: significant differences (ANOVA, Tukey: p < 0.05;
see Table S4 in the Supplement for full ANOVA results)

ship (ANOVA: main effect of oysters, F; 50 =1.34, p =
0.27; main effect of algae, F; g0 = 0.46, p = 0.63; oyster
by algae interaction, Fs g9 = 0.67, p = 0.67). Across all
habitat treatments, the predatory snails consumed an
average of 5 + 1 snails per 12 d trial (Fig. S2).



Vozzo & Bishop: Co-occurring secondary foundation species 69

4. DISCUSSION

Previous research in this system has demonstrated
that co-occurring secondary habitat forming species
can have distinct effects on the composition of associ-
ated communities (Hughes et al. 2014), but the mech-
anisms that give rise to such differences in community
structure have not been explored. This study investi-
gated how 2 secondary foundation species, the Syd-
ney rock oyster Saccostrea glomerata and the free-
floating fucalean algae Hormosira banksii, interact to
influence 2 key biological processes critical to com-
munity assembly —recruitment and predator-prey
interactions. Consistent with the hypothesis that the 2
foundation species would produce distinct, density-
dependent effects on each of these processes, we
found generally additive density-dependent effects of
S. glomerata and H. banksii on the recruitment and
survival of invertebrates. Nevertheless, some redun-
dancy between the 2 secondary foundation species
in their mediation of predator—prey interactions was
apparent.

Barnacles and oysters displayed divergent patterns
of recruitment to a common substrate embedded in
experimental field plots, dependent on the identity of
the 2 secondary foundation species present. Whereas
S. glomeratarecruitment to PVC stakes was positively
influenced by the presence of oysters, it was un-
affected by algal biomass. Barnacle (Amphibalanus
spp. and Hexaminius spp.) recruitment to stakes,
however, decreased with the biomass of surrounding
oyster or algal habitat. Recruitment of sessile inverte-
brates is the net effect of larval supply, settlement and
post-settlement mortality (Pawlik 1992). The diver-
gent response of oyster recruitment to the 2 founda-
tion species appeared to primarily be due to differ-
ences in settlement, with the absence of an interaction
between the caging and habitat treatments sugges-
tive of no differential effect of the 2 foundation species
on post-settlement predation. Nevertheless, because
caging can also influence settlement as well as preda-
tion (Schmidt & Warner 1984), it remains possible that
any differential predation between treatments was
swamped by a caging artefact.

Opysters are known to be gregarious settlers, re-
sponding positively to the chemical cues of con-
specifics (Tamburri et al. 2007, 2008). The mechanism
by which the algae and oysters diminished barnacle
recruitment is unclear. Larviphagy of barnacles by
adult oysters could contribute to lower barnacle re-
cruitment in plots with oysters (Tamburri & Zimmer-
Faust 1996, Fulford et al. 2011). It has been hypothe-
sised that algal canopies may reduce barnacle

recruitment by reducing larval supply to substrates
below (Hatton 1938, Southward 1956, Connell 1961).
The whip-lash effects of algae on barnacle recruits
that have been observed on rocky shores (Leonard
1999, Beermann et al. 2013) are unlikely to have oc-
curred here due to the sheltered environment of the
mangrove forest. The smothering effect of algae on
barnacle recruits observed on rocky shores (Denley &
Underwood 1979), although plausible in sheltered en-
vironments, is also unlikely within this study system.
At low tide the vertical distributions of H. banksii and
barnacles did not overlap, because H. banksii rested
on the muddy substrate, sitting below the band on re-
cruitment sticks at which barnacles were found. The
negative influence of oysters on barnacle settlement
is to the benefit of oyster recruits, which can compete
with barnacles for space and food resources (Luckens
1975, Anderson & Underwood 1997).

The survival of oysters in the field displayed similar
responses to the 2 habitat forming species as recruit-
ment, with greater survival of oysters in the presence
than absence of conspecifics over periods of 3 mo or
longer, irrespective of oyster habitat biomass or con-
figuration (as determined by the number and size of
oyster habitat clumps). By contrast, effects of algae
on oyster recruitment were seen only after 1 mo, and
were generally non-linear, with survivorship of oys-
ters greater at the low biomass of algae than the high
or no algae treatments. Whereas low densities of
algae may protect oysters from finfish predators, high
densities may disrupt feeding by inhibiting water
flow, or facilitate predatory naticid gastropods which,
unlike fish, are able to penetrate algal habitat and
benefit from its structure (Bishop et al. 2009). Never-
theless, there was no difference across treatments in
the percentage of oysters that were drilled. These re-
sults highlight the importance of examining effects of
foundation species across a range of biomasses and
patch configurations, as their interactions with asso-
ciate species are not necessarily linear.

The effects of the secondary foundation species on
survival of the 2 snail species were also generally
independent. The 2 snail species used in this study,
Bembicium auratum and Batillaria australis, were
numerically dominant species in our mangrove study
system, with B. auratum more common on oysters
and B. australis often found under H. banksii (Reid
1988, Bishop et al. 2009, Hughes et al. 2014). Despite
the stronger association of B. auratum with oysters
than with algae in the field (Bishop et al. 2009,
Hughes et al. 2014), in the tethering study, oysters
had no influence on the snail's survivorship, as com-
pared to weak positive effects of low densities of the



70 Mar Ecol Prog Ser 608: 61-72, 2019

alga. This result suggests that small-scale variation in
B. auratum abundance is not driven by predation, but
by an alternative factor. For example, in mangrove
forests where the availability of hard substrate is lim-
ited, B. auratum may use hard surface provided by
oyster shell as a substrate for grazing (Reid 1988,
Hughes et al. 2014). The weak positive effect of H.
banksii but not oysters on B. auratum survival may
reflect differences in the fit between the body size of
the snail and the predator refuges provided by each
of the habitats: whereas the body size of adult B.
auratum is too large to fit in many of the interstices
between oyster shells, the snail can move amongst
the H. banksii habitat. Nevertheless, to confirm that
differential effects of the 2 secondary foundation spe-
cies arose from differences in habitat structure, struc-
tural mimics for each would need to be included in
the experimental design.

In laboratory experiments, predation by Conuber
sordidum on B. australis was influenced by neither
the presence nor density of oysters or algae. This may
be because B. australis was too large to shelter in the
interstices provided by either habitat, and C. sordi-
dum was sufficiently small to move freely into each
habitat to forage. At low prey densities, large preda-
tor body size relative to interstitial protective spaces
can reduce rates of predation on small prey (Toscano
& Griffen 2013). However, at high prey densities at
which the number of protective interstices is insuffi-
cient to shelter all prey, predation rate is instead
determined by prey handling time (Toscano & Grif-
fen 2013). In our study, prey handling, which can
take anywhere from 36 to 60 h, rather than prey
detection and capture limited the rate of prey con-
sumption. Although the laboratory experiment only
considered effects of secondary habitat forming spe-
cies on predation by a single species on B. australis,
this and a previous study (Bishop et al. 2008) indicate
that this species, C. sordidum, is the dominant pred-
ator of shelled gastropods at our study site. Over 4
times more B. auratum were drilled than cracked in
the field tethering study, indicating the greater sig-
nificance of naticid gastropod than crab or fish pre-
dation on its survival. Hence, this study does not
support the hypothesis that the aggregation of B.
australis underneath H. banksii is a predator-avoid-
ance strategy. Instead, this behavior may be driven
by the enhancement of organic matter concentra-
tions beneath the algal mats, upon which B. australis
feeds (Bishop et al. 2009, 2012).

In contrast to the differential effects of the 2 habi-
tats on snail predation, both algae and oysters re-
duced predation by toadfish on small crabs and ap-

peared largely redundant in their effects. In the
absence of the alga, the presence of the oyster en-
hanced crab survivorship. Conversely, in the absence
of the oyster, increasing biomasses of H. banksii en-
hanced crab survivorship. However, if one founda-
tion species was already present, adding a second
had little or no effect. Although our experiments did
not include the structural mimics necessary to disen-
tangle structural from other effects, we hypothesise
that in this case the 2 foundation species were func-
tionally redundant in their effect on this predator—
prey interaction, because the structure of each was
largely impenetrable by toadfish, but each provided
interstices in which crabs could seek refuge. Never-
theless, whereas crab survivorship responded only
to the presence or absence of oysters, the alga had
a density-dependent effect on the crabs. Theory
(Bruno & Bertness 2001) and evidence (Bishop et al.
2012, 2013) suggest that above a certain threshold,
the biomass of a foundation species can be less im-
portant in influencing associated communities than
just its presence. Here, the threshold above which
further increases in foundation species biomass pro-
duced no further enhancement of crab survivorship
may have been lower for oysters than the alga. Previ-
ous studies suggest that in the intertidal zone, oys-
ters, which provide a rigid 3-dimensional structure
with persistent interstices between shells, are a
higher value anti-predator refuge for small crabs
than algae, which has a more malleable form that
collapses at low tide when the alga is immersed
(Bishop & Byers 2015).

Facilitative interactions can vary with foundation
species abundance or biomass (Bracken et al. 2007,
Irving & Bertness 2009, Dijkstra et al. 2012), with vari-
ation in these population-level traits in some in-
stances influencing community assembly more than
foundation species identity (Hughes et al. 2014). Ef-
fects of the biomass and configuration of individual
secondary foundation species on recruitment and
survivorship of colonists were apparent in this study.
Overall, however, these effects were secondary to in-
terspecific differences between the alga and oysters.
The Foundation Species—Biodiversity model (Ange-
lini & Silliman 2014) predicts that benefits to biodiver-
sity will be greatest where the structure of secondary
foundation species provides novel habitat compared
to the primary foundation species. The present study
extends this model by showing that multiple co-oc-
curring secondary foundation species can have dis-
tinct effects on ecological processes such as recruit-
ment and predation that are important in shaping
biodiversity. This study did not attempt to disentangle
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structural versus functional effects of the 2 foundation
species through the inclusion of structural mimics in
experimental designs. However, as with previous
studies that have demonstrated a positive correlation
between prey survival and habitat complexity, we
suspect that effects of secondary foundation species
on prey survival were predominantly due to the
structural habitat they provide (see Heck & Thoman
1981, Crowder & Cooper 1982, Grabowski 2004). Ir-
respective, our study provides evidence that the path-
ways by which 2 secondary foundation species influ-
ence associate communities include the provision of
refuge from predators and the modification of recruit-
ment. Previous studies on habitat cascades have fo-
cused on the role of secondary foundation species in
boosting the biodiversity facilitated by the primary
foundation species (e.g. Altieri et al. 2007, Bishop et al.
2012, Angelini & Silliman 2014). Here, we have shown
that where primary foundation species facilitate multi-
ple secondary foundation species, these can each have
distinct effects on processes that are important in
shaping associated community structure. Hence, mod-
els of community assembly need to consider interac-
tions among co-occurring foundation species, which
may occur in complex networks.
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