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ABSTRACT

Since about 2000, octocorals on the shallow reefs of St. John, US Virgin Islands, have increased in abundance to
form dense stands analogous to terrestrial forests. In this study, the ecology of octocoral forests was explored by
testing for an effect of their canopies on the light regime and benthic invertebrate community in the understory
habitat. Octocoral forests at five sites (7-13 m depth) were quantified on a spatial scale of meters by the height
and density of octocoral colonies. Their effects on the understory habitat were evaluated through measurements
of downwelling light, benthic invertebrate community structure, and the photophysiology (i.e., induction time)
of the common coral, Porites astreoides (Lamarck, 1816). Octocoral forests composed of dense (> 5 octocorals
m’z) and tall (mean height of 42 cm) octocoral colonies created an understory habitat characterized by flashes of
bright light (i.e., sunflecking). Within the understory habitat at two of three study sites, the community structure
of benthic invertebrates was modified by the octocoral canopy, but it remained unaffected at a third site. A test
for the effects of sunflecking on the induction time of P. astreoides found no difference between colonies in the
understory versus the open reef habitat. These results do not support the notion that the physiological phenotype
of autotrophs in the understory habitat is modified to exploit sunflecking. The analysis of the benthic in-
vertebrates in the understory habitat suggests that octocoral forests can change the community structure of this
group of organisms, relative to the open reef. The causes of this change are unclear, but its absence at the most
sheltered study site suggests that water motion may be a contributing factor. The strong likelihood that octocoral
forests mediate ecologically significant changes in the community structure of invertebrates within their un-
derstory habitat warrants further investigation.

1. Introduction

et al., 2019) .
Marine animal forests operate in a viscous fluid with physico-

In ecology, ecosystem engineers profoundly change the structure and
function of ecosystems through modification of the physical (autogenic),
or chemical (allogenic) features of habitats (Jones et al., 1994; Kern
et al., 2013). The outcome of these effects modify species interactions
(Guy-Haim et al., 2018; Siebert and Branch, 2006), and can create
distinctive communities (Jones et al., 1994; Fox and Bellwood, 2013;
Guy-Haim et al., 2018) as occurs with mature trees in terrestrial forests
(Hilmers et al., 2018), and the shaded understory habitat they create
(Chazdon and Pearcy, 1991; Hilmers et al., 2018; Brunel et al., 2020).
The “forest” construct has been extended to the marine environment,
where functional analogues of forests are created by a variety of or-
ganisms including seagrasses, corals, and kelp (Jones et al., 1994; Sie-
bert and Branch, 2006; Rossi et al., 2017; Miller et al., 2018; Shelamoff
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chemical features affecting the morphology of sessile organisms from
which forests arise (Denny et al., 1985; Atkinson and Falter, 2003;
Monismith, 2007). Interactions between organisms and their flow en-
vironments affect food availability (Abelson et al., 1993), particle cap-
ture (Okamura, 1984, 1985; Helmuth and Sebens, 1993; Sebens et al.,
1997), the likelihood of breakage or dislodgement from the substratum
(Koehl, 1982; Madin et al., 2014), and the capacity to exchange me-
tabolites with seawater (Ackerman and Okubot, 1993; Nishizaki and
Carrington, 2014). Modifications of seawater flow are likely to be a
primary mechanism through which octocorals forests influence organ-
isms living beneath their canopies in the understory habitat. Examples of
the aforementioned effects have started to emerge for octocoral forests
(see Lasker et al., 2020b; Cerpovicz and Lasker, 2021), and they
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augment a rich literature on this topic for other organisms (Lin and Dai,
1996; Ghisalberti and Nepf, 2006; Luhar and Nepf, 2011; Nepf, 2012a;
Lowe and Falter, 2015).

In addition to flow, canopies formed by benthic organisms in aquatic
habitats also affect the quantity (i.e., photon flux density, PFD) and
quality (spectral composition) of light reaching the understory habitat
(Gerard, 1984; Tomasko, 1992), which can affect photosynthetic rates of
understory organisms (Collier et al., 2012) and settlemt choice (Thor-
son, 1964). Light can be quantitatively modified through shading
(Stewart et al., 2007; Giuliani and Brown, 2008), wave focusing
(Stramska and Dickey, 1998), and sunflecking caused by canopy motion
(Gerard, 1984; Wing et al., 1993). Qualitatively, light can be altered by
the absorptivity of water (Kirk, 1977) and pigments associated with the
canopy through which light is filtered (Nobel, 2020). In response to
these effects, members of the photosynthetic understory community
typically optimize rates of photosynthesis at low light quantity (Nobel,
2020), avoid photodamage at high light quantity (Nobel, 2020), and
efficiently utilize sunflecks (Kaiser et al., 2015). Photosynthetic organ-
isms in an understory typically exhibit shade adaptation (Todd, 2008;
Nobel, 2020), and similar trends are likely to be found in organisms in
the understory habitat beneath octocorals forests.

The biological effects of sunflecking are under studied in marine
environments (Gerard, 1984; Wing et al., 1993; Wing and Patterson,
1993), although they are well known for terrestrial forests (e.g., Chaz-
don and Fetcher, 1984; Pearcy, 1988; Chazdon and Pearcy, 1991). This
is unfortunate, as highly dynamic light environments characterize many
shallow marine environments (Wing and Patterson, 1993) and it is likely
that photosynthetic organisms can respond in beneficial ways to these
effects (Kaiser et al., 2017; Nobel, 2020). In response to rapidly (sec-
onds) fluctuating light quantity, algal photophysiology can reduce the
time required to achieve maximum photosynthesis (i.e., induction time,
(Osterhout and Haas, 1918; Clendenning and Haxo, 1956)) at a given
PFD (Pahl-wostl and Imboden, 1990). Because up to 80% of daily light
quantity can be delivered to the understory habitat by sunflecks, at least
in terrestrial forests (Chazdon and Fetcher, 1984), the capacity to
photosynthetically exploit this source of energy is likely to have
ecological importance in marine animal forests.

The concept of animal forests (Rossi et al., 2017) are well matched to
dense stands of arborescent octocorals on Caribbean reefs (Lasker et al.,
2020b). Octocorals have long been common on shallow reefs in the
Caribbean (Cary, 1914; Kinzie, 1973), yet recently have increased in
abundance (Ruzicka et al., 2013; Lenz et al., 2015; Edmunds and Lasker,
2016). This trend appears to be part of a suite of events affecting reefs in
this region, which include a shift in functional dominance from scler-
actinians to macroalgae (Kramer et al., 2003; Mumby, 2009) that con-
stitutes a change in ecological phase, or possibly an alternative stable
state (sensu Fung et al., 2011). The shallow reefs of St. John, US Virgin
Islands, have been a focus for describing these changes for decades
(Tsounis and Edmunds, 2017), and by 2015 it was clear that at least
some of the reefs had transitioned to high abundance of octocorals (Lenz
et al., 2015; Edmunds et al., 2016; Tsounis and Edmunds, 2017). The
octocoral communities appear to be more resilient to environmental
challenges than the scleractinian communities they replace (Tsounis and
Edmunds, 2017; Lasker et al., 2020a), and may represent a new
“normal” for shallow (i.e., < 15 m depth) Caribbean reefs (Lasker et al.,
2020a).

This study investigated the ecological consequences of the formation
of animal forests by arborescent octocorals on the shallow reefs of St.
John. Initially, the light beneath octocoral canopies was quantified to
determine whether illuminance delivery differed from the open reef
through sunflecking. Then we tested two hypotheses: (1) there is no
association between the physical attributes of octocoral canopies and
the community of benthic invertebrates living in the understory habitat,
and (2) photosynthetic induction of the coral, Porites astreoides
(Lamarck, 1816), is unaffected by sunflecking beneath octocoral can-
opies. To test these hypotheses, we explored the relationship between
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forest metrics (i.e., density and height of octocoral colonies), and the
closure of their canopies (sensu Jennings et al., 1999), and the inver-
tebrate community within the understory habitat. We did not measure
seawater flow and light attenuation as potential mechanisms mediating
changes in the invertebrate communities as these effects have been
demonstrated in the aforementioned work. We chose instead, to focus on
an under studied mechanism (i.e., sunflecking) by which canopies could
mediate effects on one type of understory organism (i.e., those exploit-
ing autotrophic nutrition).

2. Methods
2.1. Overview

Research was conducted on the shallow reefs (< 13-m depth) along
the south shore of St. John in 2019 (March, July, and August), and 2020
(January). Surveys were completed at five sites between White Point
and East Cabritte that sampled a natural gradient in the extent to which
octocorals form canopies. Although testing of our key hypotheses would
have benefitted from a contrast of a fully open reef community (i.e.,
without arborescent octocorals) and a densely forested reef, preliminary
surveys indicated that arborescent octocorals were present in at least
low densities on all our study reefs (i.e., arborescent colonies were
present on all reef surfaces, albeit sometimes at low densities). There-
fore, the study tested the effects of octocorals along a gradient of octo-
coral densities extending from low (~ 1 octocorals m3) to high (17
octocorals m~2) density. The five sites were separated from each other
by ~500 m, and were distributed along ~1.5 km of coast between
Cabritte Horn and White Point (Fig. 1). Each site was sampled using
quadrats (1 x 1 m), which served as the statistical replicates for all
analyses.

The octocoral canopy was characterized by the mean height and
density of octocorals with holdfasts in each quadrat, as well as the extent
to which the canopy occluded downwelling light (hereafter, canopy
closure [sensu Jennings et al., 1999]). The dependent variables used to
test each hypothesis were measured separately in subsets of quadrats
because it was not possible to simultaneously sample the reef to test
multiple hypotheses. To quantify the effects of the octocoral canopy on
the light regime and benthic community composition, quadrats were
randomly placed along 20 m, non-overlapping transects that were

o
Yawzi Point

Tektite o

o
 East Cabritte

o

Cabritte Horné‘.l) g
0.25 km

Fig. 1. Map of study sites along the south shore of St. John, US Virgin Islands,
between Europa Bay (left) and Grootpan Bay (right). Sites indicated by circles,
“VIERS” shows the location of the Virgin Islands Ecological Research Station.
Map image Google Earth Pro 7.3.4.8573 , Lameshur Bay St. John US Virgin
Islands 18°18'43.38"N, 64°43°26.93"W, elevation 1.70km. photo date 13/
Aug/2009.
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positioned haphazardly along fringing reefs at a depth of 9 + 2 m (mean
+ SD, range 7-13 m). Quadrats were placed along the transects at
random positions constrained to roughly horizontal surfaces on hard
substrata within the chosen depth range. As some sites were easier to
access than others, sample sizes (number of quadrats) were unbalanced
among sites.

Sampling included octocorals >5 cm tall with holdfasts within each
quadrat. The height (+ 0.5 cm with a 50 cm ruler) and density (octo-
corals m~2) of all such octocorals was measured. Analyses were con-
strained to octocorals >5 cm tall because these are likely to be adults
(Lasker et al., 2020a), and because short octocorals cannot contribute to
canopy structure when this feature is constructed by adjacent taller
octocorals. The encrusting octocoral Erythropodium caribaeorum (Duch-
assaing and Michelotti, 1860) was included in surveys focused on
community structure, but excluded from surveys focused on canopy
features because it does not form arborescent colonies. Canopy closure
was expressed as a percentage of the sky that was obscured by the
canopy when viewed from the benthos.

In terrestrial forests, canopy closure is measured using hemispheric
photography (Jennings et al., 1999) in which a camera with a 180° field
of view is placed on the substratum beneath the canopy with the lens
oriented perpendicular to the sky. The digital image from this position is
analyzed to determine the proportion of pixels classified as “clear”
relative to the white, downwelling light. In the present study, canopy
closure beneath octocoral forests was measuring using a GoPro Hero 3+
camera with a 130° field of view (manufacturer’s specification, GoPro,
2013, Inc. San Mateo, CA). This camera was used to record still images in
the center, and at each of the four corners, of quadrats, with all five
images quadrat ! recorded within <5 min. To avoid biases in estimating
canopy closure caused by adjacent non-living substrata (e.g., boulders
and rock walls), images were excluded when they included these fea-
tures. Images were analyzed using ImageJ software (v1.52a, Schneider
et al., 2012), in which 300 randomly located dots (~ 0.5 pixel in
diameter) were superimposed on each image. The number of dots on the
octocoral canopy were counted and expressed as a percentage of the dot
population. This metric was used to quantify canopy closure, and the
results from the five images quadrat™' were averaged to characterize
each quadrat.

2.2. Light regime beneath canopies

Downwelling light was measured beneath the canopies using HOBO
light loggers (model UA-002-64) recording in lux (sensitive to
150-1200 nm wavelength of light), and sampling at 1 Hz from ~05:00
to ~18:00 h. Loggers were deployed for a single day in either East
Cabritte (9 m depth) or Yawzi Point (8 m depth) during March 2019, and
each deployment involved a paired contrast of a sparse octocoral canopy
(n = 2 loggers) versus a dense octocoral canopy (n = 3 loggers). All
deployments occurred on representative summer days characterized by
sunshine and scattered clouds, and low wind speeds of ~6.0-8.5 m s~
(CariCOOS buoy 41052, ~ 8 km SW of Cabritte Horn). Given the
availability of a fixed number of loggers, their placement within dense
canopies was prioritized over areas of sparse canopy to accurately
quantify the canopy effect on the light regime beneath. Each logger was
secured in the center of a quadrat, in which octocorals were censused
(described above), and a level was used to fix the sensor perpendicular to
the horizon. Each logger was treated as an independent replicate (the
design was unbalanced with respect to sampling in the dense canopies)
and data were processed using spectral analysis (section 2.5.1).

To assist in the ecological interpretation of variation in illuminance
(Lux) relative to photosynthetically active radiation (PAR, 400-700
nm), a HOBO light logger was cross calibrated (after Long et al., 2012)
against a cosine-corrected PAR sensor (LI-192, Li-Cor Biosciences) fitted
by the manufacturer into a logger (miniPAR, Precision Measurement
Engineering). In January 2021, the two loggers were simultaneously
deployed at 9 m depth in St. John, where they synchronously sampled at
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0.0017 Hz. The relationship between Lux and PAR was determined by
least squares regression.

2.3. Community beneath canopy

In the quadrats sampled to test for an association between the
octocoral canopy and the benthic community, macroscopic benthic in-
vertebrates (i.e., > ~ 0.5 cm in length) were surveyed in situ without
removing organisms or overturning substrata. Mobile and sessile taxa
were counted, and analyses resolved organisms to the lowest taxonomic
level possible without collecting voucher specimens. Arborescent octo-
corals were excluded as they represented the contrast of a the canopy
effect. Unitary organisms were recorded as individuals, and encrusting
modular organisms were counted by the number of autonomous patches
of biomass, with both expressed as organisms quadrat™!. Organisms
were identified in situ or with reference photos (18.2 megapixels) using
field guides (Humann et al., 2013), expert opinion (mostly for sponges),
and an electronic reference catalog (Zea et al., 2014). Surveys were
conducted at Cabritte Horn, Tektite, and White Point (Fig. 1).

2.4. Induction time

To test the hypothesis that the induction time in Porites astreoides was
affected by octocoral canopies, corals were haphazardly selected in the
understory habitat of high density octocoral forests, and areas of reef
where octocorals were sparse. Induction time was quantified using
chlorophyll fluorescence (Genty et al., 1989). To avoid the confounding
influence of depth-dependent reductions of PFD on induction time
(Macintyre et al., 2000), measurements were made on corals located
within a depth range (~ 7.0 £+ 0.5 m) that was narrower than that used
to quantify the canopy effect on benthic invertebrates. Colonies were
categorized as within dense canopies if they were shaded by at least one
octocoral colony >25 cm tall when it flexed in routine oscillatory water
flow. Preliminary surveys showed that colonies of P. astreoides met this
criterion when the distance from the nearest tall octocoral was less than
half the height of the octocoral colony. The distance between
P. astreoides colonies and the nearest octocoral was measured to cate-
gorize colonies of P. astreoides as within or outside the understory
habitat. A single induction curve was performed on each P. astreoides on
one of 16 days during July and August 2019. Sampled colonies were >4
cm in diameter to provide space on the colony surface for the placement
of the fiber-optic probe (5 mm diameter) attached to the Diving Pulse
Amplitude-Modulation (PAM) fluorometer (Heinz Walz, GmbH) that
was used to measure induction time.

To quantify induction time, the time to steady state photosynthesis
was measured by evaluating the performance of photosystem II (PSII)
using chlorophyll fluorescence (Bradbury and Baker, 1984, 1981).
Calculation of the rate of production of high energy electrons by PSII
(relative electron transfer rate, rETR) at a fixed PFD is a measure of
induction time (Suggett et al., 2010). rETR was calculated using the
manufacturers software (Eq. 1):

rETR = AF x PAR x 0.5 x 0.001 (@)
Fm

where AF is the change in fluorescence (F) resulting from the saturation
pulse, F,, is the maximum fluorescence, PAR is the PFD to which the
sample is exposed, 0.5 is an estimate of the quanta absorbed by PSII, and
0.001 is an absorptance constant for light at the coral surface. As neither
the absorptance of light by the coral surface, nor quanta by PSII, are
known for P. astreoides, this equation estimates relative ETR.

Typically, induction is quantified using an induction curve (sensu
Genty et al., 1989), in which rETR is expressed as a function of time
under exposure to a fixed PFD (Zipperlen and Press, 1997). The PFD
employed is usually an ecologically relevant value experienced by the
organism in situ, or the saturating irradiance (Pearcy et al., 1985;
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Zipperlen and Press, 1997). In the present study, the actinic light
administered by the PAM was adjusted to ~896 pmol photons m 25~ to
mimic the maximum PFD at the study depth, as determined by local
records of the diffuse attenuation coefficient (Kgq) (Edmunds et al., 2018)
and surface PFD for July — August 2018. Calculations from these data
show maximum PFD ranged from ~737-1178 pmol photons m 2 s~ ! at
7 m depth in Great Lameshur Bay. In the laboratory, induction curves
usually are prepared using dark-adapted organisms (Genty et al., 1989),
but in situ they typically are prepared for organisms having a common
light history obtained by sampling at a fixed time of day (Poorter and
Oberbauer, 1993). Therefore, all colonies were measured between 09:00
and 11:00 h, on clear cloudless days, to standardize the ambient light
regime to which they were exposed prior to analyses. Induction curves
were prepared using the manufacturers protocol for the Diving PAM
(Heinz Walz, 1998), in which actinic light is consistently delivered for
17 min, and rETR is measured through the delivery of 13 saturating
pulses every 1.4 min.

2.5. Statistical analysis

2.5.1. Light regime beneath canopies

Spectral analysis of illuminance was used to determine the dominant
spectral peaks associated with downwelling light. Time series of illu-
minance extended from dawn to dusk, or until the loggers were collected
on the same day (ca 15:30 h), whichever was shorter. Time series were
filtered to remove means and linear trends, and each series was zero
padded to the nearest power of two (Emery and Thomson, 2014) prior to
spectral analysis using a Fast Fourier Transformation (FFT). Periodo-
grams were used to identify dominant spectral peaks and were smoothed
by averaging the scores within a window of 35 spectral estimates (i.e.,
band averaging [Emery and Thomson, 2014]). Dominant peaks were
identified based on elevated power spectral density at a given frequency
compared to other frequencies around it, where the lowest resolvable
frequency (fundamental frequency, fo) in cycles per second (Hz) was
defined as 3/(2 T), where T is the sampling duration in seconds (Emery
and Thomson, 2014). The highest resolvable frequency (Hz) was
conservatively taken to be 1/(4At), half the Nyquist frequency (fx = 1/
(2A1)), where At is the sampling interval (Emery and Thomson, 2014).
Iluminance delivery was resolved between 5.0 x 107°-0.25 Hz at East
Cabritte (T = 33,324 s, At=15s),and 3.0 x 107°-0.25 Hz at Yawzi Point
(T = 44,206 s, At = 1 s). Periodograms of illuminance beneath and
outside of canopies were qualitatively compared to one another at Yawzi
Point and East Cabritte. Analyses were completed in the R software
environment (v3.6.1; R Foundation for Statistical Computing; http://
www.R-project.org/) using the ‘spectral’ package v 1.3 (Seilmayer,
2019).

2.5.2. Community beneath canopies

Variation in benthic community structure and the octocoral canopy
was separately explored with 2-dimensional ordinations completed
using non-metric multidimensional scaling (MDS). First, benthic com-
munity data were fourth-root transformed to reduce the effects of
overrepresented taxa before preparing resemblance matrices for each
site using Bray-Curtis dissimilarities (Clarke et al., 2008; Somerfield and
Clarke, 2013). Community analyses were completed using all in-
vertebrates encountered in surveys, and they included E. caribaeorum
but excluded all other octocorals (Table S1). Ordinations were prepared
from multiple restarts until stress stabilized. In the ordination plots,
significant clusters of quadrats (at P < 0.05) were identified using sim-
ilarity profile analysis (SIMPROF, Clarke et al., 2008; Somerfield and
Clarke, 2013) with 999 permutations. Where significant clusters were
detected, they were displayed with similarity contours.

Second, the variables defining octocoral canopies (e.g., mean
closure, density, mean height) were Z-score transformed within each site
before preparing resemblance matrices using Euclidean distances
(Clarke et al., 2008; Somerfield and Clarke, 2013). Thereafter, the
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ordination was prepared as described above for the benthic community.
The test for association between benthic community structure and
canopy formation was conducted using BIO-ENV multivariate correla-
tion, with significance evaluated in a permutational framework using
99,999 permutations (after Clarke and Ainsworth, 1993).

Ordinations, multivariate associations, and significance tests were
conducted in the R software environment (v3.6.1; R Foundation for
Statistical Computing; http://www.R-project.org/) using the packages
‘vegan’ v2.5-6 (Oksanen et al., 2019), ‘clustsig’ v1.1 (Whitaker and
Christman, 2014), and ‘fastcluster’ v1.1.25 (Miillner, 2013).

2.5.3. Induction time

rETR for each coral was plotted against exposure time to each PFD,
and qualitatively screened for conformity to typical induction responses
in marine photosynthetic symbionts (Schreiber et al., 1997). Screening
did not reveal any replicates for exclusion from the analysis. The time to
steady state photosynthesis (Tj, the induction time) was taken as the
intersection on the abscissa of two straight lines, one calculated using
least squares linear regression of the first three points on the rETR curve,
and the second representing the mean rETR of the last three points of the
curve. The first three points represented the most rapid increase in rETR
as a function of exposure time, and the last three points operationally
defined the maximum rETR, particularly in cases where an asymptotic
value was not reached. Using T; as a dependent variable, a two-way,
mixed effects ANOVA was used to test for variation in induction time
as a function of canopy (fixed effect) and site (random effect). The as-
sumptions of normality and equal variance were tested through graph-
ical analysis of residuals. Analyses were performed in the R software
environment (v3.6.1; R Foundation for Statistical Computing; http://
www.R-project.org/), using the packages ‘car’ v3.0-5 (Fox and Weis-
berg, 2019) for assumptions tests, and calculation of Type III sums of
squares for ANOVAs, and ‘stats’ (v3.6.1; R Foundation for Statistical
Computing; http://www.R-project.org/) for linear model construction
and calculation of P-values from F-statistics.

3. Results
3.1. Overview

Overall, 714 octocorals from eight genera were measured to test for a
relationship between octocoral canopies and benthic invertebrates. The
most common octocorals were Eunicea (43.4% of colonies), Gorgonia
(16.1%), Pseudoplexaura (15.0%), and Antillogorgia (14.8%); Briareum,
Muricea, Plexaurella, and Pterogorgia each represented <4% of the col-
onies. At Cabritte Horn, Tektite, and White Point, seven genera were
found: Plexaurella was not recorded at Cabritte Horn, Pterogorgia was not
recorded at Tektite, and Briareum was not recorded at White Point.
Together, arborescent octocorals created dense forests (up to 17 octo-
corals m~2) with canopies extending to 67 cm above the benthos (Fig. 2,
Table 1). Mean canopy closure was significantly (P < 0.05) associated
with octocoral density (R? = 0.30) and mean canopy height (R? = 0.14)
and both associations were positive (Fig. 3).

The benthic communities were dense and taxonomically rich with
3432 organisms assigned to 118 putative taxa representing 7 phyla, 10
classes, and 82 species. Of the organisms not resolved to species, 27 were
sponges (Porifera), 2 were identified to class, 6 to family, and 2 to genus
(Tables S1, S2). Within a quadrat, a mean of 19.5 + 0.6 taxa (+ SEM, n
= 67) was found, and most were poriferans (41.0%) or scleractinians
(38.5%). Most sponges were Monanchora arbuscula (Duchassaing and
Michelotti, 1864) (13.0% of sponges) or Niphates digitalis (Lamarck,
1814) (10.2%), and 26% were assigned to one of 27 phenotypically
distinct, yet taxonomically undefined groups (Table S1, S2). Based on
their phenotypic alignment with recognized species, they were conser-
vatively scored as species but assigned “Unknown identity”. Most
scleractinians were Siderastrea siderea (Ellis and Solander, 1786) (26.5%
of scleractinians) and Porites astreoides (24.5%). Of the remaining
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Fig. 2. Photographs of quadrats sampled in Great Lameshur Bay, St. John. Pictures show variation in octocoral forests that were categorized by the combination of
canopy structure (mean height, and density) as tall and dense (A), or short and sparse (i.e., outside of dense canopies) (B), and by canopy closure as strong (C) or

weak (D).

Table 1
Octocoral canopy metrics from surveys of benthic invertebrate communities and
canopy analysis at three sites (Fig. 1) (mean + SEM, n = number of quadrats).

Site Height (cm) Density (individuals m~2) Closure (%) (n)

Cabritte Horn 27.5+5.3 6.6 £ 0.8 13.4£1.7 25
Tektite 20.0 +£ 2.7 4.1 £0.6 79+1.4 28
White Point 28.0 £ 2.2 6.6 + 0.5 17.0 £ 2.6 14

invertebrates, 8.5% were cnidarians (other than scleractinians), 5.4%
polychaetes, and 6.6% were represented by Echinodermata, Gastropoda,
Decapoda, and Ascidiacea together; most invertebrates (95.7%) were
sessile.

3.2. Light regime beneath canopies

For the octocoral canopies under which light was measured, can-
opies categorized as dense at East Cabritte had a mean height of 39.0 +
5.7 cm, a mean density of 12.3 & 0.9 individuals m~2(all + SEM, n = 3),
and a canopy closure of 31.4 + 6.1% (+ SEM, n = 3). Canopies cate-
gorized as sparse had a mean height of 25.7 + 6.9 cm, a mean density of
4 + 1 individuals m~2 (all + SEM, n = 2), and a canopy closure of 1.2 +
0.2% (+ SEM, n = 2). At Yawzi Point, the equivalent features of dense
canopy values were 51.5 + 2.8 cm, 4.7 + 0.6 individuals m~2 (all +
SEM, n = 3), and 13.1 + 4.0%, respectively (+ SEM, n = 3). Sparse
canopies had a mean height of 3.5 + 3.5 cm, mean density of 0.5 + 0.5
individuals m~2 (all + SEM, n = 2), and a canopy closure of 1.3 4+ 1.3%
(£ SEM, n = 2).

At East Cabritte, maximum illuminance within sparse octocoral
canopies ranged from 31.7 to 37.2 klx, and beneath dense octocoral

canopies, from 24.8 to 35.8 klx. At Yawzi Point, maximum illuminance
ranged from 40.0 to 46.8 klx within sparse octocoral canopies, to
37.2-44.1 kilx beneath dense octocoral canopies. Integrated daily illu-
minance beneath dense canopies relative to outside of dense octocoral
was 36% lower at East Cabritte, and 13% lower at Yawzi Point. Within
and outside dense canopies, illuminance greatly varied between mea-
sures separated in time by 1 s, but this effect was accentuated beneath
dense canopies (Fig. 4).

At East Cabritte, periodograms of illuminance revealed prominent
temporal structuring at 0.004 Hz and 0.013 Hz, but beneath dense
canopies there was an additional frequency band between 0.100 Hz and
0.160 Hz. Within this band the power spectrum was elevated by an order
of magnitude relative to the same frequency band outside dense can-
opies. At Yawzi Point, the illuminance periodograms beneath the
densest canopy had an elevated power spectral band from 0.033 Hz —
0.200 Hz relative to outside dense canopies. This band was not present
in the two other illumination periodograms from beneath dense can-
opies. At East Cabritte and Yawzi Point, high frequency variation in
illuminance beneath canopies (versus outside dense canopies) was only
evident when octocoral densities were > 5 octocorals m~2.

Based on paired deployments of the HOBO and miniPAR loggers,
records on the two measurement scales were related (r? = 0.96, from n
= 1544 paired non-zero observations) with a power function:

PAR = 0.1175x"90%

where x is illuminance in Lux (by the HOBO logger) and PAR was
recorded with the miniPAR logger. The calibration obtained in January
2021 was prepared across an illuminance range of 0-18.6 klx, which is
truncated relative to the values recorded in July 2019 (up to 46.8 kix).
Based on this relationship, at East Cabritte, maximum illuminance
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outside octocoral canopies ranged from 1459 to 1688 pmol photons m ™2
s ! and beneath the octocoral canopy, from 1167 to 1631 pmol photons
m~2 s71. At Yawzi Point, maximum illuminance ranged from 1802 to
2082 pmol photons m~2 s~! on the open reef, from 1688 to 1970 pmol

photons m~2 s™! beneath octocoral canopies.
3.3. Community beneath canopies

The physical structure of the octocoral canopies, and the community
structure of the understory benthic invertebrates, varied among sites.
The canopies formed by octocorals ranged in density from <1 individual
m~2 to 17 individuals m~2. Overall, mean canopy densities and heights
were similar at Cabritte Horn and White Point, but mean canopy height
was ~8 cm shorter at Tektite relative to the other two sites (Table 1). At
Cabritte Horn, Tektite, and White Point, octocoral canopies were pri-
marily composed of Eunicea spp., which made up 44%, 35%, and 45% of
octocoral colonies at each site, respectively (n = 106-184 octocorals).
The next most abundant taxon at each site was Pseudoplexaura spp. at
Cabritte Horn (23.9%), Gorgonia spp. (31.5%) at Tektite, and Anti-
llogorgia spp. (18.9%) at White Point.

For each site, MDS ordinations produced using canopy metrics or
benthic community structure qualitatively separated quadrats in clus-
ters throughout ordination space (Fig. 5). Canopy ordinations stabilized
in <40 restarts with stress from 0.085 to 0.117. Community ordinations
stabilized in <500 restarts with stress from 0.190 to 0.229. For the
ordination based on canopy metrics, SIMPROF resolved 2 clusters of
quadrats at Cabritte Horn (Pperm = 0.019) and 7 at Tektite (Pperm <
0.031), but no clusters were resolved at White Point (Pperm = 0.625)
(Fig. 5). For the ordination based on benthic community structure,
SIMPROF resolved three clusters of quadrats at Cabritte Horn (Pperm <
0.020), and 3 at Tektite (Pperm < 0.031), but clusters were not resolved
at White Point (Pperm = 0.503) (Fig. 5). The BIO-ENV tests for associa-
tion between the resemblance matrices for canopy and community
features were significant at Cabritte Horn (Pperm = 0.040) and White
Point (Pperm = 0.049), but not at Tektite (Pperm = 0.056) (Table 2). The
correlation between canopy features and benthic communities at Cab-
ritte Horn and White Point show that as octocoral forests vary in height,
density, and closure, the invertebrate community also changes. At
Tektite, variation in these features statistically was independent.

The best-developed examples of the association between octocoral
canopy features and benthic communities were provided by Agaricia
agaricites (Linnaeus, 1758), Porites astreoides, Siderastrea siderea (all
Scleractinia), Siphonodictyon coralliphagum (Riitzler, 1971) (Porifera),
and Clavalina picata (Verrill, 1900) (Tunicata). These taxa were
20-391% more abundant (i.e., increases of ~1-2 individuals m~2)in the
understory of dense octocoral canopies versus areas of sparse octocoral
canopies. Monanchora arbuscula (Porifera) was 21.5% less abundant (i.
e., representing ~1 individual m~2) in the understory of dense octocoral
canopies versus sparse octocoral canopies. Ultimately, the effect of the
octocoral forest on the community structure of invertebrates in the un-
derstory habitat was represented by many small, yet consistent changes
in the abundances of multiple taxa. For example, the sponge Cinachyrella
kuekenthali (Uliczka, 1929) was 531% more abundant in the understory
habitat beneath dense octocoral canopies compared to areas of sparse
octocorals, and this effect was attributed to just one extra sponge in 4 m?
of substratum beneath dense octocoral canopies. Overall, beneath dense
octocoral forests and relative to areas of sparse octocorals, 37 taxa
showed small absolute changes in abundance that corresponded to large
relative changes in abundance. These effects amounted to increases of
>100% beneath dense versus sparse canopies, and reductions of <50%
beneath sparse versus dense canopies (Table S2). At higher taxonomic
levels (Table S2), the benthic community beneath dense canopies versus
sparse canopies was characterized by ~2.5 more scleractinians, ~1
more poriferans, ~1 more polychaetes, ~1 more ascidians, and ~ 0.5
more molluscs and echinoderms (units: individuals m~2). The benthic
community beneath sparse canopies versus dense canopies was
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Fig. 5. MDS of benthic invertebrate community abundances (top row A-C, 118 different taxa) and canopy metrics (bottom row D-F, three metrics) from 7 to 1 m
depth, at three sites in Great Lameshur Bay (Cabritte Horn n = 25, Tektite n = 28, White Point n = 14). Perimeter hulls surrounding points represent significant
clusters as defined by Similarity Profile Analysis (SIMPROF). Point color represents the canopy cluster to which a point belongs. Symbol colors are consistent between
MDS plots for community and canopy effects by site. Vectors represent relative correlational strength of canopy metrics (Mean height, Density, Mean closure) with

MDS space. Dashed line shows a vector corresponding to r = 1 for scale.

Table 2

Results from multivariate correlation tests between resemblance matrices pre-
pared for community structure (by Bray-Curtis dissimilarities) and octocoral
canopy metrics (by Euclidean distances) using BIO-ENV spearman rank corre-
lations (r;, p = probability of association). The resemblance matrices for in-
vertebrates and canopies were based on quadrats as replicates that were sampled
at three sites (Fig. 1).

Site I P

Cabritte Horn 0.149 0.040
Tektite —0.021 0.564
White Point 0.232 0.049

characterized by ~1 more cnidarians (other than scleractinians), and ~
0.2 more Arthropods (units: individuals m2).

3.4. Induction time

The Porites astreoides selected for analysis were surrounded by
octocoral canopies with mean heights of 33.3 + 1.8 cm, 29.6 + 2.7 cm,
and 37.5 + 5.0 cm (all + SEM, n = 6-8 quadrats) at Cabritte Horn,
Tektite, and White Point, respectively. The mean densities of octocorals
forming these canopies were 10.3 + 1.3 individuals m~2 at Cabritte
Horn, 4.6 £ 0.6 individuals m~2 at Tektite, and 7.4 + 1.4 individuals
m~2 at White Point (all + SEM, n = 6-8 quadrats), with mean canopy
closure values of 51.2 + 8.7%, 50.0 + 8.5%, and 44.0 + 9.1% (all +
SEM, n = 6-8 quadrats), respectively. Twelve P. astreoides were sampled
for induction time at Cabritte Horn, 16 at Tektite, and 14 at White Point.

All induction curves had similar shapes (Fig. S1). Following the
initial measurements of fluorescence, basal fluorescence (F,) ranged
from 190 to 711 and maximal fluorescence (Fy,) from 412 to 1767;
following the longest exposure to actinic light (i.e., 17 min), F,- ranged
from 109 to 343 and F,y from 164 to 467. rETR calculated from these
values varied as a logarithmic function of exposure to actinic light that
usually (35 of 42 cases) reached a plateau in 17 min. rETR rapidly
increased with duration of exposure to actinic light up to 4.25 min, but
with longer exposures, increased more slowly. For 41 of 42 colonies, the
highest rate of increase in rETR occurred during the first three minutes

of exposure to actinic light. For seven of the corals, rETR did not reach a
plateau as a function of exposure to light and continued to increase with
time; in two cases, rETR declined with time after reaching a maximum
value. The mean asymptotic rETR did not significantly differ across sites
(Fo,36 = 1.041, P = 0.363), canopy treatment (Fq 2 = 1.219, P = 0.385),
or their interaction (Fz 36 = 0.242, P = 0.242) (Fig. 7).

Based on the intersection of the initial slope of the curve and the
mean rETR of the last three time points, induction time (i.e., T;) varied
from 1.2 to 5.0 min for understory corals, and from 2.4 to 6.5 min for
open reef corals. T; was unaffected by the interaction between site and
canopy (Fa35 = 0.064, P = 0.939), or the main effects of site (Fo 35 =

Dense Canopy
Sparse Canopy

120 ]

40

Mean rETR Asymptotic Value

0
Cabritte Horn Tektite White Point
Site

Fig. 7. Bar graph of the mean (+ SE) asymptotic rETR value of Porites astreoides
in dense and sparse octocoral canopies at 7.0-7.9-m depth, at Cabritte Horn (n
= 6 per canopy type), Tektite (n = 8 per canopy type), and White Point (n = 7
per canopy type).
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0.506, P = 0.607), and canopy (F;2 = 1.778, P = 0.314). Pooling of
results for P. astreoides among sites and canopy location (under dense
canopies versus outside of dense canopies) showed that the mean in-
duction time was 3.5 + 0.1 min (+ SEM, n = 42, Fig. 6).

4. Discussion
4.1. Overview

We found that the benthic invertebrate community in the understory
habitat of octocoral forests was associated with canopy formation. The
understory habitat was physically distinguished from the habitat adja-
cent to areas of sparse colonies through the presence of sunflecks.
However, the induction time of the reef coral Porites astreoides suggests
photosynthetic organisms in the understory habitat were not physio-
logically adjusted to utilize a dynamic light regime compared to or-
ganisms in habitats with sparse octocoral colonies. Together, these
results suggest that arborescent octocorals creating dense canopies
function as autogenic ecosystem engineers (sensu Jones et al., 1994) by
modifying features of the physical environment (here, the dynamic light
regime) affecting the understory habitat. One outcome of these effects is
to drive changes in the benthic invertebrate community in the under-
story habitat, relative to the more open reef habitat. The effect on dy-
namic light availability augments the well-known mechanisms by which
underwater biogenic canopies modify seawater flow (Ghisalberti and
Nepf, 2006; Nepf, 2012b) and the quantity of light (i.e., shading)
(Gerard, 1984; Stewart et al., 2007).

4.2. Community beneath canopies

Interpretation of the present effects of the octocoral canopy on the
understory invertebrate community requires consideration of the in-
fluence of the two major hurricanes that impacted these reefs in 2017,
22 months before this study began (e.g., described in Edmunds, 2019).
Although the percentage cover of stony corals was not greatly affected
by these storms (Edmunds, 2019), the abundance of other taxa including
sponges and octocorals was depressed (Edmunds et al., 2020; Lasker
et al., 2020a), and it is reasonable to expect that a diverse array of
delicate, erect, and mobile taxa were removed from shallow reefs by
storm waves. We do not know the magnitude of this effect on the overall
assemblages of benthic invertebrates on the shallow reefs of St. John, or
the extent to which they may have recovered in the 22 months following
the storms. Therefore, we cannot exclude the possibility that the effects
of octocoral canopies on the understory invertebrate communities
described herein are unique to the years in which the surveys were
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Fig. 6. Bar graph of the mean induction time (& SE) of Porites astreoides in
dense and sparse octocoral canopies at 7.0-7.9 m depth, at Cabritte Horn (n = 6
per canopy type), Tektite (n = 8 per canopy type), and White Point (n = 7
canopy type).
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conducted. However, the broad spectrum of effects of octocoral forests
on benthic invertebrates beneath their canopies (e.g., Fig. 5, Table S2.),
which included scleractinians, suggests that the direction of the effect is
not an artifact of the disturbance regime prior to this study (i.e., the
hurricanes in 2017). We recognize that the same may not be true for the
magnitude of this effect, which may have been attenuated by the effects
of the storms in removing invertebrates from the study reefs.

When the present study reefs were surveyed in 2019 and 2020, they
provided examples of octocoral forests that had been thinned by
disturbance, yet retained their emergent properties and the population
structure of its autogenic engineer (i.e., octocorals). On these reefs,
immediately following Hurricanes Irma and Maria in 2017, the densities
of octocorals were reduced by 23-47% while the relative abundance of
octocoral species was preserved (Edmunds, 2020; Lasker et al., 2020a).
By 2019, octocorals were recruiting on these reefs at densities similar to
those recorded prior to the storms (Lasker et al., 2020a). Therefore, the
ecological significance of the hurricane-related declines in population
sizes of octocorals was reduced through preservation of relative abun-
dances by species, and through the quick replacement of octocoral col-
onies by recruitment. Further, based on published growth rates of
multiple octocoral genera (Kupfner Johnson and Hallock, 2020) the
canopy heights recorded in the present study would be established by
colonies ~11 years old (i.e., they recruited years before Hurricanes Irma
and Maria). Therefore, it is likely that the canopies, although thinned by
these hurricanes, retained their pre-disturbance emergent properties
including the ability to influence the benthic communities in their un-
derstory habitat.

The multivariate features of octocoral canopies and the multivariate
invertebrate community structure in the understory habitats were
correlated at Cabritte Horn and White Point. These results suggest that
octocoral forests in St. John are affecting invertebrate community
composition beneath their canopies, while themselves contributing to a
broader cryptic regime change affecting the shallow reefs of St. John
(Edmunds and Lasker, 2016). Prior to this study, octocoral abundances
were increasing on the study reefs (Lenz et al., 2015), and there was
evidence of a cryptic regime change (sensu Hughes et al., 2013)) in the
benthic community composed of scleractinians and octocorals
(Edmunds and Lasker, 2016). The present study augments the findings
of Edmunds and Lasker (2016), by showing that octocoral forests modify
the taxonomic composition and abundance of invertebrates in the un-
derstory benthic community. Based on the changes we detected
(Table S2), it is likely that these effects would not be readily detected
through casual inspection (e.g., while swimming over the reef), yet the
subtle changes could amount to ecologically significant effects. Evalu-
ating the functional significance of the effects of octocoral forests on the
biota with which they associate (and modify) is likely to be a productive
topic for future research.

Our results emerged through an analysis of canopies studied across a
gradient of octocoral densities. A limitation of testing our key hypoth-
eses regarding the effects of octocoral canopies is that arborescent
octocorals are so common on these shallow reefs (Lasker et al., 2020a,
2020Db), that areas without arborescent octocorals (i.e., “open reef”) are
effectively absent. This constituted an experimental limitation for our
study (i.e., there was not an octocoral-free area of reef with which dense
octocoral forests could be contrasted) that was addressed by exploiting
the natural gradient of octocoral densities to support a contrast of dense
(> 5 octocorals m’z) and sparse (< 5 octocorals m’z) colonies. The
rationale for this distinction was provided by evidence that “canopy
effects” emerged at >5-7 octocorals m~2 (present study; Lasker et al.,
2020b; Tsounis et al., 2020; Cerpovicz and Lasker, 2021). To evaluate
the implications of this categorization on our conclusions, the contrast of
canopy effects was repeated using a more conservative distinction be-
tween dense (i.e., > 7 octocorals m~2) and sparse (i.e., < 3 octocorals
m~2) canopies. With this distinction, an effect of dense canopies on the
benthic invertebrate communities was still detected (Cabritte Horn: P =
0.026, Mantel r = 0.223), suggesting that the effect detected with a more
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liberal definition of dense octocoral canopies was biologically
meaningful.

The absence of a relationship between octocoral forests and the
invertebrate community structure within the understory habitat at
Tektite suggests that the relationship between the two is influenced by
local environmental conditions. Relative to White Point and Cabritte
Horn, Tektite is sheltered from the prevailing regimes of wind and waves
(CariCOOS buoy 41,052). Calmer conditions at Tektite likely attenuated
the differences in physical environmental conditions (e.g., wave forces
and flow speed) in understory habitats versus areas of sparse octocoral
colonies, thus favoring similar benthic invertebrate communities be-
tween these two habitats.

Overall, the effect of water motion on octocorals provides a parsi-
monious explanation for the present results. Ambient flow speeds are
likely to interact with the structure of octocoral forests to modulate the
consequences of canopy formation on the community structure of
benthic invertebrates. Water motion mediates the swaying of arbores-
cent octocoral colonies (and sunflecking [this study]), turbulence within
the canopy (Lasker et al., 2020b), sedimentation (Tsounis et al., 2018;
Cerpovicz and Lasker, 2021), octocoral recruitment (Privitera-Johnson
etal., 2015), and for suspension feeders, food abundance (Abelson et al.,
1993) and particle capture (Okamura, 1984, 1985; Helmuth and Sebens,
1993; Sebens et al.,1997). Therefore, under conditions that reduce in-
teractions between octocorals and seawater flow, for example, where
octocorals occur at sparse densities and do not form a distinct canopy, or
where seawater motion is locally attenuated (e.g., at Tektite), an effect
of octocoral forests on understory invertebrates is likely to be weakened.

4.3. Light regime beneath canopies and induction time

In the present study, octocoral forests altered understory light by
increasing the occurrence of sunflecks lasting ~5-30 s relative to areas
with sparse octocoral colonies. Therefore, a priori, it was reasonable to
expect that photoautotrophs within this habitat might display changes
in their photophysiology to exploit this source of energy (as occurs in
terrestrial forests [Zipperlen and Press, 1997]). Despite this expectation,
the induction time of a common coral was not different with respect to
the presence of dense or sparse octocoral colonies. Given the reduction
in light energy (PFD) that occurs within octocoral forests (i.e., through
shading), it is possible that shade adaptation (sensu Boardman, 1977), as
opposed to a capacity for dynamic photosynthesis, may be more
important in structuring these photoautotrophic understory commu-
nities. In St. John, dense octocoral forests reduced light by 36% on the
luminance scale (i.e., lux), and by 34% on the PAR scale (i.e., pmol
photons m~2 s1), which is of a magnitude sufficient to induce shade
adaptation in corals (Anthony et al., 2005; Todd, 2008).

4.4. Conclusions

This research, as well as recent studies (Lasker et al., 2020b; Cer-
povicz and Lasker, 2021), indicates that arborescent octocorals can
function as autogenic ecosystem engineers (sensu Jones et al., 1994) by
forming dense animal forests. In this way (see also Kupfner Johnson and
Hallock, 2020; Lasker et al., 2020b; Cerpovicz and Lasker, 2021), dense
octocoral forests have similarities to many other types of forests (e.g.,
trees, kelp, and seagrass). Despite growing awareness of the importance
of octocoral forests (Lasker et al., 2020b), there remains little quanti-
tative information on the “canopy effect” created by dense stands of
arborescent octocorals, particularly with regards to the effects of the
physical and biological features of the understory habitat. The present
study suggests that further exploration of these effects is likely to be
valuable in describing the holistic implications of the ongoing changes
in the benthic taxa dominating Caribbean coral reefs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jembe.2023.151870.
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