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Predator-prey dynamics can affect assemblage structure and ecosystem processes
representing a central theory in ecology. In coral reef ecosystems, recent evidences have
suggested that sponge assemblages in regions with high diversity, like the Caribbean, are
controlled by reef fishes (i.e., top-down control); however, this has been poorly studied
in low diversity coral reefs. This study investigated the influence of fish predators on
sponge assemblage structure in South Atlantic coral reefs, systems with high endemism
and relatively low hermatypic coral diversity. We investigates (i) whether sponge cover
is negatively correlated to spongivorous fish density, (i) potential spongivory effects
on competitive interactions between sponges and hermatypic corals, and (jii) foraging
preferences of spongivorous fishes. Benthic cover and spongivorous fish density were
assessed by photo sampling and visual census, respectively. We did not observe a
negative correlation of the total density of spongivorous fish with total sponge cover.
However, a significant negative correlation between density of fish species Pomacanthus
arcuatus and cover of sponge species Scopalina ruetzleri was found. Spongivorous
fish consumed preferentially the sponges Desmapsamma anchorata, Niphates erecta,
Aplysina cauliformis, and S. ruetzleri, the first two species considered palatable and
the second two with chemically defense mechanism. An increase to angelfish density
was not related with the number of coral-sponge encounters. Thus, the effects of
spongivorous fishes on sponges cover and competitive interactions with hermatypic
corals is weaker in Southwestern Atlantic than previously reported in Caribbean coral
reefs. We discuss how local human impacts (e.g., fishing and nutrients input) can
influence the observed patterns.

Keywords: predation, angelfishes, porifera, sponge-coral interaction, top-down control, Todos os Santos Bay, reef
ecology

INTRODUCTION

Predation is an important ecological process that impacts energy and matter flows in food chains.
Food web dynamics has been proposed as one of the most important theories in ecology (Fretwell,
1987) and as the main regulatory mechanism of biological assemblage structure at local levels
(Paine, 1966).
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In marine systems, it is well-known that predator-prey
interactions can affect the structure of biological assemblages
and ecosystem functions (Hixon, 1991; Bellwood et al., 2004b).
Furthermore, predation may reduce competitive exclusion by
decreasing abundances of superior competitors (Paine, 1966;
Hay, 1991). Competition for space is often an important regulator
process in marine hard bottoms, as coral and rocky reefs, and
influences patterns of abundance and diversity of biological
assemblages (Connell et al., 2004; Chadwick and Morrow, 2011).

Within reef environments, generally sponges are better
competitors for space than corals (Aerts, 1998; Pawlik, 2011),
mostly due to their defense strategies (Wulff, 2006), as secondary
metabolites, and overgrow ability (Aerts, 1998; Meurer et al,
2010). Sponges can negatively affect the recruitment and growth
of hermatypic corals, as well as other important coral reefs
processes (e.g., substrate construction) (Chadwick and Morrow,
2011). The effects of sponge competition on corals can be
indirectly reduced by fish predation on sponges (i.e., fish
spongivory) which may reduce competitive encounters between
both taxa (Hill, 1998; Loh et al., 2015). Since Paine’s work (Paine,
1966), it is widely accepted that the indirect effects of predation
can have an influence on community structure, identifying and
examining these effects is an important task in understanding
community dynamics (Menge, 1995).

Sponges are frequently diverse and abundant in coral reef
benthic communities, thus being a good model to evaluate
predator-prey interactions (Dunlap and Pawlik, 1996; Ruzicka
and Gleason, 2009). Sponges are key to ecosystem functioning
because they are highly efficient filters, removing microbes and
organic matter from water, transferring nutrient from pelagic to
benthic habitats (Bell and Barnes, 2000; Wulff, 2001; de Goeij
et al.,, 2013). Sponges contribute to complex balance between
calcium carbonate loss or accretion, essential in the dynamics
of coral reef growth (Wulff Buss and Buss, 1979; Wulff, 2001;
Bell, 2008) and are an important food source for many marine
organisms, especially for fishes (Randall and Hartman, 1968;
Wulff, 1994).

Spongivory is mainly performed by angelfishes
(Pomacanthidae family) of genera Pomacanthus and Holacanthus
(Randall and Hartman, 1968; Carballo and Camacho, 2010),
which are the most common and conspicuous sponge-feeding
reef fishes around the world (e.g., Bellwood et al., 2004a).
Different approaches have been used to investigate the potential
effect of predation by reef fishes, for instance by using stomach
content analysis (Randall and Hartman, 1968; Andréa et al,
2007; Reis et al., 2013) and fish feeding activity observations
(Longo and Floeter, 2012; Pratchett et al, 2014). Although
there is information about fish predation pressure on sponge
assemblages (Pawlik et al., 2018), little is known about the
spongivorous fish foraging behavior. Foraging activity is an
essential aspect of habitat use by fishes and a predominant daily
activity.

Evidences in high diversity coral reefs, such as Caribbean
reefs, showed that top-down regulation by fish play a decisive
role on growth of different sponge species, consequently affecting
benthic assemblages (Dunlap and Pawlik, 1996; Pawlik, 1997,
1998; Pawlik et al., 2013, 2018). Brazilian coral reefs have peculiar

features as relatively low coral diversity, high sedimentation
rates and elevated turbidity due to abundant river flow into
shore. These conditions have been considered marginal for coral
optimal growth, so these reefs are known as marginal coral reefs
(Ledo et al., 2003; Suggett et al., 2012; Loiola et al., 2013). A small
number of studies have conducted spongivorous fish stomach
content analysis in rock (Andréa et al., 2007; Batista et al., 2012)
or coral reefs (Reis et al., 2013) in Brazil and spongivorous feeding
behavior was not previously investigated.

Here, we evaluate whether spongivory performed by
angelfishes can influence the sponge assemblage structure and
indirectly influence competitive encounter number between
sponges and hermatypic corals (i.e., each contact found between
different colonies, or encounter closer than 5cm) in marginal
coral reefs. To achieve this, we tested whether (1) sponge cover
would be negatively related to angelfish density, (2) whether
competitive encounter number between sponges and hermatypic
corals would be negatively related to angelfish density and (3)
sponge preferences by angelfishes during foraging activities.
With (1) we investigated if top-down control would directly
be acting, with (2) we considered a potential indirect effect of
top-down control and with (3) we explored potential specific
relationships between spongivorous fish and sponges.

MATERIALS AND METHODS

Study Area

The study was conducted at Todos os Santos Bay (TSB), located
in eastern coast of Brazil (Figure 1), a region with high endemism
of coral species in the South Atlantic Ocean (Ledo et al., 2003) and
considered priority for conservation (Vila-Nova et al., 2014; Cruz
et al., 2015). Coral reefs in TSB are located both in entrance (the
outer reefs, occupying an area of 17.7 km?) and in its interior
(the inner reefs, 13 km?2) (Figure 1). The sponge assemblage
are specially well-developed in inner reefs where are subject
to several types of human interference (e.g., nutrient input,
fishing) (Cruz et al., 2009). These interferences can contribute to
changes in sponge assemblages by reducing of fish predators and
increasing nutrients through discharge of domestic and industrial
effluents. These reefs, at depths of ~2-13m, consists of reef
patches 20-60 m in length surrounded by fine sediments. Ten reef
sites haphazardly selected in TSB (Supplementary Table 1), were
sampled between January and March 2016 (Figure 1).

Benthic and Angelfishes Assemblages

Surveys

We characterized sponge and coral assemblages using photo-
quadrats (0.25 x 0.25m). Two SCUBA divers haphazardly took
100 high resolution digital images (CANON G12 model, 3,648
x 2,736 pixels) on each of the 10 reef sites using a PVC
frame at 40 cm distance from the substrate. Photo-quadrats
(e.g., Supplementary Figure 1) were taken around 2m of each
other, resulting to a total sampled area of 6.25 m? for each reef
site. Benthic cover (%) were estimated through 20 randomly
distributed points per photo-quadrat using Coral Counting
Point with Excel Extensions Software (CPCe) (Kohler and Gill,
2006). These quadrats (n = 100) were used to sample the
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FIGURE 1 | Map of coral reefs sampled in Todos os Santos Bay.

sponge assemblage and other benthic invertebrates at each site.
Identification of sponges and benthic groups was performed in
situ for each photo-quadrat. Whenever identification in the field
was not possible, the specimen was collected, fixed in 80% ethanol
and identified in the laboratory following available literature
(Hajdu et al, 2011). The number of sponge-coral encounter
(i.e., all sponges in contact with scleractinian corals and calcified
hydroids colonies) was quantified in the photographs. We
considered a natural encounter when one sponge was in contact
with, or closer than 5cm to, a coral colony (Chadwick and
Morrow, 2011). Encounters were quantified in the entire area
of each photo-quadrat and photos of each reef were pooled for
analyses.

Densities of angelfish species Pomacanthus arcuatus, P. paru,
and Holacanthus ciliaris were estimated by trained divers along
ten 20 x 2m transects (400 m> per reef site) following fish
monitoring protocol of the Atlantic and Gulf Rapid Reef
Assessment (AGRRA) (Kramer and Lang, 2003).

Fish Foraging Activity

Focal animal method was used to measure angelfishes foraging
activity (i.e., feeding rates and food preferences) (Bonaldo et al.,
2006; Pereira et al., 2016). For each focal animal, angelfish
specimen was followed and observed during 2 min intervals by
SCUBA divers at 3m distant from the fish, during this time
we counted number of bites identifying sponge species. All
occurrences were recorded on clipboards.

To avoid observation of the same specimens, each observation
was conducted at least 5m distant (Nunes et al, 2013). A
total of 36 specimens of P. arcuatus, 12 P. paru, and 11
H. ciliaris were observed across all the reef sites, excepting Ilha
de Maré where visibility was lower than 3 m. All observations
were conducted between 09:00 and 15:00h. We sampled
spongivorous fish behavior in similar conditions of temperature
and luminosity.

Data Analysis

To evaluate the relationship between angelfish density and
(i) sponge cover and (ii) number of sponge-coral encounters,
Spearman correlation coefficients were calculated with 95%
confidence intervals and o = 0.05. For (i) we used means of
angelfish density and means of sponge percentage cover on each
reef and, for (ii) we used polled data (from all photo-quadrats of
each reef) to test whether encounter would be negatively related
to mean angelfish density and also used reefs as replicates. To
evaluate the species-specific relationship of each angelfish species
(three species, Pomacanthus paru, P. arcuatus, and Holacantus
ciliares) mean density and their interactions with 8 sponge species
mean cover (five sponge species selected by fishes observed in
focal animal method and three most abundant found in the
benthic data survey), multiple regressions using the stepwise
model selection method were conducted with an o of 0.01, using
each reef as a replicate. These analyses were performed using the
R software (R Core Team, 2013): the packages pspearman and
My.stepwise were used for Spearman correlation and stepwise
multiple regression (Savicky, 2015; Hu, 2017), respectively.

The Ivlevs electivity index was used to verify angelfish
preference or rejection by sponges that were bitten during
foraging activity (focal animal). The electivity index was
calculated, with pooled data from all reefs, as E; = (rj - n;)/(r
+ n;) where E; is the value of electivity for the sponge species i;
rj is the percentage of bites on the sponge i and ni is the sponge
cover i across all locations. The electivity index varies from —1 to
+1, where values near —1 indicate low preference or rejection
while values near +1 indicate high preference for a particular
sponge (Krebs, 1989). To generate a 95% confidence interval
around the observed E;, we used non-parametric bootstrapping
procedures, in which fish samples were pooled for each reef and
used as sample units (10,000 randomizations). The confidence
limits were determined using the percentile method (Manly,
1997).

We used permutational multivariate analysis of variance
(PERMANOVA, Anderson, 2001) to explore potential differences
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of fish and sponge assemblages between reef sites, based on the
untransformed data with Bray-Curtis dissimilarities, using 9,999
random permutations. A pair-wise test was used to analyze which
reef differs from each other. To visualize the spatial structure of
both assemblages we used nonmetric multidimensional scaling
(nMDS). These analyses were performed using the software
PRIMER 6 (Clarke and Warwick, 2001).

RESULTS

Benthic and Angelfish Assemblages

Overall sponge cover were 9.96 + 0.76% (mean for all sites +
standard error), while hermatypic corals were 11.30 £ 2.25%,
zoanthids 12.76 & 6.34%, and turf algae 38.15 & 3.93%. The Ilha
de Maré reef site had the highest sponge cover 15.13 4 0.51%,
whereas Poste 1 had the lowest 7.3 &= 0.16% (Figure 2).

The top five most abundant sponge species
Desmapsamma  anchorata (3.8 £ 0.79%), Neopetrosia sp.
(0.84 £ 0.22%), Clathria venosa (0.83 £ 0.16%), Aplysina
cauliformis (0.78 £ 0.1%) and Ircinia strobilina (0.67 =+
0.24%) (Supplementary Figure 2A; Supplementary Table 2).
The angelfish density was 2.96 + 0.24 (fishes mean for all
sites/40 m? =+ standard error). The highest angelfish density
were observed at Inema (3.9 + 4.82), Poste 4 (3.7 &+ 2.0) and
Frades Sul (3.7 &+ 2.16) while Cardinal were the lowest (1.5 &
1.2) (Supplementary Figure 2B). The most abundant species
was P. arcuatus (1.92 £ 2.9) followed by H. ciliaris (6.0 + 1.89)
and P. paru (4.4 &+ 1.39) (Supplementary Figure 2B).

Overall, in assemblage level, there was no significant
relationship between angelfish density and sponge cover
(Figure 3A). However, the species-specific relationship among
P. arcuatus density and S. ruetzleri cover was significant
(Figure 3B). PERMANOVA showed significant differences in
the structure of sponge (p < 0.001) and angelfish assemblages
(p < 0.001) between sites (Supplementary Tables 3-5;
Supplementary Figure 3) showing a lot of spatial variability in
the abundance of both groups along Todos os Santos Bay.

were

Foraging Activity
P. arcuatus had the highest bites rates (10.1 bites mean per 2 min
=+ 2.2, n = 36), followed by H. ciliaris (4.66 £ 2.19, n = 12) and

P. paru (1.55 & 0.69, n = 11). The electivity index showed that
all three angelfish species selected D. anchorata during foraging
activities (Figure 4). S. ruetzleri was selected by both P. arcuatus
and H. ciliaris. In addition, P. arcuatus also selected other two
sponge species Niphates erecta and A. cauliformis.

Sponge-Coral Encounters

A total of 109 sponge-coral encounters were observed. The
average sponge-coral encounters TSB was 12.6 = 1.6 and the
top three most abundant sponge species had the higher number
of encounters with corals were D. anchorata (29%, n = 32),
A. cauliformis (15%, n =16) and C. venosa (12%, n = 13).
The most frequent coral species encountered with sponges was
Montastraea cavernosa (Supplementary Table 6). There was no
significant relationship between sponge-coral encounters and
angelfish density (p = 0.05; p = 0.8; Figure 5).

DISCUSSION

Top-down or bottom-up control of sponge assemblages in coral
reefs is an important contemporary discussion (e.g., Pawlik
et al,, 2018). An evidence for top-down control in TSB reefs
would be if sponge cover in sites with higher angelfish density
were smaller than in sites with low angelfish (spongivorous)
densities. Concomitantly, there would be more competition
between hermatypic corals and sponges in sites with smaller
densities of angelfish. The results did not indicate a general
negative relationship between abundances of angelfish and
sponges and there was no significant relationship between coral-
sponge encounters and angelfishes density. However, a significant
species-specific negative relationship between P. arcuatus density
and S. ruetzleri cover was observed. Additionally, both angelfish
P. arcuatus and H. ciliaris selected S. ruetzleri during feeding
activities. Thus, our results do not suggest a general top-down
control of sponge assemblages but potential important species-
specific relationships.

In Caribbean reefs sponge assemblages have been found to be
primarily controlled by predatory reef fishes (Pawlik et al., 2013)
and by hawksbill turtles (Pawlik et al., 2018). The biodiversity
and abundance of spongivorous fishes and sponges in Caribbean

16 1 r16
= 14 4 F14
S 12 F12 2~
— h—a
7]
2 1o 10 g &
3 oy
84 -8 x
0] G =
2 6 te & 2
o 8) =
‘% 41 r4 2 o
< £
24 F2
04 - 0
Cardinal  Poste1 PedraAlva Mangueira Poste6 Poste 5 Ilmr%e Frades  Poste4  Inema
Reef sites
FIGURE 2 | Mean (+s.e.) sponge cover (black bars) and mean angelfish density (gray bars) of 10 reef sites in Todos os Santos Bay.
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reefs are considerably higher than in Southwestern Atlantic reefs
(Roberts et al., 2002; van Soest et al., 2012). High predator species
number and abundance could explain regional differences in
ecosystem processes (Hooper et al., 2005; Floeter et al., 2008). For
instance, biodiversity strongly influences ecosystem processes by
altering pathways of energy and material flows due to functions
performed by different groups of organisms at different systems
(Hooper et al., 2005).

Local stressors such as sedimentation, nutrient inputs and
overfishing also may contribute to reduce top-down effects
decreasing fish predator density or favoring growing of certain
sponges (Hughes, 1994; Roberts, 1995; Fabricius, 2005; Bell
et al,, 2015). High natural sedimentation rates intensified by
human activities, can affect benthic sessile groups like sponges
(Bell et al., 2015) and hermatypic corals (Fabricius, 2005).
Nevertheless, some sponges can tolerate it, and in some cases
thrive in turbid environments (Cerrano et al., 2007; de Voogd,
2012; Schonberg, 2015). The most abundant sponge species
in TSB, D. anchorata, presented two important characteristics.
First, it is able to incorporate free sediment particles that may
give structural reinforcement to their body (Hajdu et al., 2011;
Schonberg, 2016). Second, it can establish interactions with
several organisms, mainly growing over other organisms with
erect growth such the octocoral Carijoa riisei (Calcinai et al,
2004) and the branching coral Millepora alcicornis (McLean
and Yoshioka, 2008). In fact, we observed contact between D.
anchorata and M. alcicornis and M. cavernosa in the present
study, potentially allowing D. anchorata to avoid sediment
accumulation (McLean and Yoshioka, 2008; Schonberg, 2016).
Sediment-incorporation by the sponge can also reduce the
necessity of spicule formation (i.e., spiculogenesis) saving energy
that can be allocated to other biological demands such as
growth, reproduction and competition (Schonberg, 2016). In
addition, D. achorata morphology can also occur as a branching
form, avoiding sediment accumulation, with relatively high
growth rates, that may accelerate the recovery of predation and
competition damages (Wulff, 2006). These adaptations to high

sediment conditions (e.g., branching morphology, fast growth
rates and rapid regeneration) can explain the increased cover of
D. anchorata in TSB reefs. The hypothesis of superior competitive
abilities due to tolerance of natural and/or anthropogenic
sedimentation can also be important to explain higher abundance
of other sponge species. However, manipulative experiments
are necessary to understand the role of competition in shaping
sponge assemblages in T'SB.

The relative high sponge cover found in TSB may be
associated with availability of particulate food as picoplankton
(Lesser, 2006; Lesser and Slattery, 2013) and dissolved organic
carbon (DOC), both important resources used by sponges (de
Goeij et al., 2013; Poppell et al, 2014; Pawlik et al, 2015,
2018). Local aspects of TSB such as natural and anthropic
nutrient inputs and picoplankton availability may favor or
control sponge assemblages. However, studies that suggested
bottom-up control on sponge assemblages do not analyzed DOC
as available resource (Lesser, 2006; Lesser and Slattery, 2013),
not helping to sustain the argument (see review in Pawlik
et al,, 2015). Thus, in order to investigate what regulates sponge
assemblages, futures studies must also evaluate nutritional
aspects. From our results, considering the current status of
TSB (e.g., anthropogenic impacts), the bottom-up control
appears to have major influence on sponge assemblages in the
area.

We observed a large variability in the structure of sponges
and angelfishes between reefs. Unlikely these spatial differences
are only caused by natural variables. But, we believe that these
patterns are strongly influenced by multiple human activities
(e.g., fishing, sedimentation, effluents) which also change in
space and influence reef environmental quality in this bay
(e.g., Cruz et al, 2014). For instance, several coral reefs
in TSB have historically undergone anthropic impacts such
as contamination by organic and inorganic pollution from
domestic influxes and industrial effluents (e.g., Souza Santos
et al, 2000; Barros et al, 2012; Hatje and Barros, 2012).
High levels of nutrients can increase cover and abundance
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and mean angelfish (spongivorous) density (p = 0.05; p = 0.8).

(Muricy, 1989). C. venosa, frequently found in TSB, can
increase its abundance in sites with large organic contamination
while S. ruetzleri, with relatively lower abundances in TSB, was
suggested as sensible to organic pollution (Alcolado and Herrera,
1987).

A possible evidence that top-down control was operating
in TSB was that S. ruetzleri had negative relationship with
P. arcuatus abundance, showing a specific top-down control.
Surprisingly, our results of electivity index showed that S.
ruetzleri, previously considered chemically defended (Chanas
and Pawlik, 1996), was selected by both P. arcuatus and H.
ciliaris. The sponge D. anchorata was selected by all spongivorous
fish, probably due to intense use (i.e., high bite rates) and high
availability on coral reefs studied, being easily find by fish.

Marine fishes have been affected by many anthropogenic
stressors such as overfishing and pollution (Pauly et al., 2002;
Pereira et al., 2014) which can cause a decline on species richness
and abundance (e.g., McKinley and Johnston, 2010). Overfishing
is generally regarded as the major human activity impacting
fish assemblages. In Brazil, several studies suggested that a large
number of edible and ornamental fish, have been exploited,
leaving significant changes in structure of fish assemblages (Costa
et al., 2003; Gasparini et al,, 2005; Floeter et al., 2006). For
instance, angelfishes (Pomacanthus and Holacanthus genus) are
often target of ornamental fishing in Brazil (Gasparini et al.,
2005) and there are regulations for exploitation (Sampaio and
Nottingham, 2008), however, the enforcement of such laws are
usually not efficient.

Overfishing on Caribbean coral reefs increases the
incidence of sponge-coral interactions, especially with sponges
overgrowing corals (Loh et al, 2015), but we did not find
a significant correlation between the number of encounters
of sponge-coral and spongivorous fish density. Generally,
D. anchorata was frequently observed in contact with corals
(especially with M. cavernosa) in TSB. This sponge showed
highest relative frequency of contact with corals also in
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Caribbean coral reefs, frequently overgrowing corals (Aerts and
Van Soest, 1997).

The depletion of consumer fishes by overfishing may
indirectly result in elevate prey abundance modifying the
ecosystem structure and function according to trophic cascade
theory (Pinnegar et al., 2000; Dulvy et al., 2004). Therefore, the
top-down control of spongivory on sponge assemblages could
also be weak on coral reefs at other Southwestern Atlantic reef
sites. In TSB, coral reefs are under intense ornamental fishing
and trade (Sampaio, 2006) and combined with organic matter
influxes and other factors can result in dominances of non-reef
build groups, as sponges (McClanahan et al., 2002; Maliao et al,,
2008; Cruz et al., 2014). Furthermore, there is an urgent need to
carefully evaluate regulations of fishing and implementation of
management plans for TSB, as in many parts of the world.

The interactions between fishes and sponges and indirect
effects on hermatypic corals could be a suitable model to
evaluate coral reef integrity and functioning. We believe that
the inclusion of fish-sponge-coral interactions to coral reef
monitoring protocols will bring important insights of coral reef
functioning and will allow the detection of annual or decadal
changes. Nevertheless, ongoing coral reef monitoring programs
are essential but will be of little use if the data are not available
to support management actions and support investigations of
different reef processes.
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