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Mutualistic symbiosis with ophiuroids limited
the impact of the Deepwater Horizon oil spill on
deep-sea octocorals
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ABSTRACT: Deep-water corals form structurally complex biological habitats in the deep-sea that
are generally associated with a diverse fauna. Yet, little is known about the effect of symbionts on
coral resilience to natural or anthropogenic impacts. This study focused on the influence of the
ophiuroid symbiont Asteroschema clavigerum on the resilience of its octocoral host Paramuricea
biscaya after the Deepwater Horizon oil spill in the Gulf of Mexico. Corals were imaged between
2011 and 2014 at 4 sites, 3 of which were impacted by the spill. Each colony was digitized to quan-
tify the impact on corals. We developed a method to define an area under the influence of ophi-
uroids for each coral colony. The level of total visible impact, as well as recovery, was then com-
pared within and outside this area. For the majority of colonies, recovery from visible impact and
hydroid colonization was negatively correlated with distance from the ophiuroid. Total visible
impact was lower within the area influenced by ophiuroids, and branches within this area were
more likely to recover. These results indicate that P. biscaya benefits from its association with A.
clavigerum, likely through the physical action of ophiuroids removing material depositing on
polyps, and perhaps inhibiting the settlement of hydroids. Although the beneficial role of the ophi-
uroids was demonstrated on corals affected by an oil spill, we suggest that these benefits would
also extend to corals in environments exposed to natural sedimentation events, perhaps allowing
the corals to live in environments where sedimentation would otherwise limit their survival.

KEY WORDS: Resilience - Anthropogenic impact - Cold-water coral - Alcyonacea - Euryalida -
Paramuricea biscaya - Asteroschema clavigerum - Image analysis

INTRODUCTION

Deep-water corals form structurally complex habi-
tats utilized by numerous associated organisms
(Buhl-Mortensen & Mortensen 2005, Roberts et al.
2006, Henry & Roberts 2007). Many species use
deep-sea corals as a nursery, a source of food, or as a
substrate (Buhl-Mortensen & Mortensen 2005, Et-
noyer & Warrenchuk 2007, Buhl-Mortensen et al.
2010, Mah et al. 2010, Baillon et al. 2012). Despite
their importance, the interaction between deep-
water corals, gorgonians in particular, and their asso-
ciated fauna remains poorly understood.

*Corresponding author: fgirard@psu.edu

Commensalism (in which 1 organism benefits from
the association without affecting its host) is the
most common type of relationship hypothesized be-
tween invertebrates and octocorals (Buhl-Mortensen
2004). Several species of actinarians (Bronsdon et al.
1993), polychaetes, crustaceans (Buhl-Mortensen &
Mortensen 2004), and ophiuroids (Mosher & Watling
2009) have been reported as obligate symbionts of
deep-water octocorals. However, the nature of the
relationship between octocorals and their closely
associated invertebrates is often not apparent, and its
consequences for the coral host are especially
unclear.
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The Euryalida, 1 of the 2 ophiuroid orders, includes
4 families: the Gorgonocephalidae (basket stars with
branching arms), Asteronychidae, Euryalidae, and
Asteroschematidae (snake stars with non-branching
arms). Euryalid ophiuroids have been little studied,
and knowledge on their feeding behavior, in particu-
lar, is sparse. However, several studies based on
image and diet analyses imply that euryalids are
predatory suspension feeders (Dearborn et al. 1986,
Emson & Woodley 1987, Fujita & Ohta 1988, Grange
1991). Ophiuroids extend their arms to find zoo-
plankton and can capture large live prey in an arm-
loop (Warner 1982, Dearborn et al. 1986). Smaller
prey and particles can be captured via several mech-
anisms: trapped by mucus-coated spines, trapped in
mucus nets between spines, or directly captured by
the tube feet and transferred to the mouth (Pentreath
1970, Warner 1982).

The majority of studies, from depths ranging from
5 to 1700 m, suggest that euryalids associated with
corals use their host primarily to get better access to
zooplankton and particles suspended in the water
column, hence benefiting from the association. Sub-
mersible and laboratory observations show that the
euryalid brittle star Asteroschema tenue extends its
arms in the water column at night while still clinging
to the sea-whip gorgonian Ellisella barbadensis
(Emson & Woodley 1987). Similar observations have
been made for Asteronyx loveni (Fujita & Ohta 1988).
These studies imply that the association between
ophiuroids and their coral host has parasitic aspects
(ophiuroids benefit from the association at the ex-
pense of their host) but is mainly a commensal asso-
ciation. Some authors have suggested that this asso-
ciation could be mutualistic (both partners benefit
from the association). In addition to suspension feed-
ing, the ophiuroid Astrobrachion constrictum uses
its arms to remove particles deposited on coral
branches, thus preventing smothering (Grange 1991,
Stewart 1998). Grange (1991) also observed that
corals associated with ophiuroids recovered faster
from catastrophic events, such as landslides, than
colonies that carried no ophiuroids.

In 2010, the Deepwater Horizon (DWH) blowout
resulted in the release of approximately 4.9 million
barrels of crude oil at a depth of 1500 m (McNutt et
al. 2012). The first discovery of an impacted gorgon-
ian community was made 3.5 mo after the well was
capped. At this site, most colonies were at least par-
tially covered in a brown flocculent material that con-
tained traces of oil from the Macondo well (White et
al. 2012a, Hsing et al. 2013). Subsequent work on
material removed from the corals showed that it also

contained dioctyl sodium sulfosuccinate, a com-
pound diagnostic of the dispersant deployed during
the spill (White et al. 2014). In 2011, 2 additional
affected communities were discovered (Fisher et al.
2014). Like the community discovered first, these
communities were dominated by the octocoral Para-
muricea biscaya (Grasshoff, 1977), commonly associ-
ated with the euryalid ophiuroid Asteroschema clav-
igerum (Verrill, 1884). Little is known about these 2
species and the nature of their association. Interest-
ingly, A. clavigerum was always observed on healthy
parts of visibly impacted coral colonies, suggest-
ing that ophiuroids were either avoiding impacted
branches or protecting portions of the coral colony.

The goals of this study were to assess the impact of
the DWH oil spill on ophiuroid associates, character-
ize the nature of the association between A. clavi-
gerum and P. biscaya, and determine whether ophi-
uroids affected coral recovery, using image analysis.
We hypothesized that ophiuroids protected their
hosts from some adverse effects of the spill, and had
a positive effect on coral recovery from impact.

MATERIALS AND METHODS
Study sites and image acquisition

We imaged corals at 4 sites in the northern Gulf of
Mexico. The first impacted site discovered on 15 July
2010, in Bureau of Ocean Energy Management lease
block Mississippi Canyon (MC) 294, was located
13 km from the well. The 2 additional impacted com-
munities discovered in 2011, MC297 and MC344,
were 6 and 22 km from the well, respectively. The last
site, Atwater Valley (AT) 357, was located much far-
ther away from the source of the oil spill (183 km), and
coral colonies showed no evidence of recent impact.

The data reported here come from 7 research
cruises conducted between 2010 and 2014 using re-
motely operated vehicles to obtain high-resolution
images of the coral colonies. MC294 was the only site
visited in 2010. During each visit, as many coral
colonies as possible were imaged, and if the corals
had been imaged before, every effort was made to
obtain images from the same heading and camera-
subject distance to allow a detailed analysis of
changes in the corals and their symbionts between
visits. Coral communities at the 3 impacted sites were
dominated by Paramuricea biscaya, and more than
half of the corals at these sites hosted 1 or more ophi-
uroids of the species Asteroschema clavigerum
(Table 1). Corals present at AT357 were identified as
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Table 1. Total number of corals and number of corals hosting
1 or more ophiuroids at the 3 impacted sites and the
reference site (AT 357) in 2011

Site Total Corals with Corals with
corals 1 ophiuroid >1 ophiuroid
() () ()
MC294 49 25 8
MC297 69 44 4
MC344 25 12 0
AT357 82 32 25

Paramuricea sp. B3 and hosted at least 1 species of
Ophiocreas in addition to A. clavigerum. Corals and
their associates were identified in previous studies
based on morphology and molecular barcoding (White
et al. 2012a, Doughty et al. 2014). Experts were con-
sulted for the identification of the ophiuroid species
at AT357.

Ophiuroid fidelity

The number of ophiuroids on each coral colony was
recorded during each visit. Loss of ophiuroids and
the percentage of ophiuroids that stayed on the same
coral between each visit (fidelity) were determined
for all 4 sites. We used the presence of scars (re-
generating arms) to identify individual ophiuroids
when possible. When no identifying marks were
present, we assumed that ophiuroids that were at the
same location on the colony from one year to another
were the same individuals. Differences in fidelity
among sites and years were tested with Fisher's exact
test.

Relation between the presence of ophiuroids
and level of impact

Coral colonies were digitized using Inkscape 0.48.5
and branches coded as visibly impacted (excess
mucus, bare skeleton, absence of polyps), colonized
by hydroids, or not visibly impacted, based on the
method described by Hsing et al. (2013). The level of
total visible impact was calculated based on the pro-
portion of branches either colonized by hydroids or
otherwise visibly impacted in images from 2011. The
mean level of total visible impact in corals that did
not host any ophiuroids and in colonies that had at
least 1 ophiuroid associate were compared for each
site, and significant differences were tested with the
non-parametric Mann-Whitney Wilcoxon test.

Effect of impact on ophiuroid position on
the colony

Ophiuroids were normally located at the center of
their host colony. To determine whether the position
occupied by the ophiuroids on corals was altered by
impact to the coral, a polygon was defined around
each colony that supported 1 brittle star, and the
position of its centroid was determined using ImageJ
1.48. For each coral colony, the distance between the
centroid and the center of the ophiuroid oral disc was
determined. This distance was then compared be-
tween corals that had a level of total visible impact
over 20% of the colony and healthier corals (total
visible impact lower than 20%) using the Mann-
Whitney Wilcoxon test.

Determination of an area clearly under
the influence of ophiuroids

In order to further investigate the role of ophiuroids
in providing some resilience to impact from the spill,
we compared impact to a colony in areas clearly
under the influence of the ophiuroid associate to the
rest of the colony. To account for differences in arm
length of different sized ophiuroids, we used the
diameter of the ophiuroid's oral disc as our unit of
measurement in these analyses. We first determined
the maximum reach of the ophiuroids by measuring
the length of the arms of 18 individuals for which that
was possible using ImageJ 1.48. In most cases, all
arms were too tightly coiled for this measurement,
but among the 18 individuals that were measurable,
the arm lengths ranged from 19 to 34 times the diam-
eter of the oral disc with an average of 24.5 times the
disc diameter. This suggests that, at least theoreti-
cally, ophiuroids could have an influence on an area
with a diameter about 50 times the diameter of the
oral disc on average. In a separate analysis, we deter-
mined a diameter of influence empirically for 7 coral
colonies from MC294 by plotting the level of total vis-
ible impact as a function of distance from the oral
disc. Again our unit of measurement was the diame-
ter of the oral disc of the ophiuroid on the coral being
analyzed. Circles of increasing diameters were
defined around each brittle star, and the cumulative
level of total visible impact within each circle was
calculated and plotted as a function of circle diameter
(Fig. 1A,B). For all colonies, the curves had a sig-
moidal shape, the level of impact started at 0 and
increased with distance from the oral disc until it
reached an asymptote. Initially, a logistic regression
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model was fitted to each curve, and the diameter of
influence was defined where 99 % of the value of the
asymptote was reached (Fig. 1B). The average diam-
eter of influence calculated using this method was
equivalent to 36 times the diameter of the oral disc. In
several cases, the perimeter of the circle approached
the edge of the colony, and the comparison between
impact inside and outside the area of influence was
limited. In order to increase the robustness of this
comparison, we used the diameter corresponding to
half the value of the asymptote (19 times the oral disc
diameter) to delineate areas under the influence of
ophiuroids (Fig. 1C). We then compared impact to
portions of coral colonies inside and outside of areas
of ophiuroid influence as of October 2011, using both
diameters, and corals from MC294 and MC297 using
the Mann-Whitney Wilcoxon test. Coral colonies
present at AT357 and MC344 were not analyzed
because all corals were healthy at AT357, and not
enough colonies could be used at MC344 (only 3 im-
pacted colonies carrying ophiuroids were big enough
to be analyzed).

Ongoing effects of ophiuroids on coral colonies

To track changes in state of portions of a colony
between 2011 and 2014, the branch state in 2014 was

Total visible impact proportion
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0.104

0.05+

0.004
0 10
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Circle diameter
(times the diameter of the oral disc)

Fig. 1. (A) Determination of the area influenced by ophi-
uroids: example of a Paramuricea biscaya coral colony from
site MC294. The first circle has a diameter equivalent to
twice the diameter of the ophiuroid Asteroschema clav-
igerum oral disc, the second 4 times, and so on, until the en-
tire colony is included. (B) Level of total visible impact and
fitted logistic regression model as a function of the diameter
of each circle. (C) Digitized image of a colony from MC297.
Each circle has a diameter equivalent to 19 times the dia-
meter of the ophiuroid oral disc

digitized on the 2011 images allowing a direct meas-
urement of changing state. Changes in state of indi-
vidual branches within and outside of the area of
ophiuroid influence between 2011 and 2014 were
compared using the Mann-Whitney Wilcoxon test.
Ophiuroid positions on coral colonies from one year
to another were very consistent, so the position of the
oral disc in 2011 was used for this analysis.

In a separate analysis, the correlation between
visible impact recovery or hydroid recovery and
distance from the ophiuroid's oral disc (circles of
increasing diameter) was measured for each colony
using Spearman's rank correlation.

Non-parametric tests were used for all analyses
because the data were not normally distributed, and
none of the transformations we applied to the data
sets resulted in normal distributions. Analyses were
performed in Minitab® 17.2.1 and the R program-
ming environment version 3.1.0 (R Core Team 2014).

RESULTS

About 70% of the corals at MC294, MC297, and
AT357, and 50% at MC344 hosted at least 1 ophi-
uroid (Table 1). The proportion of corals hosting more
than 1 brittle star varied among sites, with the high-
est proportion at AT357 (around 30 %) and the lowest
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Fig. 2. Impacted Paramuricea biscaya coral colony from site MC294 imaged in (A) November 2010, (B) December 2010,
(C) October 2011, and (D) June 2014. Note that the only healthy portion of the colony corresponds to the position of its
ophiuroid Asteroschema clavigerum associate in 2010 (before it left the colony)

at MC344 (0%). Larger colonies tended to host big-
ger brittle stars (simple linear regression model: n =
95, intercept = 0.7524, slope = 0.0003, Rzadj =0.2049, p
< 0.0001), and the diameter of the ophiuroid oral disc
ranged from 0.3 to 1.5 cm with an average of 0.89 cm.
Ophiuroids were always observed on healthy
branches, with the exception of ophiuroids on corals
where nearly 100% of the colony was impacted

(Fig. 2A). Most of the time they were in the central
area of coral colonies, and were rarely observed near
the base of the colony or on distal branches. The posi-
tion of the arms often appeared to have changed
from one year to another, while the oral disc was nor-
mally in the same area (the average movement of the
oral disc between 2011 and 2014 was equivalent to
3.5 + 4.1 times the diameter of the oral disc). Ophi-
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Fig. 3. Percentage of ophiuroids that stayed on the same

coral from one year to another (fidelity) between 2010 and

2014 and between 2011 and 2014 at the 3 impacted sites and
the reference site

uroids did not seem to avoid contact with the polyps.
There were at least 2 species of ophiuroids present
on Paramuricea sp. B3 at AT357: Asteroschema clav-
igerum and at least 1 species of Ophiocreas; at the
other sites, P. biscaya was only associated with A.
clavigerum.

Between 2011 and 2014, the percentage of ophi-
uroids that stayed on the same coral varied between
91 and 100 %, both at the impacted sites and at the
reference site where none of the corals was visibly
impacted by the spill (Fig. 3). At MC294, the first
impacted site discovered, fidelity was significantly
lower between 2010 and 2011 (Fisher's exact test, p =
0.007). Only 67 % of the brittle stars imaged in the
late 2010 visits were still clinging to their host in
2011.

At all 3 impacted sites, the mean level of total
visible impact of coral colonies that were associated
with a brittle star was significantly lower compared
to coral colonies without clinging ophiuroids (Mann-
Whitney Wilcoxon, MC294: p = 0.0003; MC297: p =
0.0096; MC344: p = 0.0015; Fig. 4). We found no
significant difference between corals with and with-
out ophiuroids at the reference site (Mann-Whitney
Wilcoxon, AT357: p = 0.3072), where the average
level of total visible impact for both groups was about
1%.

The average distance between ophiuroid oral discs
and the center of their host colonies, estimated by

Average proportion of total visible impact in 2011

1.00 Ophiuroid(s) present
m No
Yes
*
0.75
*
0.50 *
0.25
0.00
T T
MC294 MC297 MC344
Sites

Fig. 4. Mean level of total visible impact of coral colonies

associated or not associated with ophiuroids. The error bars

represent the standard deviation. Differences were tested

with the Mann-Whitney Wilcoxon test, and results were
considered significant at p < 0.05 (*)

polygon centroids, was not significantly different be-
tween healthy and impacted colonies (3.22 + 2.3 [SD]
cm and 5.09 + 4 cm away, respectively, Mann-Whit-
ney Wilcoxon, p = 0.327).

The total level of visible impact was, on average,
higher outside than inside the area influenced by
ophiuroids, and this result was significant for MC297.
We observed similar patterns at both sites of a higher
proportion of changes to a more favorable state in
areas influenced by ophiuroids than in areas outside
that influence, although the differences were only
significant in some cases (Fig. 5). The proportion of
branches that changed from impacted to healthy was
significantly higher inside than outside the area in-
fluenced by brittle stars for both sites (Mann-Whitney
Wilcoxon, p < 0.01). The same trends were observed
when a larger diameter of influence was used for the
analyses (Fig. Al in the Appendix).

For 7 of 8 colonies at MC294 and 9 of 12 colonies at
MC297, recovery from visible impact was signifi-
cantly negatively correlated with distance from the
ophiuroid oral disc (Table 2). For 2 of these corals,
there was a significant positive relationship. No sig-
nificant relationship was evident between recovery
from visible impact and distance from the ophiuroid
oral disc for the other 2 corals. We found no clear pat-
tern for the relationship between branch recovery
from hydroid colonization and distance from the
ophiuroid oral disc (Table 2).
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Fig. 5. Average level of total visible impact (site MC294: n = 12; site MC297: n = 25; only these 2 impacted sites were analyzed

because not enough colonies were available for comparison at site MC344) and proportion of Paramuricea biscaya branches

that changed from one category to another between 2011 and 2014 (nv: no visible impact, vi: visibly impacted, hy: hydroid col-

onization) inside and outside the area influenced by ophiuroids Asteroschema clavigerum (19 times the diameter of the oral

disc) at both impacted sites. The error bars represent the standard deviation. Differences were tested with the Mann-Whitney
Wilcoxon test, and results were considered significant at p < 0.05 (*)

Table 2. Spearman's rho correlation coefficients between
visible impact recovery or hydroid recovery in colonies of
Paramuricea biscaya and distance from the ophiuroid Aster-
oschema clavigerum oral disc (expressed as circle diameter).
Only impacted sites MC294 and MC297 were analyzed be-
cause not enough colonies were available for comparison at
impacted site MC344. Results were considered significant
at p < 0.05 (*). Blank cells: data not available

Coral Site Visible Hydroid
colony impact recovery = recovery
A6 MC294 —-0.949
B6 MC294 0.798*
B9 MC294 —0.949* -0.756*
C5 MC294 —-0.900*

C8 MC294 -0.913~

D1 MC294 -0.873*

D5 MC294 -0.790*

F2 MC294 —-0.895* -1.00*
F3 MC294 0.615*

F5 MC294 —-0.842*

M3-6 MC297 0.642* —-0.400
M3-8 MC297 -0.841*

M3-11 MC297 -0.767* 0.095
M3-13 MC297 —-0.889*

M3-17 MC297 -0.974*
M3-18 MC297 -0.876*

M6-9 MC297 —-0.969*

MM1-1 MC297 -0.366

MM1-9 MC297 -0.431*

MM1-17 MC297 -0.684*

MM1-18 MC297 —-0.087

MM1-32 MC297 —-0.431* —-0.667
MM1-40 MC297 -0.952* -0.975*

DISCUSSION

The majority of coral colonies at each site were
associated with at least 1 ophiuroid. Coral colonies at
AT357 sometimes carried several ophiuroids of differ-
ent species, indicating a more general association be-
tween ophiuroids and Paramuricea sp. B3 at this site.
Conversely, P. biscaya was only associated with 1 spe-
cies, Asteroschema clavigerum, at the other sites.
Ophiuroids generally had their arms tightly coiled
around coral branches and in some instances were
clearly touching extended polyps. This type of inter-
action was observed with other species and suggests
that the presence of the brittle star does not adversely
affect the coral host and vice versa (Emson & Woodley
1987, Fujita & Ohta 1988, Grange 1991). Analyses of
the stomach contents of obligate ophiuroid species
have shown that ophiuroids do not feed on polyps,
and no damage due to ophiuroids has been found on
corals (Emson & Woodley 1987, Grange 1991).

At all sites, ophiuroid fidelity after 2011 was close
to 100 %. High fidelity between an ophiuroid and a
coral has been previously documented (Mosher &
Watling 2009). The asteroschematid ophiuroid Ophio-
creas oedipus spends its entire life attached to the
octocoral Metallogorgia melanotrichos. Very small O.
oedipus have been found clinging to juvenile M.
melanotrichos, suggesting that the ophiuroids may
directly settle on the corals (Mosher & Watling 2009).
The fact that we observed 4 very small A. clavigerum
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on 3 different corals suggests that this species may
also settle directly on P. biscaya. New adult individu-
als were observed between 2011 and 2014 on some
colonies, indicating occasional movement of brittle
stars between colonies. The largest number of new
adult ophiuroids was observed at AT357 (15 new
ophiuroids), where coral density is high, with many
corals directly adjacent to one another. Ophiuroid
migrations were also documented at MC294, with 7
newly established brittle stars documented over 4 yr.
In 1 instance, a brittle star moving from one colony to
another was observed. Considering the scarcity of
coral communities, and the fact that the number of
ophiuroids that appeared between 2011 and 2014
was always smaller than the number of ophiuroids
that were lost, it is likely that the newly established
ophiuroids came from other colonies within the same
site. Between 2010 and 2011, 4 ophiuroids left their
host at MC294. Three of the 4 ophiuroids that were
lost between 2010 and 2011 were initially on heavily
impacted corals (see Fig. 2 for an example). When
MC294 was discovered a few months after the Ma-
condo well was capped, White et al. (2012a) observed
that only 47 % of the A. clavigerum associated with
P. biscaya had a normal color (tan to red); the rest had
distinctly white arms or were completely bleached.
They also noted that several ophiuroids had their
arms loosely coiled around coral branches, an ab-
normal behavior for this species. This suggests that
A. clavigerum was likely directly impacted like the
corals (White et al. 2012a), either through surface
exposure to oil and/or dispersant or by ingesting
contaminated particles or zooplankton (Mitra et al.
2012); this raises the possibility that some individuals
died or left their host during the following year.

On average, A. clavigerum had a beneficial effect
on its P. biscaya host over an area equivalent to at
least 19 times the diameter of its oral disc. At MC297,
the total visible level of impact was significantly
lower in the area influenced by ophiuroids than in
the rest of the colony. Ophiuroid presence was corre-
lated with a general trend of enhanced recovery from
impact and from hydroid colonization over a 3 yr
period, although these trends were not always signif-
icant for hydroids. Moreover, corals that carried 1 or
more ophiuroids were on average less visibly im-
pacted than corals that did not host any. These
results, coupled with the fact that the position of
ophiuroids within colonies was not affected by the
presence of impact, suggest that A. clavigerum did
not avoid impacted branches. In other words, the cor-
relation between ophiuroid position and healthy
coral tissue was not a result of the ophiuroid moving

into that area. Rather, the ophiuroids had a positive
influence on the ability of P. biscaya to avoid visible
damage from the effects of the DWH spill over areas
of the colony under their influence, and also aided in
recovery from this impact. Previous studies have con-
cluded that the ophiuroid—coral association primarily
benefits the ophiuroids by providing them with struc-
ture above the sea floor with enhanced access to food
in the epibenthic water (Emson & Woodley 1987,
Fujita & Ohta 1988). Our observations support those
of Grange (1991), who observed that corals support-
ing ophiuroids were more likely to recover after
catastrophic events such as landslides due to a posi-
tive influence of ophiuroids on their coral hosts. Our
study also suggests that ophiuroids, in addition to
protecting their coral host from sedimentation
events, can enhance coral recovery after anthro-
pogenic damage. Hsing et al. (2013) documented the
onset of hydroid colonization on impacted portions of
coral colonies 1 yr after the DWH oil spill. Sub-
sequently, overall hydroid colonization tended to in-
crease over time. We demonstrated that the presence
of ophiuroids had a positive effect on coral recovery
from hydroid colonization, perhaps by removing
hydroid colonies and preventing further settlement.

Understanding the interaction between all mem-
bers of deep-sea communities is important to better
assess recovery potential after anthropogenic im-
pacts. As developing technology facilitates anthropo-
genic activities at ever greater ocean depths, the po-
tential for impact to virtually all deep-sea ecosystems
is increasing (Ramirez-Llodra et al. 2011). Deep-
water corals are particularly vulnerable to bottom
trawling (Koslow et al. 2001, Fossa et al. 2002, Hall-
Spencer et al. 2002), other fishing activities (Clark &
Koslow 2008, Fisher et al. 2014), and increasing oil
extraction and mining activities (Clark et al. 2010,
White et al. 2012a, Hsing et al. 2013, Fisher et al.
2014). Because of their slow growth rates (Andrews
et al. 2002, Roark et al. 2009), recovery and re-
growth of deep-sea corals damaged or killed by an-
thropogenic activities will take decades to centuries.
Moreover, our study highlights the consequences of
the destruction of deep-water coral assemblages on
biodiversity. A. clavigerum, as well as other organ-
isms, depend entirely on corals for their survival and
would not persist in the absence of their host.

CONCLUSIONS

In addition to impact on corals, there was a loss of
commensal ophiuroids associated with the DWH oil



Girard et al.: Mutualistic symbiosis between octocorals and ophiuroids 97

spill. It seems that ophiuroids did not preferentially
move to healthy portions of the colony after impact,
but instead, protected the branches they were at-
tached to (e.g. see Fig. 2A-C). These branches re-
mained healthy throughout the study period, even
long after some ophiuroids left their hosts, indicating
a lasting effect of these associates (e.g. Fig. 2D).
Ophiuroids not only help protect their hosts from
sedimentation or deposition of deleterious material
on their surface, but also have a positive effect on
coral recovery after impact. Asteroschema clavi-
gerum uses Paramuricea biscaya to rise above the
sea floor and get better access to food while its host
reaps the benefits of the ‘cleaning’ behavior of the
ophiuroid. Coral colonies associated with ophiuroids
were less impacted by the DWH oil spill, and im-
pacted branches were more likely to recover in the
years following the spill. This association is a clear
example of mutualism and demonstrates how sym-
biosis can significantly increase the partners’ resili-
ence to anthropogenic impact.
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