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Abstract Increasing abundance of arborescent octocorals

(often referred to as gorgonians) on Caribbean reefs raises

the question of whether habitat structure provided by

octocorals can mediate a transition between coral- and

algal- dominated states by increasing fish abundance and

herbivory. This study tested the hypotheses that feeding

rates and densities of demersal reef fishes are affected by

the habitat structure provided by dense octocoral commu-

nities. Surveys of fishes on coral reefs in St John, US

Virgin Islands, found 1.7-fold higher densities, and 2.4-fold

higher feeding rates within versus outside of dense octo-

coral canopies. This difference, however, was only seen at

sites with octocoral densities[ 8 colonies m-2. Furthe-

more, the proximity of octocoral colonies to fish had an

effect on the grazing rate of key herbivores (surgeonfishes

and parrotfishes), with a 53% higher feeding rate

(1.90 ± 0.11 bites min-1 m-2) near octocorals (\ 20 or

30 cm, depending on the site) versus farther from them

(1.24 ± 0.09 bites min-1 m-2). Finally, within the canopy

of dense octocoral communities (17 colonies m-2), reef

fishes fed at a rate that was 2.2-fold higher within the

community than at the edge of the community that faced an

adjacent sand patch. Fish abundance, however, was not

uniformly higher within versus at the edge of the octocoral

community, as ecotone specialists such as gobiids, blen-

nioids, ostraciids, holocentrids, labrids, and pomacentrids

were 1.3—2.3 times more abundant at the edge. In contrast,

other taxa of demersal fishes, notably herbivores, were

twice as abundant within octocoral communities than at the

edges. Together, these results reveal an association

between habitat structure created by octocorals on shallow

reefs and increased feeding rates of demersal fishes (in-

cluding those of herbivores). The potential of octocorals to

increase herbivory that could mediate stony coral recovery

is therefore worthy of further study.
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Introduction

Arborescent benthic organisms (sensu Jackson 1979) such

as corals are among the most effective of ecosystem

engineers (sensu Jones et al. 1994) due to the large size and

great quantity of the physical habitat structure they

potentially can provide. Habitat structure affects the

behavior of fishes on coral reefs as it provides refuges from

predators, and habitats where suitable refuges for fish are

present, often have higher fish abundance than relatively

barren habitats (Hixon and Beets 1989). Shelter from

predators can be provided to reef fishes by a variety of rigid

physical structures (Dahlgren and Eggleston 2000; Pollux

et al. 2007), which create cavities and spaces among coral

branches (Holbrook et al. 2000, 2002; Holbrook and Sch-

mitt 2002; Coni et al. 2013), within crevices in the reef

matrix, and among rocks or boulders of igneous and bio-

genic origins.
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In addition to hard structures, soft, three-dimensional

structure provided by ecosystem engineers such as sea-

grass, kelp, and octocorals can also provide protection to

fish by reducing the chance of visual detection by predators

(e.g., Dahlgren and Eggleston 2000; Anderson 2001a;

Walter and Haynes 2006; Pollux et al. 2007). While pro-

viding reduced physical protection to organisms that

associate with them, these ecosystem engineers can nev-

ertheless hide fish behind their swaying branches, thus

facilitating their camouflage, which is an important sur-

vival strategy among reef-associated fishes (Randall and

Randall 1960; Endler 1981). In this way, benthic organisms

providing soft structure can ultimately fulfill a similar role

for fishes as that provided by rigid physical shelter (i.e.,

protection from predation).

Octocorals (often referred to as gorgonians) are one such

taxon of ecosystem engineers that can provide soft physical

structure. Analogous to terrestrial forests, where the above

ground portion of plant communities creates a structurally

complex canopy, communities of arborescent octocorals

(hereafter, ‘‘octocorals’’) provide a canopy, which serves as

habitat to associated organisms (Parrish et al. 2002; Car-

valho et al. 2014), and can be found across a variety of

depths and latitudes. For example, octocoral canopies can

provide habitat to demersal fishes, as evidenced by fisheries

expanding into octocoral habitat (Wolff et al. 1999)

referred to as ‘‘gorgonian plains’’ (sensu Mumby 2016).

Given that octocorals have become more common over the

last decades on at least some shallow reefs in the Caribbean

(Ruzicka et al. 2013; Tsounis and Edmunds 2017; Tsounis

et al. 2018; Johnson and Hallock 2020), the question arises

of how these octocoral communities affect ecological

processes. Here we focus on the effects of habitat structure

created by octocorals on the abundance and feeding rates of

fishes, with an emphasis on herbivorous fishes because of

their role in determining benthic community structure

(Adam et al. 2015).

On tropical coral reefs, herbivory can structure shallow

benthic communities, as it affects the relative abundance of

coral and macroalgae (Aronson and Precht 2000). Her-

bivory by fishes can play a key role in regime shifts

between coral- and macroalgal-dominated phase states

(Mumby 2006; Hughes et al. 2007; Adam et al. 2015;

Plass-Johnson et al. 2015). This has become dramatically

evident when overfishing of large herbivorous fishes

reduced the resilience of Jamaican reefs against the impact

of hurricane Allen in 1980, thus contributing to the sub-

sequent phase shift toward an algal-dominated state

(Hughes 1994). Furthermore, reefs with low stony coral

cover offer less shelter for fish, and thus insufficient her-

bivorous control of macroalgal cover (Williams et al.

2001). Therefore, in light of decreasing stony coral cover

(‘‘reef flattening’’, sensu Newman et al. 2015) and

increasing abundance of octocorals on Caribbean reefs, the

potential influence of octocorals on top-down control by

herbivores on macroalgae emerges as a timely question

with relevance to conservation and restoration.

The potential role of the habitat created by dense octo-

coral canopies in mediating ecological processes on Car-

ibbean reefs motivated our field research to test three

hypotheses. (1) Fish abundance and their feeding rates are

higher within the canopy of dense octocoral communities

than outside, as a result of octocorals providing visual

cover. (2) Individual fish feed more intensely near octo-

coral colonies than away from them, because they are safer

due to visual cover. And (3) the abundance of fishes and

their feeding rates are higher within dense octocoral com-

munities than at their edge, due to a preference for

microhabitats that are safer from visually guided predators.

Together, these hypotheses elucidate the role of thriving

octocoral communities on fish feeding rates, which could

mediate competition between macroalgae and scleractinian

corals.

Materials and methods

Study area

Surveys were conducted in St John, US Virgin Islands, in

February and March 2016. Octocoral communities are

common on hard substrata in shallow water in St. John

(Edmunds et al. 2015) and abundance of reef fishes is high

(Monaco et al. 2007). Building on our previous studies on

the environmental impact of octocoral community structure

(Tsounis and Edmunds 2017; Tsounis et al. 2018), the

present study was conducted at East Cabritte, Europa Bay,

and East Tektite, within the Virgin Islands National Park,

along the south shore of St. John (Fig. 1). At these sites, the

fringing reefs at 5–9 m depth are populated by diverse

octocoral communities growing on igneous rock and bio-

genic reef substrata (Tsounis et al. 2018). These sites differ

from nearby sites in slightly deeper water that historically

have been dominated by Orbicella annularis, and in one

case (Tektite) remain dominated by this species (Edmunds

2015). Europa Bay is close to a ‘‘gorgonian plain’’ sensu

Mumby (2016), while East Cabritte is a fringing reef that is

exposed to prevailing waves (Tsounis et al. 2018). East

Tektite is the most sheltered site and the horizontal hard

substratum in this location is partially and ephemerally

covered by sand that limits colonization by benthic

organisms.
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Study design

Because our study was conducted in a national park where

manipulative experiments are not encouraged, a mensura-

tive approach was taken to explore the influence of octo-

corals on reef fishes. Fish abundances and behavior were

quantified at sites differing in population densities of

octocorals. Since octocoral communities are spatially

heterogeneous on a scale of 1000s of meters along the south

coast of St. John (Edmunds et al. 2015; Tsounis et al.

2018), sites (and locations within sites) of contrasting

octocoral density were censused to test for associations

between octocoral density and densities of herbivorous

fishes, and between octocoral density and the feeding rate

of fishes with which they are associated. Surveys were

conducted at the three aforementioned sites (Fig. 1), which

provided a range of octocoral densities, enabling a broader

view of the potential impacts of octocorals on fishes. The

hypotheses were tested through a three-tiered approach.

Effects of the octocoral canopy on fish abundance

and feeding rate

The objective of this hypothesis was to test for variation in

the rate of fish foraging and fish abundance within, versus

outside of dense octocoral canopies. Our sampling regime

was designed to quantify these factors in a manner that

reduced the likelihood that the observation procedure

would affect the behavior of the fishes. Some of the fea-

tures (octocoral density and colony height) defining these

habitats were quantified in 2015 (Tsounis et al. 2018), and

we assumed these did not differ between 2015 and when

surveys of fishes were conducted in 2016, at least not in

biologically meaningful ways relative to the hypotheses we

wished to test. In order to provide a broader characteriza-

tion the habitat, other features of the benthos were mea-

sured using quadrats (1 9 2 m) that were surveyed for fish

foraging behavior. Each of these quadrats was censused for

the number of scleractinian corals, octocorals, and demo-

spongia (pooled among species within each broad taxon).

Scleractinians were counted regardless of colony size, and

a colony was defined by an autonomous area of tissue.

Colonies of octocorals[ 5 cm tall were counted if their

18° 19.002’

64° 43.453’

1 km

300 m

East Cabritte

Europa Bay

Great Lameshur Bay
Little Lameshur Bay

Boundary of VI National Park North

East Tektite

Fig. 1 Map of study areas on

the south shore of St John, US

Virgin Islands
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holdfasts were in the quadrat, and demospongia were

counted based on the presence of discrete areas of biomass

that were unconnected to other sponges.

The key contrast used to test our hypothesis was the

distinction between locations categorized as within vs

outside octocoral canopies, which we based on the pres-

ence or absence of tall octocorals. Arborescent octocorals

are often the most conspicuous biogenic features on the

shallow reefs of St. John, with adult colonies of many

species taller than other topographic features created by

stony corals, sponges, and igneous rocks (Tsounis et al.

2018). Locations within each of the three sites were defined

as ‘‘within canopy’’ if at least two large octocoral colonies

were present in the quadrat. Where this criterion was not

met, the area was categorized as ‘‘outside of canopy’’.

‘‘Large colonies’’ were defined by the estimated mean

height of arborescent octocorals at each site, and thus

differed among sites. Large colonies were[ 20 cm tall at

Europa Bay and East Tektite, and[ 30 cm tall at East

Cabritte. This definition of ‘‘within canopy’’ and ‘‘outside

of canopy’’ was used because octocorals were so prevalent

at our study sites that finding large areas on comparable

substrata (i.e., hard surfaces at the same depth and same

exposure to waves) without octocorals was not possible.

Hard substrata at East Cabritte and Europa Bay were

densely populated by octocorals, but colonies were patchily

distributed. Sand patches with no octocorals were not

sampled to avoid confounding effects of octocorals with

effects of physical substratum. The surveyed hard substrata

appeared to have fairly uniformly cover of macroalgae and

turf, so that the availability of food resource to fishes was

unlikely to influence the results. At East Tektite, arbores-

cent octocorals tended to form small patches on exposed

hard substrata within surrounding areas covered with sand

and lacking octocorals. Furthermore, while macroalgae

cover was not quantified, they were present in all quadrats

(at an estimate cover of[ 70% for turf and macroalgae

combined). The criteria defining octocoral canopies were

refined based on observations of how visual detection of

fish within octocoral canopies is impacted by the rela-

tionship between octocoral size and observer position

above the canopy. The outcome of these observations led

us to hypothesize that octocoral communities with colo-

nies C 20 cm in height at densities allowing nearest

neighbor distances approximately equal to their height, to

effectively hide small demersal reef fishes (Fig. 2). Online

Appendix 1 characterizes how habitat features differ

between areas classified as within vs outside of octocoral.

Point census surveys (Thresher 1986) in 1 9 2 m

quadrats placed within canopies and outside of canopies

were used to quantify the abundances of fishes by family,

and in these quadrats the foraging rates of fishes were

estimated from the rate at which they took bites from

benthic surfaces. An L-shaped PVC frame (1 9 2 m,

hereafter referred to as ‘‘quadrat’’) was placed haphazardly

on the reef at each site, and then the observer retreated

5–7 m away and let 2–3 min pass to allow fishes to

acclimate to the presence of the PVC frame. This interval

was chosen based on preliminary surveys in which fish

approached and fed within the quadrat within 2 min of its

placement on the reef. All fish within 1 m of the bottom

were counted (i.e., not within the entire water column

above the quadrat). Quadrats were categorized as either

within versus outside of the octocoral canopy, as described

above, after being placed. Each quadrat was observed for

5 min, during which the total number of bites on benthic

surfaces by fishes (pooled among taxa) was counted.

Quadrats in which fish reacted to the presence of the

observer, for example, by seeking refuge in response to the

diver, were excluded from the analyses.

Fish abundance was defined as the number of fish (by

family) within the quadrat and not above the octocoral

canopy during the last minute of each observation period,

with this approach avoiding overestimating fish abun-

dances (Ward-Paige et al. 2010). If the same fish entered

the quadrat repeatedly they were scored as one individual.

The abundance of fishes was quantified by taxon, mainly at

the family level: Chaetodontidae, Ostracidae, Synodonti-

dae, Carangidae, non-parrotfish labrids (Labridae), parrot-

fishes (Labridae, former Scaridae), Scorpanidae,

Acanthuridae, Lutjanidae, Aulostomidae, Monacanthidae,

Pomacanthidae, Pomacentridae. Another category included

all blennioids and gobiids, and a final category included all

other fishes (which were\ 3-cm long and could not easily

be identified). Since some groups (especially Pomacanthi-

dae, Pomacentridae, and Blennioidei/Gobiidae) contained

both herbivores and carnivores, we could not evaluate

herbivores and carnivores separately.

To test for differences in fish abundance and foraging

rates within versus outside the canopy and among study

sites, two-way fixed effects univariate PERMANOVA was

used. This non-parametric approach was used instead of

parametric analysis of variance (ANOVA) because the data

were not normally distributed due to an abundance of

quadrats in which fishes were absent. Data were square root

transformed to ensure they met the homogeneity of vari-

ance/dispersion assumption (p[ 0.05), to which PER-

MANOVA is sensitive (Anderson and Walsh 2013). These

and all other PERMANOVA analyses were conducted in

PRIMER v7 with PERMANOVA ? and the permutational

P values were based on 9999 permutations of the data. All

univariate PERMANOVA analyses used a Euclidean dis-

tance matrix (Anderson 2001b).

To explore association of benthic habitat features with

fish assemblage and feeding rate, multivariate analyses

were performed using PRIMER v7. These analyses tested
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for association between multivariate benthic features and

multivariate fish abundance in a permutational framework.

Prior to computing resemblance matrices based on Bray–

Curtis dissimilarity indices, data were square-root trans-

formed and a dummy variable (1) was added. The resem-

blance matrix describing benthic features included the

density of octocorals (colonies m-2), scleractinians (colo-

nies m-2), and sponges (individuals m-2). Statistical sig-

nificance of the separation was tested using a two-way

PERMANOVA in which sites and canopy categories were

fixed effects. A similarity percentage analysis (SIMPER,

Clarke 1993) was performed to evaluate the contribution of

each substratum category to the dissimilarity in multi-

variate communities between the canopy categories

(pooled). Two-dimensional ordination by NMDS was used

to illustrate separation among sites and canopy categories

of benthic features defined by the three variables using the

Vegan package for R.

A second resemblance matrix summarized the abun-

dance of fishes by family, and it was prepared using the

same methods as described above. It was used to illustrate

separation of the multivariate fish abundances by family

into the canopy categories using NMDS, and to test for

differences between canopy categories and sites using

PERMANOVA. SIMPER was used to determine the con-

tribution of individual fish species to the dissimilarity

between canopy categories. The role of benthic community

structure in determining the rate of fish foraging (Hy-

pothesis 1) was explored using multiple linear regression to

test the effects of density of octocorals, scleractinians and

sponges on bites rate (pooled among fish taxa), using

quadrats as statistical replicates.

Effects of proximity to octocorals on feeding

by herbivorous fishes

A ‘‘focal individual’’ sampling technique (sensu Altman

1974) was used to quantify the bite rate of individual

herbivorous fishes as a function of proximity to octocoral

colonies. In this approach, the behavior of a haphazardly

selected focal fish (belonging to one of two important and

abundant groups, surgeonfishes and parrotfishes) was

recorded until either it was lost from view or the obser-

vation period ended (5 min duration). During the obser-

vation period, the number of bites on benthic surfaces by

the focal fish was counted and summed by location relative

to the nearest octocoral colony of at least average size at

each site ([ 19.5 cm at Europa Bay and East Tek-

tite;[ 31.8 cm at East Cabritte, hereafter referred to as

‘‘large’’ colonies). Sizes of colonies were estimated by eye.

Proximity to the nearest octocoral colony was categorically

distinguished as ‘‘close’’ or ‘‘far’’ based on distances esti-

mated by eye to the nearest 0.1 m, with these categories

determined by the average colony height for the site (i.e.,

close was within * 20 cm at Europa Bay and East Tektite;

and * 32 cm at East Cabritte). Consequently, distances

between fish and large octocorals were considered far if

they were[ 20 cm at Europa Bay and East Tektite;

and[ 32 cm at East Cabritte. This categorization of

proximity of the focal fish to the nearest octocoral colony

does not apply the definition of canopy, and was instead

based on the assumption that fish near the seafloor would

be obscured from view of fish predators in the water above

the octocoral canopy as a function of their proximity to

octocoral colonies and the height of the colony (Fig. 2). To

fish predators looking down at a viewing angle of\ 45� to

Fig. 2 Diagram illustrating the relationship between the height of

octocoral colonies and the capacity of predatory fish (X) that hunt

through visual identification of prey to locate prey among octocoral

colonies. Based on the visual angle of fish predators above the

canopy, prey items have a potential refuge behind the colonies, the

size of which is a function of their height. The density of the octocoral

community determines the proportion of areas serving as effective

shelter (marked as shaded area ‘‘2’’), and areas where fish are visible a

45� angle or steeper (area 1)

Coral Reefs (2020) 39:1299–1311 1303

123



the horizontal, potential fish prey in an octocoral commu-

nity would be obscured when they are 20–30 cm from an

octocoral colony of 20–30 cm height. Such prey should

only be visible from a viewing angle of[ 45�, or when the

predator is close enough to the prey that no octocoral is

blocking its view. Because the data did not meet the

assumption of normality (with or without transformation)

univariate PERMANOVA on square-root transformed data

was used to test the effects of site and proximity to octo-

coral colonies as fixed factors, and fish individual as a

random factor (included because each individual had a bite

rate measured both close and far from large octocorals).

Fish abundance and feeding within the octocoral

canopy versus at its edge

If fish seek octocoral canopies for visual shelter, then the

edge of the canopy should be a location less frequently

selected by fishes compared to within the canopy. This test

was made possible by the spatial configuration of octocoral

communities at Europa Bay and East Cabritte, both of

which were[ 10 m wide, and characterized by a well-

defined seaward edge adjacent to sand at 11-m depth. Our

third site, East Tektite could not be used to test this

hypothesis because there were no well-defined edges to the

octocoral communities.

We conducted point census surveys to quantify fish

abundance and feeding rates within octocoral communities

and at their edges. We expected that fishes at the edges of

octocoral communities would forage less frequently than

those within octocoral communities, because at the edges

they would be exposed to higher risk of predation. Preda-

tors (serranids, sphyraenids, and lutjanids) were observed

roaming the study sites. Serranids were quantified if pre-

sent on the quadrats, but other piscivores (e.g., sphyraenids

and lutjanids) were too sparse to be quantified reliably with

our sample size. To compare demersal fish feeding

behavior within octocoral communities versus at the edges

of these communities, locations ‘‘within’’ octocoral com-

munities were defined as[ 5 m from the edge. Abundance

and feeding rate of demersal fishes (Ostraciidae, Mullidae,

Holocentridae, non-parrotfish Labridae, Chaetodontidae,

Tetraodontidae, Serranidae, Acanthuridae, parrotfishes,

Pomacentidae, Blennioid/Gobiidae) were compared

between these two locations using point census quadrats as

described above to test hypothesis 1. Two-way fixed effects

PERMANOVA in PRIMER v7 was used on square-root

transformed data to test whether the multivariate fish

assemblage differed in abundance relative to the canopy

(within vs at the edge), as well as between sites. Addi-

tionally, two univariate PERMANOVAs using Euclidean

distance matrices were used to test differences in overall

feeding rate and total fish abundance (all families pooled).

Results

Overview

Most fish in the survey areas belonged to families char-

acterized by small (\* 30 cm long) demersal species.

The best represented taxa were non-parrotfish wrasses

(Labridae) and surgeonfish (Acanthuridae), although dam-

selfish (Pomacentridae), parrotfish (Labridae), and angel-

fish (Pomacanthidae) were also common (Table 2).

Overall, mean (± SE) fish abundance at each site (aver-

aging between inside and outside the canopy) was

2.3 ± 0.4 individuals m-2 (n = 35) at Europa Bay,

1.1 ± 0.2 individuals m-2 (n = 34) at East Cabritte, and

0.5 ± 0.1 individuals m-2 (n = 36) at East Tektite.

Effects of the octocoral canopy on fish abundance

and feeding rate

Overall feeding rate (total bites per minute by all fishes)

was higher inside octocoral canopies than outside of them

(pseudo-F1,99 = 7.44, Pperm = 0.006), and differed among

sites (pseudo-F2,99 = 4.37, Pperm = 0.013), but there was no

interaction between the two (pseudo-F2,99 = 1.15, Pperm-

= 0.316). Overall mean (± SE) feeding rate at Europa Bay

was 2.41 ± 0.63 bites m-2 min-1 (inside the canopy)

versus 0.95 ± 0.43 bites m-2 min-1 (outside the canopy),

and at East Cabritte 1.73 ± 0.84 bites m-2 min-1 (inside

the canopy) versus 0.47 ± 0.11 bites m-2 min-1 (outside

the canopy) (average ± SE; n = 93). At East Tektite mean

feeding rate was lower than at the other two sites and was

similar inside vs. outside the canopy, amounting to

0.50 ± 0.17 bites m-2 min-1 inside the canopy, and

0.52 ± 0.32 bites m-2 min-1 outside the canopy (Tables 1,

2; Fig. 3a).

Fish abundance varied among sites and canopy cate-

gories in a pattern similar to that of feeding rate. Fish

abundance was higher inside the octocoral canopy than

outside (pseudo-F1,99 = 5.5, Pperm\ 0.023) (Fig. 3b), and

differed among sites (pseudo-F2,99 = 10.6, Pperm\ 0.001),

but there was no interaction between the two (pseudo-

F2,99 = 1.9, Pperm = 0.165). At East Tektite, fish abun-

dances inside the canopy were lower than at the other sites,

and were also similar inside the canopy (0.41 ± 0.12

individuals m-2 min-1) and outside the canopy

(0.53 ± 0.23 individuals m-2 min-1) (Table 1). Multi-

variate fish community structure statistically differed

between canopy categories (pseudo-F1,99 = 2.6, Pperm-

= 0.047), despite broad overlap between the canopy cat-

egories in NMDS ordination (online Appendix 2).

Multivariate fish community structure also differed among

study sites (pseudo-F1,99 = 5.2, Pperm = 0.003), with no
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interaction between canopy categories and sites (pseudo-

F1,99 = 1.3, Pperm = 0.246).

Effects of proximity to octocorals on rate of feeding

by herbivorous fishes

Among the 89 fish that were observed for 1–5 min at the

three sites, 66 were surgeonfishes (Acanthuridae), and 23

parrofishes (Labridae). These fishes all roamed through the

study area and grazed on benthic algae both close to and far

from octocorals. Feeding rate (both families combined)

was 1.56-fold higher close to octocoral colonies (i.e.,

within\ 20 cm at Europa Bay and East Tektite, and\
30 cm at East Cabritte), with mean (± SE) feeding rates

of 1.7 ± 0.25 to 2.0 ± 0.15 bites min-1 m-2 close to

octocorals, and 1.1 ± 0.20 to 1.4 ± 0.13 bites min-1 m-2

far from octocorals (Fig. 4). These differences in feeding

rate were statistically significant (pseudo-F1,86 = 13.9,

Pperm = 0.001), and there were also differences among sites

(pseudo-F2,86 = 5.7, Pperm = 0.004), but no interaction

between the two (pseudo-F2,86 = 0.1, Pperm = 0.98).

Overall, 60.8 ± 2.4% of feeding occurred near octocorals.

Table 1 Overview of community structure and feeding rate at the three sites, quadrats placed in areas with[ 2 octocorals[ 20–30 cm tall, and

areas without (‘‘within canopy’’)

Site Scleractinian abundance

(col. m-2)

Octocoral abundance

(col. m-2)

Sponge abundance

(individuals. m-2)

Feeding rate (bites

min-1 m-2)

Fish abundance

(Indiv. m-2)

Within canopy

Europa Bay 1.79 ± 0.25 4.74 ± 0.40 0.68 ± 0.13 2.41 ± 0.63 2.81 ± 0.53

East Cabritte 3.42 ± 0.32 9.75 ± 0.45 0.53 ± 0.13 1.73 ± 0.84 1.47 ± 0.41

East Tektite 2.88 ± 0.45 3.88 ± 0.41 2.50 ± 0.28 0.50 ± 0.17 0.41 ± 0.12

Outside of canopy

Europa Bay 1.75 ± 0.30 1.61 ± 0.40 0.46 ± 0.17 0.95 ± 0.43 1.54 ± 0.65

East Cabritte 2.34 ± 0.42 4.88 ± 0.46 0.25 ± 0.09 0.47 ± 0.11 0.75 ± 0.14

East Tektite 1.42 ± 0.30 0.42 ± 0.14 1.05 ± 0.27 0.52 ± 0.32 0.53 ± 0.23

All data are based on n = 35 quadrats (Europa), 34 (East Cabritte), 36 East Tektite). Abundance and feeding rate are reported as mean ± SE

Table 2 Fish abundance individuals m-2 (mean ± SE) counted in 1 9 2 m quadrats at EUROPA BAY (n = 35), EAST TEKTITE (n = 36),

and EAST CABRITTE (n = 34) Sources: 1 (Green et al. 2015), 2 (Kramer and Chapman 1999), 3 (Jones 2007); 4 (personal observations)

Fish by family Europa bay East tektite East cabritte Home range size*

Angelfish (Pomacanthidae) 0.143 ± 0.053 0.028 ± 0.019 0.044 ± 0.025 Limited (2)

Butterflyfish (Chaetodontidae) 0.014 ± 0.014 0.014 ± 0.014 0 Moderate (1,2)

Blennioide/Gobiidae 0.014 ± 0.014 0.028 ± 0.028 0 Limited (1,2,4)

Boxfish (Ostraciidae) 0.171 ± 0.041 0 0.074 ± 0.031 Moderate (4)

Damselfish (Pomacentridae) 0.071 ± 0.036 0.028 ± 0.028 0.147 ± 0.050 Moderate (1,2)

Groupers (Serranidae) 0.014 ± 0.014 0.014 ± 0.014 0.029 ± 0.020 Moderate—Large (1,2)

Jacks (Carangidae) 0.014 ± 0.014 0 0.015 ± 0.015 Large (1,4)

Parrotfish (Scaridae) 0.029 ± 0.020 0.014 ± 0.014 0.015 ± 0.015 Moderate (1,2)

Scorpionfish (Scorpaenidae) 0 0 0.029 ± 0.029 Moderate (4)

Surgeonfish (Acanthuridae) 0.400 ± 0.098 0.208 ± 0.085 0.162 ± 0.046 Moderate (1,2)

Snappers (Lutjanidae) 0 0 0.015 ± 0.015 Moderate—Large (1,2)

Squirrelfish (Holocentridae) 0.043 ± 0.032 0 0 Moderate (2)

Trumpetfish (Aulostomidae) 0 0 0.029 ± 0.020 Moderate (4)

Wrasses (Labridae) 1.171 ± 0.274 0.125 ± 0.050 0.559 ± 0.179 Limited—Moderate (1,2,3)

Other fish 0.214 ± 0.133 0.014 ± 0.014 0.015 ± 0.015

Total 2.300 ± 0.417 0.472 ± 0.132 1.132 ± 0.232

Survey quadrats (sized 1 9 2 m) are pooled between inside and outside canopy categories. *Home range size: Limited\ 10 m, Moderate 10s to

100s m, Large[ 1000 m. Numbers in brackets indicate resources in footnote
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Fish abundance and feeding within the octocoral

canopy vs at its edge

Overall feeding rate (all fish taxa pooled) was higher in

quadrats within versus at the edge of octocoral communi-

ties (pseudo-F1,96 = 8.3, Pperm\ 0.008), but did not differ

between Europa Bay and East Cabritte (F1,96 = 0.1,

Pperm = 0.859), with no interaction between the two

(F1,96 = 0.02, Pperm = 0.890) (Europa Bay, n = 52; East

Cabritte, n = 47) (Fig. 5). The feeding rate within canopies

was 2.40 ± 0.38 bites min-1 m-2 versus 1.09 ± 0.26 bites

min-1 m-2 at the edge of canopies (within and edge,

n = 50).

Overall fish abundance (pooled among taxa) displayed

the opposite trend as feeding rate, with fewer fish within

canopies (2.54 ± 0.28 fish m-2) versus at the edge of

canopies (3.72 ± 0.21 fish m-2) (pseudo-F1,96 = 8.3,

Pperm = 0.006). Fish abundance did not differ between the

two sites (pseudo-F1,96 = 0.1, Pperm = 0.763), with no

significant interaction between ‘‘canopy’’ and ‘‘site’’

(pseudo-F1,96 = 0.02, Pperm = 0.896). The higher density

of fishes at the edge of octocoral community vs. inside

them was driven by gobiids, blennioids, ostraciids, holo-

centrids, carnivorous labrids, and pomacentrids, which

were 1.3–2.3 times more abundant at the edge of octocoral

community than within the canopy. In contrast, some other

taxa of fishes, notably the herbivorous parrotfishes and

surgeonfishes were twice as abundant within the octocoral

canopy than at the edge (Table 3). The multivariate fish

assemblage differed between the canopy edge and within

the canopy (pseudo-F1,96 = 3.1, Pperm = 0.010) and

between sites (pseudo-F1,96 = 7.2, Pperm\ 0.001), with no
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observed fish = 24 (East Cabritte), 61 (Europa Bay), 19 (East Tektite)
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interaction between the two (pseudo-F1,96 = 1.7,

Pperm = 0.148).

Discussion

Our study was motivated by environmental changes over

recent decades that have resulted in modifications to the

community structure of present day Caribbean coral reefs

(Hughes 1994; Jackson et al. 2014). While these changes

are best known in the benthic realm for changes that have

favored macroalgae over scleractinians (Pandolfi et al.

2005), on some reefs they have favored octocorals (gor-

gonians) relative to scleractinians (Ruzicka et al. 2013;

Tsounis and Edmunds 2017). Our mensurative approach

reveals that many reef fishes associate with octocorals, and

highlights their higher feeding rates near octocoral

colonies.

Effects of the octocoral canopy on fish abundance

and feeding rate.

Overall our study showed that fish abundance and foraging

rates were higher inside octocoral canopies than outside of

them, but this pattern was absent at East Tektite where fish

abundances, and feeding rates were lower than at the other

two sites. In fact, the feeding rates of fishes inside canopies

at East Tektite were similar to the rates recorded outside of

canopies at the other two sites, suggesting that the lack of a

continuous canopy and low densities of octocorals at East

Tektite (i.e., 3.3 colonies m-2) compared to the other two

sites (i.e., 16.8 and 8.2 colonies m-2) may not provide a

canopy effect for demersal fishes. Densities of octocorals in

areas categorized as ‘‘inside canopies’’ at East Tektite were

equivalent to the densities recorded in areas of reef cate-

gorized as outside canopies at the other two sites. This

finding suggests that there may be a threshold density of

octocorals necessary to attract fish and facilitate their for-

aging. Differences in octocoral height, rather than their

density, seem unlikely to explain this pattern given that

mean octocoral height was similar at East Tektite and

Europa Bay. A threshold octocoral density for a canopy

effect (i.e., effective in shielding small demersal fishes

from predators) between 3.3–8.2 colonies m-2 would

imply a degree of resistance of the canopy effect to dis-

turbance by hurricanes, as octocoral communities in St.

John were found to maintain such densities after hurricanes

between 1987 and 2013 (Tsounis and Edmunds 2017;

Tsounis et al. 2018). Furthermore, the present data suggest

that octocorals may now be providing at least some envi-

ronmental services (i.e., habitat provisioning for demersal

fishes) that have been lost on Caribbean reefs due to

region-wide decline of architectural complexity (sensu

Alvarez-Filip et al. 2009) attributed to the decline in

abundance of scleractinian corals.

The highest fish abundances and feeding intensities were

recorded at Europa Bay, where the octocoral canopy had a

lower mean height than at East Cabritte, suggesting there

may be an optimum canopy height with respect to canopy

effects on fishes, or that fish behavior was driven by other

habitat features. The benthic community at our sites

included not only octocorals, but also sponges and scler-

actinians, which provide physical habitat structure. How-

ever, the biggest contributor to differences between our

octocoral canopy categories was octocoral height and

abundance. The abundance and type of fish predators pre-

sent can also influence fish behavior, including the time

that herbivores spend grazing (Heithaus et al. 2008; Rizzari

et al. 2014). Large predators such as barracudas were

regularly observed in open water at East Cabritte, but

rarely at Europa Bay (G. Tsounis, pers. obs.). Hydrody-

namic conditions such as exposure to weather may also

affect habitat preferences of fishes (Fulton and Bellwood

2005), and higher abundance in Europa is consistent with

East Cabritte being more exposed to weather (Tsounis et al.

2018). Benthic rugosity on the scale of decimeters to

meters can create physical habitat structure, potentially

affecting site preferences similarly to benthic invertebrates.
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Small-scale substratum rugosity quantified at the decimeter

scale did not differ between East Cabritte and Europa Bay

(Tsounis et al. 2018). However, differences at larger scale

(meter-scale) have not been quantified in the study areas,

so that dissimilar fish abundance and behavior between

sites cannot be fully explained by rugosity with our present

data set. The quadrat size (1 9 2 m) furthermore appears

to be smaller than the home range sizes of the observed

fishes, and thus to not bias the results. Although the exact

sizes of the home ranges for all the species encountered are

not known, they are likely on the meter-scale for blennioids

and gobiids, and on the scale of 10’ s or 100’ s of meters

for most other demersal fish (Tables 2, 3). Overall, higher

fish abundance in complex habitat structure is consistent

with other studies (Holbrook et al. 2002; Walter and

Haynes 2006; Huntington et al. 2017).

Effects of proximity to octocorals on rate of feeding

by herbivorous fishes

Based on focal individual sampling (sensu Altman 1974),

individual fish foraged 1.4–1.8-fold faster near octocorals.

This finding suggests that fish use the octocoral canopy as

visual cover against roving predators, and thus spend more

time foraging and less time on being vigilant to the pres-

ence of potential predators. Visual cover relies on visual

confusion in a similar way as group living (shoaling in

open water fish), reducing hunting success of predators and

consequently the per capita predation risk of prey (Krause

and Godin 1995). Analogous to predation risk decreasing

with prey group size (Pitcher and Parrish 1993), it is likely

that predation risk in demersal fishes decreases with

increasing octocoral density and patch sizes, as in both

examples, individual fish being visually obscured reduces

their risk of predation. The octocoral communities at our

two sites with dense canopies probably provided effective

visual cover from most viewing positions from which

predators would stage their attacks (Fig. 2). Non-visual

hunting predators (e.g., using electroreception or

chemoreception) would not be affected by this visual

obstruction of prey by octocorals, but such predators (e.g.,

sharks and moray eels) were uncommon and inactive

during the day at our study sites.

Fish abundance and feeding within the octocoral

canopy vs at its edge

Edges of octocoral canopies were expected to provide less

effective visual shelter from predators than their interiors.

The feeding rate of fishes was 2.2-fold higher within the

canopy than at the edge, thereby demonstrating an ‘‘edge

effect’’ with respect to the intensity of fish feeding (sensu

Leopold 1932). This effect has been observed in seagrass

meadows as well (Smith et al. 2011). Fish abundance,

however, was 0.68-fold lower within the canopy than at the

edge, seemingly contradicting the concept that the edge is a

less desirable zone than more central parts of the canopy.

This contradiction can be resolved by evaluating which

Table 3 Fish abundance individuals m-2 (mean ± SE) counted in 1 9 2 m quadrats within the canopy vs at the edge of the canopy (East

Cabritte and Europa Bay, data pooled as they did not significantly differ in abundance [F1,96 = 0.09, p = 0.76]) Sources: 1 (Green et al. 2015), 2

(Kramer and Chapman 1999), 3 (Jones 2007); 4 (personal observations)

Fish families Fish abundance within

canopy

n (canopy) Fish abundance

at canopy edge

n (edge) Ratio of sum of

fish abundance

Home range size*

Mullidae 0.62 ± 0.27 31 0.30 ± 0.20 15 0.5 Moderate—Large (1)

Acanthuridae 1.32 ± 0.17 66 0.68 ± 0.13 34 0.5 Moderate (1,2)

Other 1.18 ± 0.31 59 0.62 ± 0.14 31 0.5

Scaridae 0.64 ± 0.12 32 0.34 ± 0.08 17 0.5 Moderate (1,2)

Chaetodontidae 0.26 ± 0.09 13 0.14 ± 0.06 7 0.5 Moderate (1,2)

Serranidae 0.16 ± 0.06 8 0.14 ± 0.06 7 0.9 Moderate—Large (1,2)

Tetraodontidae 0.04 ± 0.03 2 0.04 ± 0.03 2 1 Limited—Moderate (2,4)

Labridae 0.36 ± 0.10 18 0.48 ± 0.12 24 1.3 Limited—Moderate (1,2,3)

Ostraciidae 0.04 ± 0.03 2 0.06 ± 0.03 3 1.5 Moderate (4)

Pomacentridae 0.26 ± 0.09 13 0.46 ± 0.12 23 1.8 Limited (1,2)

Holocentridae 0.02 ± 0.02 1 0.04 ± 0.03 2 2 Moderate (2)

Blennioidei / Gobiidae 0.18 ± 0.13 9 0.42 ± 0.19 21 2.3 Limited (1,2,4)

Total 5.08 ± 0.55 254 3.72 ± 0.42 186 0.7

The data are sorted in ascending order of the ratio of fish abundance between the two categories, based on the sum of fish in all survey quadrats

per category (shown in the table as n). *Home range size: Limited\ 10 m, Moderate 10s to 100s m, Large[ 1000 m. Numbers in brackets

indicate ressources in footnote
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kinds of fishes were more abundant at the edge versus

inside the octocoral canopy. Certain fishes are ecotone

specialists, being more abundant where sandy bottom

meets hard bottom, such as gobies that shelter and nest in

reef rubble but forage on invertebrates that live in sand

(e.g., Forrester and Steele 2004). Our data indicate that

several taxa fall into this group. Gobiids, blennioids,

ostraciids, holocentrids, carnivorous labrids, and poma-

centrids were 1.3–2.3 times more abundant at the edge of

octocoral patches than within the canopy, whereas other

demersal fish families, notably herbivores (mainly sur-

geonfishes and parrotfishes), were twice as abundant within

the octocoral canopy than at the edge (Table 3). Similar

patterns have been observed at the edges of seagrass

meadows, where some fish species are more abundant near

the edge, whereas others are more abundant within the

seagrass canopy (Smith et al. 2008). These patterns have

been linked to predation as the underlying cause for some

species (Smith et al. 2011). The cause of different habitat

preferences regarding the canopy edge is likely also driven

by differential distribution of their prey, as for example, in

seagrass meadows, where crustaceans are more abundant at

the edges, with polychaetes showing the opposite trend

(Tanner 2005).

Conclusions and implications

Overall, our results suggest that communities of arbores-

cent octocorals can provide habitat structure used by

demersal fishes on shallow Caribbean reefs, at least where

such octocorals are abundant. The results highlight the

ecological role that may be played by an increasingly

common type of benthic habitat on shallow Caribbean reefs

that is characterized by low scleractinian cover. Such areas

have been described as gorgonian plains (Mumby 2016),

and are common throughout the Caribbean (Williams et al.

2015). Habitats dominated by octocorals can support pro-

ductive fisheries, and there is at least one documented case

of human fishing efforts shifting towards gorgonian habi-

tats as the abundance of reef fishes in Orbicella reefs has

declined (Wolf et al. 1999). This trend highlights the merits

of targeted conservation of gorgonian plains (Mumby

2016), and we recommend restricting fishing gear that

damages these benthic organisms. The data presented here

suggest that conservation of gorgonian plains should target

maintaining octocoral densities of[ 8 colonies m-2 with

heights of C 20 cm, which were found to provide habitat

structure used by foraging demersal reef fishes.

As macroalgae compete with scleractinians for settle-

ment space, more intense grazing by herbivores within

areas dominated by octocorals could facilitate increases in

population sizes of scleractinian corals (Mumby and

Harborne 2010; Lirman 2001; Nugues and Bak 2006).

Shading by octocoral canopies may further reduce algal

cover. Together, these considerations raise the question of

what role octocorals play in successional processes on

Caribbean coral reefs. In the short term, on the scale of few

decades, octocorals can proliferate on reefs with declining

scleractinian cover by occupying space liberated by

bleaching, hurricanes, and diseases that have killed scler-

actinians (Tsounis and Edmunds 2017). Nevertheless, over

longer time scales, octocorals might facilitate a phase shift

back towards scleractinian dominance by shading and

enhancing herbivory on macroalgae, provided other envi-

ronmental conditions are appropriate for scleractinians. A

hypothesis for future work is therefore that octocorals

function as ‘‘early succession species’’ (in terms of suc-

cession theory in natural communities, see: Connell and

Slatyer 1977), where they would modify the environment

so that it becomes less suitable for subsequent recruitment

of early successional species such as macroalgae, but more

suitable for subsequent recruitment of late successional

species such as scleractinians. Given the recent prolifera-

tion of shallow water octocorals in Caribbean reefs under

environmental stress (Tsounis and Edmunds 2017), future

studies testing this hypothesis would improve our under-

standing of coral reef recovery and succession.
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