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Abstract
1. Deepwater coral communities are hotspots of diversity and biomass. Most deep- 

sea coral species are long- lived and slow- growing and are, thus, expected to re-
cover slowly after disturbance. A better understanding of the recovery potential 
of these organisms is necessary to make appropriate management decisions.

2. We used data from high- resolution monitoring of individual coral colonies that 
were impacted by the Deepwater Horizon oil spill (April 2010) to parameterize 
and validate an annual, impact- dependent, state- structured matrix model to esti-
mate the time to recovery for each coral colony. We projected the dynamics of 
three branch states: visibly healthy, unhealthy and hydroid- colonized. Although 
we implicitly included branch loss in the model, we focused on the short- term re-
turn of extant, damaged branches to a visibly healthy state and did not consider 
the far longer term regrowth of lost branches.

3. Our model estimates that, depending on the initial level of impact, corals impacted by 
the spill will take up to three decades to recover to a state where all remaining branches 
appear healthy, though the majority of corals are projected to reach that state within a 
decade. By that time, some of these colonies will have lost a significant number of 
branches, leading to approximately 10% reduction in total biomass at all impacted sites.

4. Overall, our model overestimates recovery, but branch loss estimates were relia-
ble. Thus, the available growth rate data suggest that hundreds of years may be 
necessary for impacted communities to grow back to their initial biomass.

5. Policy implications. Our study quantifies the very slow recovery rate of deep- sea 
corals impacted by the Deepwater Horizon oil spill and demonstrates the impera-
tive of prioritizing a precautionary approach for deep- sea ecosystems over resto-
ration after the fact. As anthropogenic pressure on the deep sea is likely to 
increase, we suggest the establishment of coral monitoring sites implemented as 
part of Marine Protected Areas to limit and detect impact to deep- sea corals. 
Furthermore, our model may be used to plan shorter-  and longer- term monitoring 
programmes after impact and to provide a timeline for policy.
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1  | INTRODUC TION

The blowout of the Deepwater Horizon drilling platform on 20 April 
2010 in the Northern Gulf of Mexico led to the largest accidental oil 
spill in history. Approximately 4.9 million barrels (780 million litres) 
of crude oil were released over an 87- day period, before the well 
was capped in July 2010. In response to the spill, 7 million litres of 
dispersant were applied, with three million litres applied at depth, di-
rectly at the wellhead (McNutt et al., 2011). The Deepwater Horizon 
oil spill was unprecedented, not only because of its volume and du-
ration, but also because the oil was released directly into the deep 
sea, at a depth of 1,520 m (Peterson et al., 2012). The deepwater 
plume, that persisted for several months at a depth of about 1,100 m 
(Camilli et al., 2010), as well as a large marine snow formation event 
in oil- contaminated surface water (Passow, Ziervogel, Asper, & 
Diercks, 2012), had the potential to impact numerous, poorly known, 
deep- sea communities.

In November 2010, a few months after the well was capped, an 
impacted deep- sea octocoral community was discovered (White 
et al., 2012). This community was located in Mississippi Canyon (MC) 
294 (all site names are based on the US Bureau of Ocean Energy 
Management lease block designation for 3 × 3 nautical mile square 
areas of the sea floor leased for oil and gas activities), 13 km away 
from the well at a depth of 1,370 m. The majority of the corals at this 
site exhibited signs of impact; they were covered in a brown floccu-
lent material (floc) which contained traces of oil from the Macondo 
well, as well as dioctyl sodium sulfosuccinate, a surfactant used in 
the dispersant Corexit applied in the aftermath of the spill (White 
et al., 2012, 2014). In 2011, two more impacted coral communities 
were discovered at MC 297 and MC 344 located 6 and 22 km away 
from the well at 1,560 and 1,850 m depth, respectively (Fisher et al., 
2014). Coral colonies were not covered in floc but displayed the very 
characteristic pattern of spatially patchy impact and hydroid colo-
nization across the colony observed on corals from MC 294 at the 
same time, after the floc had disappeared.

Deepwater corals are found at all latitudes in the deep sea 
(Watling, France, Pante, & Simpson, 2011) and are used by numer-
ous species as habitat, feeding grounds, or nurseries (Baillon, Hamel, 
Wareham, & Mercier, 2012; Buhl- Mortensen, 2004; Du Preez & 
Tunnicliffe, 2011; Etnoyer & Warrenchuk, 2007). In addition to en-
hancing biodiversity, cold- water corals have been shown to play a 
role in carbon cycling (Cathalot et al., 2015; Oevelen et al., 2009). 
Corals from the octocorallia subclass, although not reef- forming, can 
occur in very dense assemblages, and provide structurally complex 
habitats that can also support a high diversity of organisms (Buhl- 
Mortensen & Mortensen, 2004, 2005; Buhl- Mortensen et al., 2010; 
Roberts, Wheeler, & Freiwald, 2006).

Given their important role in structuring deep- sea communities, 
a fuller understanding of how these corals will recover from acute 
damage, in general, and the Deepwater Horizon spill, in particular, 
is essential. Recovery comprises two main processes in this coral 
system: the observable recovery of extant, but damaged, biomass 
to a healthy state and the replacement of lost biomass (specifically, 

regrowth of lost branches). Recovery processes are complex and de-
pendent on numerous factors (Henry & Hart, 2005). Regeneration 
from injuries can depend on the size, age, genotype or morphology 
of the corals, as well as external factors, such as the environment, 
and the presence of predators, competition (Henry & Hart, 2005; 
Lasker, 1990; Linares et al., 2005; Meesters, Noordeloos, & Bak, 
1994; Meesters, Wesseling, & Bak, 1996).

Many deepwater coral species have very low metabolic and 
growth rates and are extremely long lived (Andrews et al., 2002; 
Roark, Guilderson, Dunbar, Fallon, & Mucciarone, 2009). In the 
Northern Gulf of Mexico, some Paramuricea biscaya (Grasshoff, 
1977) colonies, the octocoral species that was most affected by the 
spill, have been estimated to be over 600 years old (Prouty, Fisher, 
Demopoulos, & Druffel, 2014). The low metabolic and growth rates 
of these corals suggest that it could take many years before even 
moderately impacted colonies completely recover (in terms of both 
return to health of extant branches and regrowth of lost branches) 
from the impacts of the spill.

A slow and complex recovery of corals impacted by the 
Deepwater Horizon oil spill has already been suggested by sev-
eral studies. Two years after the Deepwater Horizon oil spill, even 
though the median level of visible impact at MC 294 had decreased, 
most impacted P. biscaya still showed signs of injury, and hydroid 
overgrowth, which started in 2011, was still expanding on some 
colonies (Hsing et al., 2013). Hydroids colonized damaged por-
tions of the colonies, impeding tissue regeneration and weakening 
the coral’s skeleton due to the added epibiont mass (Bavestrello, 
Cerrano, Zanzi, & Cattaneo- Vietti, 1997). Branch loss was observed 
on some colonies, and the recovery of individual damaged branches 
and branches colonized by hydroids was negatively correlated with 
the initial level of impact to the colony. The recovery patterns of 
impacted coral colonies also varied with the presence or absence 
of the brittle star (ophiuroid) Asteroschema clavigerum (Verrill, 1894) 
on the corals. A. clavigerum ophiuroids both provided protection 
from impact and facilitated recovery of damaged coral branches 
(Girard, Fu, & Fisher, 2016).

Long- term monitoring of impacted coral colonies is the best way 
to study the recovery of these long- lived, slow- growing organisms. 
However, collecting data in the deep sea is challenging and expen-
sive, and expectations are that it will take decades to centuries for 
full regrowth and recovery of these coral communities. Thus, we, 
here, specifically focused on how long it will take for observable re-
covery to health of extant coral biomass. Estimates of time to visible 
recovery will allow for the appropriate planning of both the overall 
duration of a recovery monitoring plan, and also of the frequency 
of visits necessary for recovery assessment. After extant coral re-
covery, less frequent monitoring may subsequently document the 
slower regrowth process, which was not addressed in the present 
study. For our study, we used a structured matrix model (Caswell, 
2001) to estimate how long it will take for the impacted corals to 
visibly recover from damage and hydroid colonization, and thus for 
how long monitoring will be informative about the health of remain-
ing coral biomass.
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2  | MATERIAL S AND METHODS

2.1 | Study sites and data acquisition

The data used for this model were collected as part of a long- term 
monitoring study at three sites that were impacted by the Deepwater 
Horizon oil spill. These sites, in BOEM lease blocks MC 294, MC 297 
and MC 344, were located 13, 6 and 22 km away from the Macondo 
well, respectively, and the dominant coral species at these sites was 
P. biscaya. Corals from this species have a planar morphology; all 
branches are in the same plane and are, thus, visible in the same 
photograph, making them well suited for image analysis (Figure 1).

We monitored 49, 56 and 61 individual coral colonies between 
2011 and 2017 at MC 294, MC 297 and MC 344, respectively. High- 
definition images of the same colonies were taken every year using 
digital still cameras and remotely operated vehicles (ROVs). A partic-
ular effort was made to use the same headings (compass bearings) 
and camera- object distance each time to facilitate comparisons. We 
chose to use images collected in October 2011 as the baseline for 
this study because this was the first complete, high- quality, dataset 
collected from all three sites, and the oil containing floc had fallen off 
the corals by this time, revealing the presence or absence of visible 

damage. We digitized images from the 2011 cruise using Inkscape 
0.48.5, and coded coral branches as visibly healthy, unhealthy (ob-
vious tissue damage, bare skeleton or excess mucous production) or 
colonized by hydroids (Figure 1). We coded branches conservatively; 
whenever it was not clear whether a branch was impacted, we coded 
it as healthy, and when the presence of hydroids was not obvious, 
we coded the branch as unhealthy. To determine the condition of 
coral colonies after 2011, we used the 2011 image as a template and 
re- coded branches every year based on their new state. After 2011, 
we added a new category for branch loss. We followed changes 
from one state category to another on individual branches between 
consecutive years using the digitized high- definition images. We 
counted the total number of branches on each coral colony using 
the cell counter tool in ImageJ 1.4 and measured the proportion of 
branches that were in each state for every year. We then tracked 
changes in individual branches and measured the proportion of 
branches that changed from one state to another, or not, between 
consecutive years.

In addition to quantifying impact for each coral colony, we es-
timated total branch length for each coral. To estimate the size of 
each colony, a perforated resilient plastic ball (“wiffle ball”), with a 
diameter of 8.9 cm, mounted on a pole was held next to each coral 
colony and imaged with the colony to provide scale. For these mea-
surements, the mounted ball was held in the manipulator of the ROV, 
in contact with the colony, and imaged in the same plane. We then 
used these images to calculate the total branch length of each coral 
(cumulative length of all branches). We used total branch length as a 
measure of coral size and a proxy for biomass.

2.2 | Model

We projected the level of total visible impact for each coral colony 
using an annual impact- dependent state- structured matrix model 
(Caswell, 2001) where three states were considered: branches could 
either be healthy, unhealthy or colonized by hydroids (Figure 1). In 
this model, internodes (distance between the base of two branches; 
Figure 1a) used here as a proxy for branches, constituted individuals. 
The number of branches in each category at time t + 1 was given by 
the linear equation: 

where n(t) is a vector representing the number of branches in each 
state, and U is the projection matrix, containing the transition prob-
abilities between each of the three states (see Appendix S1 for the 
full- model structure).

The transition probabilities were dependent on the level of total 
visible impact of the colony (sum of the proportion of unhealthy 
and hydroid- colonized branches) each year, thus the projection ma-
trix changed at every model time step, making the model impact- 
dependent. In this model, the sum of the transition probabilities for 
each state was less than or equal to one; probabilities less than one 
denote branch loss. Regrowth of new, healthy, branches was ex-
plicitly excluded from this model as we focused on the recovery to 

n(t + 1) =Un(t)

F IGURE  1  Impacted coral colony from MC 294. The three 
branch/internode states are visible: a few branches are visibly 
healthy (a), but the majority are either unhealthy (b) or colonized by 
hydroids (c)

(a)

(c)

(b)
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health of extant coral biomass, and growth rates for this coral spe-
cies are extremely slow (Prouty et al., 2014).

We assumed that all coral colonies responded the same way 
to impact and that the transition probabilities only depended on 
the current state of the system, as is common in matrix mod-
elling (Caswell, 2001). The number of branches in each state in 
2011 was used as the initial condition as, in 2010, fewer corals 
were imaged at MC 294, and none were imaged at MC 297 or  
MC 344.

2.3 | Parameter estimation

We estimated the transition probabilities for the projection matrix 
with generalized linear mixed models (GLMMs). As changes in the 
state of individual branches depended on the overall level of impact 
and size of the colonies, we used the total visible impact proportion 
(IMP), and total branch length in 2011 (SIZE)—both continuous vari-
ables—for each coral as fixed effects in the statistical model. Since we 
imaged the same coral colonies every year, we treated year (YEAR) as 
a random effect. We also included coral colony (CORAL) as a random 
effect to avoid overdispersion (when the variability in the data is larger 
than the variability expected under the assumed distribution [binomial 
in the case of proportion data], leading to poor model fitting). As an 
alternative to multinomial models (which could not accommodate our 
random effects), we used the same 3- step sequence of nested bino-
mial GLMMs (Caswell, 2001, p. 55; Shea & Kelly, 1998) for each branch 
state (healthy, unhealthy, or hydroid- colonized). At each step, we used 
a logit link function to estimate the effect of impact proportion and size 
on the proportion of branches that changed from one state to another:

1. We first modelled the proportion of branches that broke. The 
response variable for this model consisted of two columns: 
one for the number of branches that broke and the other for 
the number of branches that did not break (which sum to the 
total number of branches in the focal state).

2. We then modelled the proportion of branches that stayed in the 
same state between consecutive years, considering only branches 
that did not break.

3. Finally, we tested the effect of impact and size on the proportion 
of branches that transitioned to either of the remaining two 
states, considering only branches that did not break and did not 
remain in the same state.

Each step was, thus, performed on nested subsets of the data, start-
ing with the relevant subset (for instance, only healthy branches were 
used when modelling the transition from healthy to any other state). 
For each transition probability, we started with the same full model:

and selected the minimum adequate model (Table 1).
The marginal estimates from the minimum adequate model were 

then used to predict the transition probabilities used in the matrix 
model for all coral colonies. When impact proportion or size did not 
have a significant effect on a particular transition, the weighted mean 
for this proportion was used to estimate the transition probability.

We tested models parameterized using all possible combination of 
years (the effect of different years on model outcomes was inconsis-
tent and rarely significant; see Appendix S2). We then used the data 
from 2011 to 2015 at MC 294 for model parameterization because cor-
als at this site displayed the largest range of impact levels, and impact 
at this site was directly linked to the Deepwater Horizon oil spill (traces 
of oil and dispersant were detected in the deposit that covered coral 
branches). Although the impact distribution indicates that corals at MC 
297 and MC 344 were also impacted by the oil spill, the extent of im-
pact in 2010 is unknown for these corals as they were only discovered 
in 2011. Corals at MC 294, as well as MC 297 and MC 344, were then 
used to validate model projections, in order to determine whether the 
estimates based on the MC 294 corals could be generalized to other 
sites.

Transition probability∼ IMP+SIZE+ IMP×SIZE+ (1|YEAR)

+(1|CORAL)

TABLE  1 Parameters selected for each transition probability and associated model coefficients based on the generalized linear mixed 
models

Transition Model

Intercept IMP SIZE

Estimate SE Estimate SE Estimate SE

H→B 0.0067

H→H ~IMP 5.45 0.194 −4.10 0.523

H→I 0.811

I→B 0.0989

I→I ~IMP −1.23 0.384 1.79 0.444

I→H ~IMP 2.42 0.431 −4.90 0.708

Hy→B 0.122

Hy→Hy ~IMP −0.671 0.389 1.82 0.699

Hy→H ~IMP + SIZE 0.425 0.570 −3.81 0.517 0.145 0.0591

IMP, total visible impact (unhealthy and hydroid- colonized branches); SIZE, total branch length; H, healthy branches; I, unhealthy branches; Hy, branches 
colonized by hydroids; B, branches that broke. Random factors: Imaging year and individual colony number.
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2.4 | Model validation

For each coral colony at MC 294, MC 297 and MC 344, we projected 
the proportion of branches in each state in 2016 and 2017 and plot-
ted it against the observed proportions for the same years. We then 
fitted linear regression models to assess the adequacy of model pro-
jections. For this analysis, we only included 91 corals (33, 41 and 17 
at MC 294, MC 297 and MC 344, respectively) that were imaged 
every year between 2011 and 2017.

2.5 | Recovery estimation

We estimated the time to visible recovery (95% of the remaining, 
extant colony is visibly healthy) for every impacted coral colony at 
MC 294, MC 297 and MC 344 (38, 49 and 38 corals at MC 294, 
MC 297 and MC 344, respectively). Our model never projected 
100% visible recovery, instead a steady state was reached be-
tween healthy, unhealthy and hydroid- colonized branches, with 
the proportion of healthy branches always being approximately 
0.95. Since corals lost branches over time, we also estimated how 
much of the initial colony still existed after visible recovery (pro-
portion of surviving branches). To evaluate the effect of the initial 
level of impact on the time to visible recovery and proportion of 
surviving branches, we ran deterministic simulations over a 50- 
year period using all possible combinations of the proportions of 
unhealthy and hydroid- colonized branches as initial conditions (we 
used a step size of 0.01 to discretize these variables). We used 
the average number of branches (170 [SD 150.5]) and total branch 
length (3.11 m) measured in 2011 at MC 294, MC 297 and MC 344 
for all simulations.

2.6 | Elasticity analysis

We conducted an elasticity analysis by looking at the effect of a 
0.1% decrease in each transition probability (separately) on the 
time to visible recovery, and comparing the difference between the 

respective estimated times to visible recovery projected for all pos-
sible values of damage and hydroid colonization proportions (step 
size of 0.01) using deterministic simulations over a 50- year period.

All analyses were performed in r (R Core Team, 2014). GLMMs 
were fitted with the lme4 (version 1.1- 12) r package (Bates, Maechler, 
Bolker, & Walker, 2015), while the model was coded using the popbio 
(version 2.4.3) package (Stubben & Milligan, 2007).

3  | RESULTS

The level of total visible impact significantly affected all transition 
probabilities except for the transition from a healthy to an unhealthy 
state (Table 1). Coral size only had a significant effect on the transi-
tion from hydroid colonization to healthy. Neither impact nor size 
had a significant effect on the proportion of branches of any state 
that broke between consecutive years.

The time to visible recovery and proportion of surviving 
branches after visible recovery were estimated for 38, 49 and 38 
coral colonies at MC 294, MC 297 and MC 344, respectively. These 
corals covered the full possible range of total visible impact, with 
the majority of colonies being lightly impacted (less than 20% im-
pacted) and a few colonies having a level of impact close to 100%. 
The model projected that, although it will take up to 27 years for 
the most impacted coral colonies to visibly recover, the majority of 
coral colonies will have recovered within 10 years (Figure 2). The 
average and median times to recovery were both equal to 5 years 
(SD 4 years). The most heavily impacted coral colonies were found 
at MC 294, and corals, here, were projected to take 7 years (SD 
6 years; median 4 years) on average to recover. An average of 
5 years (SD 3 years) will be necessary for corals to visibly recover 
at both MC 297 and MC 344, with some colonies needing up to 
12 years (median 5 years) at MC 297, and 11 years (median 7 years) 
at MC 344 to visibly recover.

The most impacted colonies were projected to lose more 
branches, and as a consequence, to have a lower proportion of sur-
viving branches (Figure 2). For example, the most impacted coral col-
ony included in this study was observed at MC 294 and over 90% of 
the colony was impacted in 2011. The model projected that this par-
ticular colony will look healthy by 2038, but, by that time, only 17% 
of the initial colony will remain. On average, 81% (SD 20%; median 
89%), 88% (SD 7%; median 89%) and 86% (SD 8%; median 84%) of 
branches at MC 294, MC 297 and MC 344 were projected to remain 
after visible recovery.

Based on model simulations, we estimated that it could take up 
to 28 years for an impacted coral colony to recover to the point that 
approximately 95% of the colony is visibly healthy, depending on its 
initial level of impact (Figure 3a). The higher the initial proportion 
of unhealthy or hydroid- colonized branches, the longer it will take 
for a colony to recover. Moreover, for the same proportion of un-
healthy and hydroid- colonized branches, the time to visible recov-
ery was slightly longer when branches were colonized by hydroids 
(Figure 3a).

F IGURE  2 Estimated time to visible recovery and proportion of 
surviving branches for all corals at MC 294, MC 297 and MC 344 as 
a function of total visible impact (unhealthy and hydroid- colonized 
branches) in 2011
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The proportion of surviving branches after a colony visibly re-
covered was also dependent on the initial level of total visible impact 
(Figure 3b). It varied between 0.99 for colonies that were initially 
lightly impacted and 0.14 for heavily impacted colonies. This effect 
was also slightly more pronounced for hydroid- colonized compared 
with unhealthy branches.

The time to visible recovery was the most sensitive to a decrease 
in the probability of a healthy branch remaining healthy, with a 
0.1% decrease in this probability delaying visible recovery by 1 year 
(Appendix S3). Similar decreases in all the other transition probabili-
ties had no detectable effect on the time to visible recovery (the few 
instances where an effect appears are due to the results not being 
completely smooth as they were based on numerical simulations).

After summing the total branch length of all impacted coral colo-
nies at both sites, we found a total length of 141 m at MC 294, 136 m 
at MC 297, and 59 m at MC 344 in 2011. By the time all coral col-
onies at these sites were projected to have visibly recovered (after 
27 years at MC 294, 12 years at MC 297 and 11 years at MC 344), 

the projected total branch lengths were 121, 124 and 57 m, indicat-
ing an expected 14%, 9% and 3% reduction in total biomass at MC 
294, MC 297 and MC 344, respectively.

Overall, the model tended to overestimate recovery. The pro-
jected proportions of healthy branches were higher than the pro-
portions observed in 2016 and 2017 for most corals at all impacted 
sites (Figure 4). Conversely, the projected proportions of unhealthy 
and hydroid- colonized branches were significantly lower than the 
observed proportions in both 2016 and 2017. Branch loss projec-
tions were more reliable but still underestimated (Figure 4). The 
same trends were observed in both 2016 and 2017, and projec-
tion accuracy was the same for MC 294 (used for parameteriza-
tion) as for MC 297 and MC 344, which were not included in model 
parameterization.

4  | DISCUSSION

At least 81 coral colonies were clearly impacted by the 2010 
Deepwater Horizon oil spill at MC 294, MC 297 and MC 344, and 
our model projected that, even though most coral colonies will have 
visibly recovered within a decade, it will take up to ~27 years for 
some of these corals to visibly recover.

We estimated approximately a 3%–14% reduction in total bio-
mass at our field sites by the time all corals appear to have recovered. 
Similar trends were observed with Paramuricea clavata after a mass 
mortality event in the Mediterranean Sea where, in some places, 70% 
of the biomass was lost (Cerrano et al., 2005; Linares et al., 2005). 
Due to the slow growth rates observed for these deep- sea corals in 
the Gulf of Mexico (Prouty et al., 2014), it will likely take hundreds of 
years before these coral communities grow back to their original bio-
mass. Moreover, in addition to growing slowly, these corals also have 
low recruitment rates (Doughty, Quattrini, & Cordes, 2014; Linares, 
Coma, Garrabou, Díaz, & Zabala, 2008). As a result, the recovery of 
the impacted coral communities depends strongly on the ability of in-
dividual coral colonies to recover from damage. Importantly, recovery 
depends on the ability of coral colonies to remain healthy as suggested 
by the higher sensitivity of time to visible recovery to the probability 
of a healthy branch remaining healthy (likely due to the fact that the 
healthy to healthy transition probability was the largest).

Our results provide further evidence for the low resilience of 
deep- sea corals to disturbance, and the fragility of cold- water coral 
ecosystems. With new advances in technology and increases in 
human population, the number of threats to deep- sea ecosystems 
increases. A large body of literature shows that fishing activities, 
and especially bottom trawling, are major threats to deepwater coral 
communities (Clark & Koslow, 2008; Clark et al., 2010; Hall- Spencer, 
Allain, & Fosså, 2002; Koslow et al., 2001). Even though the impact 
of oil extraction and future mining activities is not as well character-
ized, there is a growing concern that the direct physical disturbance 
and sediment plumes produced by these activities may be as detri-
mental as trawling (Clark et al., 2010; Cordes et al., 2016; Van Dover, 
2007).

F IGURE  3 Time to visible recovery (a) and proportion of surviving 
branches (b) estimated by the model for different proportions of 
unhealthy and hydroid- colonized branches. Projections were based 
on deterministic simulations run for a period of 50 years. Only the 
proportion of branches in each of the three states varied; all other 
parameters were fixed as described in the Methods. The black stars 
represent the initial proportion values of the corals observed at all 
three impacted sites (MC 294, MC 297 and MC 344)
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F IGURE  4 Comparison between the observed and projected proportion of branches in the three different states (healthy, unhealthy and 
hydroid- colonized) in 2016 and 2017 and of branches that broke between 2011 and 2016/2017. Linear regression models were fitted to the 
data. The slope, intercept, R2 value and their corresponding 95% confidence intervals are indicated
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To limit the impacts of human activities on deep- sea coral 
communities, an increasing number of fisheries closures, Marine 
Protected Areas and Special Areas of Conservation have been 
designated. However, so far only a few studies have assessed the 
effectiveness of these conservation measures. A follow- up study 
assessing recovery at the Darwin Mounds, after their closure from 
bottom trawling in 2003, found that protection was successful in 
maintaining live coral cover, but that areas that were heavily fished 
prior to closure showed no signs of recovery by 2011 (Huvenne, 
Bett, Masson, Le Bas, & Wheeler, 2016). These results emphasize 
that prevention of anthropogenic impact is essential for the conser-
vation of deep- sea ecosystems.

While branch loss estimates for both 2016 and 2017 were re-
liable, our model underestimated the proportion of impacted (un-
healthy or hydroid- colonized) branches. It is possible that the factors 
we considered in this model were not sufficient to fully explain re-
covery. One factor that we did not include in our model, but that 
may have played an important role in recovery, is the size of individ-
ual lesions (damaged areas). Preliminary exploration of our dataset 
showed that lesion size was significantly negatively correlated with 
the recovery of both unhealthy and hydroid- colonized branches. 
Moreover, the coral colonies for which the impact projections were 
the poorest were the corals that had the largest lesions. Similar ef-
fects of lesion size on regeneration have been observed for other 
coral species (Lirman, 2000; Meesters, Pauchli, & Bak, 1997).

In this study, we parameterized our model based on visible im-
pact and did not take potential subacute effects into consideration. 
Crude oil has been shown to physiologically affect several fish spe-
cies (Incardona et al., 2014), and toxicity experiments on different 
octocoral species indicated that mixtures of oil and dispersant were 
particularly toxic to corals (DeLeo, Ruiz- Ramos, Baums, & Cordes, 
2015; Frometa, DeLorenzo, Pisarski, & Etnoyer, 2017). In addition to 
direct contact with oil and/or dispersant, corals could have ingested 
contaminated marine snow or zooplankton, potentially affecting 
their viability in the longer term (Mitra et al., 2012; Passow, 2014). 
It is, thus, possible that our model overestimated coral recovery be-
cause it did not include potential non- acute, long- term impact.

Finally, we modelled branch dynamics, and branches were 
treated as independent units. Matrix models assume that individ-
uals are independent and that the survival of a specific individual 
has no impact on the fates of other individuals (Caswell, 2001). 
Corals are colonial, modular organisms, they are formed of repli-
cated modules (polyps) that are capable of all physiological func-
tions but are interconnected and genetically identical. Therefore, 
branches, which constitute individuals in our model, are not com-
pletely independent, and violating the assumption of indepen-
dence may have affected the accuracy of our model projections. 
Cases where this assumption is violated generally require more 
complex models (Caswell, 2001), but we had insufficient data to 
develop such models. However, the non- independence of individ-
uals likely had a limited effect on our model projections due to 
the fact that we modelled branch loss (the main source of non- 
independence since branch loss depended mostly on the location 

of breakage rather than the state of the branches that were lost) 
first when parameterizing the model, and thus, branch loss did not 
directly influence the estimation of transition probabilities be-
tween the different states.

Another consequence of branches being interconnected is that 
a change in one part of a coral colony will be likely to affect the 
rest of the colony (Sánchez & Lasker, 2003). For instance, the ob-
served effect of the total initial impact to P. biscaya colonies on the 
recovery of individual branches after the Deepwater Horizon oil spill 
indicated that damage to one part of the colony influenced the re-
covery of other parts of the colony (Hsing et al., 2013). Other stud-
ies have shown that, although the presence of surrounding healthy 
tissue was important for the regeneration of small lesions, colony 
integration and energy re- allocation play an important role in recov-
ery (Oren, Benayahu, Lubinevsky, & Loya, 2001). We used an impact- 
dependent model to include the effect of total visible impact on the 
recovery of individual branches but, for a future study, this colony 
level integration could be better accounted for by using more so-
phisticated models.

Our model suggests that corals that were the most impacted 
by the Deepwater Horizon oil spill could take up to three decades 
before the remaining branches visibly recover, and that visible re-
covery of individual colonies is dependent on their initial level of 
impact. However, the bulk of the recovery is expected on timescales 
on the order of a decade. There was no difference in the accuracy 
of model projections between sites that were used (MC 294) or not 
(MC 297 and MC 344) to parameterize the model, suggesting that 
our results can be generalized to other coral communities domi-
nated by P. biscaya in the Northern Gulf of Mexico. We here studied 
corals impacted by an oil spill, but our approach could be used to 
design monitoring projects following any type of anthropogenic im-
pact on deep- sea octocorals. Specifically, our modelling approach 
can be used to evaluate the duration and frequency of a monitoring 
programme needed to document recovery based on different ini-
tial impact levels. In the case of the communities impacted by the 
Deepwater Horizon oil spill, annual monitoring for a decade follow-
ing the spill, which would allow researchers to both document re-
covery and collect additional data to revise and improve the model, 
would be ideal. However, considering the high costs associated with 
doing research in the deep sea, we suggest continued monitoring 
every 2 years for a decade instead; this is sufficiently frequent 
to characterize coral recovery (changes in coral health are slow), 
though it provides fewer data for the model. Subsequently, lower 
frequency monitoring for a further two decades would be necessary 
to assess non- acute effects and to follow the potential recovery of 
the most heavily impacted colonies.

The significant branch loss observed and estimated indicates 
that hundreds of years will be necessary for both individual corals 
and the communities to grow back to their original size, and hence 
for the associated deep- sea communities to fully recover. Further, 
the considerable loss in coral biomass at each of the impacted sites 
was estimated without including any of the colonies killed initially, 
or damaged coral colonies that were collected as part of the Natural 
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Resource Damage Assessment Program. Overall, our results high-
light the urgent need to better understand the biology of these or-
ganisms, and future modelling work could then include additional 
factors that might influence recovery. The low resilience of these 
deep- sea corals supports the need to limit impact to these extremely 
vulnerable ecosystems, rather than rely on restoration to bring com-
munities back after impact. Marine Protected Areas implemented in 
association with photo- based monitoring would have the potential 
to both limit anthropogenic impact to deep- sea corals and detect 
changes in the health of corals resulting from mechanical, chemical, 
or thermal insults.
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