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INTRODUCTION

The deep-water scleractinian Lophelia pertusa (L.
1758; Caryophyllidae) is the most extensively studied of
all deep coral species and has been recorded from most
oceans, with the exception of the polar regions (Zibrow-
ius 1980, Cairns 1994, Rogers 1999, Freiwald et al.
2004, Roberts et al. 2009). The documented depth
range for this species varies widely from 39 to 2775 m,
but it is most commonly found on topographic features
and the edges of continental shelves at 200 to 400 m
(Wilson 1979a, Mortensen et al. 1995, Lumsden et al.
2007, Roberts et al. 2009), and at temperatures between
4 and 8°C. The fjords of Sweden and Norway support
the shallowest known L. pertusa colonies, where off-
shore ocean water is funneled into the narrow water-
ways and provides essentially deep ocean conditions at
shallow depths (Stromgren 1971), but the largest reefs
are found in the north Atlantic off Norway (Hovland et

al. 1994, 1997), the Faroe Islands (Frederiksen et al.
1992) and off the southeastern coast of the USA (Ross &
Nizinski 2007). L. pertusa is a colonial species that
forms dendroid branching colonies, which frequently
anastomose (fuse together) creating complex and stable
structures. Colonies typically develop from an initial
larval settlement into small irregular bushes and then
into large, roughly hemispherical colonies, which even-
tually coalesce into ‘thickets’ (Squires, 1964) or ‘rings’
(Wilson 1979b). These structures are composed of an
inner core of dead coral with a live outer layer. The
dead coral provides substrate for settlement of a diverse
and abundant assemblage of benthic fauna and, as
growth continues, the thickets aggregate into the cop-
pice stage (Squires 1964). Over time, the corals form
large biogenic structures that may be >500 m high and
regionally extensive (Hovland et al. 1997, Paull et al.
2000, Roberts et al. 2009). For an overview of carbonate
mound formation, see Roberts et al. (2009).
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The first attempt at estimating growth rates of
Lophelia pertusa was in the late 19th century from
colonies that had settled on trans-Atlantic telegraph
cables (Duncan 1877). Since then, various methods
have been used to assess growth of not only L. pertusa,
which will be covered in greater detail later, but other
deep-water scleractinians such as Desmophyllum cristi-
galli (Cheng et al. 2000, Risk et al. 2002, Adkins et al.
2004), Enallopsammia rostrata (Adkins et al. 2004),
Madrepora oculata (Orejas et al. 2008), members of the
genera Corallium (Grigg 2002, Andrews et al. 2005),
Keratoisis (Thresher et al. 2007, Noé et al. 2008)
and Primnoa (Risk et al. 2002, Mortensen & Buhl-
Mortensen 2005), antipatharians (Grigg 1976, Roark et
al. 2006, Love et al. 2007) and the precious gold coral
Gerardia spp. (Grigg 1976, Roark et al. 2006). Age and
growth of deep-water corals can be measured in terms
of radial or linear extension. The tree-like colonies of
large gorgonians, black corals and precious corals
have a single basal region that expands and lays down
growth rings throughout the life of the colony; there-
fore, radial rings and changes in skeletal isotopic sig-
nature are most commonly used to estimate age and
growth in these corals. However, for the structure-
forming scleractinia, which do not have this tree-like
structure, measuring linear extension of the branches
or increase in colony size are more typical approaches
(see Roberts et al. 2009).

Growth rates of Lophelia pertusa have been inferred
from measurements of colonies growing on man-made
structures such as telegraph cables and oil platforms
(Duncan 1877, Wilson 1979a, Bell & Smith 1999, Gass
& Roberts 2006). These estimates range widely from
6 to 35 mm yr–1 and although natural variability may
account for some of this range, the growth calculations
assume that the largest colonies are as old as the struc-
ture itself, which is probably not the case. This method
will therefore generally overestimate age and thus
underestimate growth rates. Another factor to take
into account with this method is that hemispherical
colonies expand simultaneously in all directions, so the
radius rather than the diameter should be used as the
numerator for growth estimates. Linear and radial
growth rates of L. pertusa have been estimated using
skeletal stable isotopes of carbon (δ13C) and oxygen
(δ18O) (Mikkelsen et al. 1982, Freiwald et al. 1997,
Mortensen & Rapp 1998, Rogers 1999), and have also
resulted in a wide range of growth rates: 6 to 25 mm
yr–1. This method relies on interpretation of the skele-
tal isotopes in relation to growth bands, which is prone
to errors and assumptions. The isotope analysis can
also be influenced by sample location within the polyp
and can lead to misinterpretation (Mortensen & Rapp
1998). Direct measurements of coral growth measured
in aquaria for L. pertusa (Mortensen 2000, Orejas et al.

2008) reported linear extension rates of 9.4 and 15 to
17 mm yr–1, respectively, but as with the other meth-
ods, there are obvious artifacts involved with extrapo-
lating aquaria observations to field growth rates. The
present study was the first to directly measure growth
of L. pertusa in the field using a visual method that
allowed us to observe variation and extent of growth in
this species without the experimental artifacts of the
methods described previously.

Although all of these methods have varying degrees
of potential error associated with them, the great plas-
ticity of colony morphology observed in the field
(Cairns 1979, Brooke & Schroeder 2007, Roberts et al.
2009) suggests that growth of Lophelia pertusa is natu-
rally highly variable. Although little is known of the
proximal causes of the great variation in growth rates
and morphology seen in L. pertusa, the abundance, dis-
tribution and growth of deep-water corals may be influ-
enced strongly by a variety of biotic and abiotic factors
such as food supply, turbidity, temperature, hydrogra-
phy and ocean chemistry (Cairns & Parker 1992,
Guinotte et al. 2006, Thiem et al. 2006, White et al.
2007, Roberts et al. 2009). Mortensen (2000) suggested
that growth line formation in L. pertusa is correlated
with seasonal temperature variations but also noted
that temperature may covary with other factors such as
food supply. Aquarium studies of L. pertusa in Norway
and Scotland (Mortensen 2001, Roberts & Anderson
2002) indicated that increased food supply was fol-
lowed by high extension rates; therefore, seasonal
changes in food supply, rather than temperature di-
rectly, may control growth rates of L. pertusa in the field.

The deep Gulf of Mexico is dominated by fine sedi-
ments, but large areas of hard substrata occur in the
form of authigenic carbonate, which is produced as a
byproduct of coupled methane oxidation and sulfate
reduction by microbial communities (Aharon & Fu
2000, Boetius et al. 2000). In some places, these hard
substrata are colonized by various types of sessile ben-
thic organisms, including Lophelia pertusa, and in
other nearby areas there are expanses of uncolonized
but apparently suitable substratum (Brooke & Schroe-
der 2007, authors’ pers. obs.). The lack of community
development may be caused by (1) limited larval deliv-
ery, (2) heavy post-settlement mortality, or (3) localized
environmental factors that prevent the habitat from
supporting colony development. This is speculative
since there are no local data for these particular areas,
but factors affecting this lack of development may
include hydrography patterns that do not deliver coral
larvae or sufficient food to the area, periods of high tur-
bidity or temperature anomalies. There are regions in
the northern Gulf of Mexico where dead standing
colonies occur (Brooke & Schroeder 2007), so coral
colonies have formed in the past and subsequently
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died, but the ‘no coral’ areas in the present study
appear not to have supported corals in the past. Differ-
ent areas in the northern Gulf of Mexico support dis-
tinctly different morphotypes of L. pertusa; one of
these is heavily calcified and has been termed Brachy-
cephala, and the other, the Gracilis form, has a more
fragile skeleton (Cairns 1979). The causes of these dif-
ferences in skeletal structure are unknown, and until
the present study nothing was known about growth of
either morphotype of L. pertusa in the Gulf of Mexico,
nor have the reasons for uncolonized areas been stud-
ied experimentally. The present study used only the
heavily calcified morphotype that occurs at the Viosca
knoll site, and was designed to accomplish 2 specific
objectives: (1) to determine whether uncolonized ex-
posed carbonate areas could support coral growth and
survival and (2) to directly measure growth rates of L.
pertusa within an area of the northern Gulf of Mexico
dominated by large coral thickets.

MATERIALS AND METHODS

Study site. The study site was located on a feature
called Viosca Knoll in the northern Gulf of Mexico,
which lies in the corner of adjacent Minerals Man-
agement Service lease blocks located between
29° 09.09’ N, 88° 01.58’ W (lease block 869) and
29° 09.63’ N, 88° 01.06’ W (lease block 826). This area
represents the most well-documented and, as far as we
know, the most extensive Lophelia pertusa reef in the
Gulf of Mexico. Viosca Knoll is a mound rising to 90 m
above the surrounding seafloor to a minimum depth of
approximately 430 m in the southwest corner of lease
block 826. Bottom temperatures during the study
period ranged from 7 to 9.6°C (CSA International
2007). Bottom sediments consisted of silty clay, authi-
genic carbonate and shell hash. There are extensive
authigenic carbonate formations on the crest and
flanks of the mound, which have been successfully
colonized by L. pertusa and other benthic fauna
(Moore & Bullis 1960, Schroeder 2002). More recent
studies have characterized the coral and chemosyn-
thetic communities in this area (Sulak et al. 2007,
Cordes et al. 2008). Coral colonies have the bushy
colony form typical of L. pertusa, composed of irregu-
lar, dendritic branches that are highly anastomosed
(Cairns 1979). Individual colonies range in size from a
few centimeters to over 1.5 m in diameter, and aggre-
gations of closely associated colonies create linear for-
mations up to 1.5 to 2 m in height. Many of the aggre-
gated colonies appear to form thickets of dead coral
skeleton, supporting the live outer branches. Other
regions of the knoll have large areas of exposed car-
bonate that has not been colonized by sessile fauna.

Sampling. Samples of Lophelia pertusa were col-
lected from large live coral colonies at Viosca Knoll
(29° 09.63’ N, 88° 01.06’ W) in July 2004, using the
Johnson Sea-Link submersible operated by Harbor
Branch Oceanographic Institution. The samples were
placed in a large acrylic box on the front of the sub-
mersible. The thick walls of the box maintained
approximately ambient bottom temperatures (~8°C)
during transport to the surface. On the surface, the
fragments were transferred to the shipboard cold room
and maintained at 8°C in large, aerated tanks. Frag-
ments of coral with 10 to 20 intact polyps were trans-
ferred to plastic tubs containing Alizarin red (10 mg l–1)
and held for 48 h. This technique was originally used
for staining shallow-water corals (Lamberts 1974, Dus-
tan 1975), but L. pertusa incorporates the stain more
slowly than shallow species (<24 h) and therefore
required a longer staining period. In addition to the
stain, a colored cable tie was placed at the base of the
terminal polyp on each fragment as a marker for
branch extension and addition of new polyps. The
fragments were photographed after the cable tie was
attached and Image Tool (University of Texas Health
Science Center at San Antonio [UTHSCSA]) was used
to measure the distance from the cable tie to the rim of
the calyx at 3 different points around the polyp, to cre-
ate pre-deployment baseline data for growth measure-
ments. The base of each fragment was placed in quick-
setting cement in a 3⁄4 inch PVC union fitting, and held
steady for approximately 2 min in air until the cement
was set. Exposure to air did not have any apparent
negative effect on the corals, which displayed
expanded polyps shortly after the fragments (in their
fittings) were transferred to clean seawater. The frag-
ments were held at 8°C until deployment the following
day (24 July). The number of live, dead and broken
polyps was recorded for every fragment before it was
attached to the transplant unit (Fig. 1). Each of these
units was comprised of a concrete base (25 cm diame-
ter) embedded with 4 PVC fittings that enabled the
coral fragments to be easily and securely attached to
the unit without damage. Immediately before deploy-
ment, the acrylic box on the front of the submersible
was filled with cold (8°C) seawater, and the transplant
units were placed inside. There were 8 transplant
units, each with 4 replicate fragments attached for a
total of 32 coral fragments deployed. Four units were
placed within coral thickets at Viosca Knoll (460 m),
which was obviously appropriate habitat for coral
growth, and also served as a control for any mortality
associated with manipulation. That is, we know that
coral can survive and grow well in this area, so if we
observed high transplant mortality, it would probably
have been due to some handling artifact. The remain-
ing 4 units were deployed in an area with no coral at
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507 m depth, ~0.25 km to the southeast of the high
coral area, to determine whether this habitat could
support coral survival and growth.

The transplants were recovered in September 2005
after 414 d (approximately 13.5 mo) in situ, using the
Johnson Sea-Link submersible. All 4 units were recov-
ered from the area with no coral, but only 3 of those in
the high coral were found. The units were placed in
the acrylic box and transported to the surface at ambi-
ent seafloor temperature. The units were taken imme-
diately to the cold room aboard ship, and the fragments
were removed from the concrete bases and placed in
plastic containers of cold (8°C) seawater. Each frag-
ment was photographed after recovery in the same
position as the predeployment images, to visually doc-
ument pre- and post-deployment condition, and the
number of live, dead and broken polyps was
recounted to compare with the predeploy-
ment data. The percent survival and number
of new polyps were assessed for each frag-
ment. Growth was measured for those (termi-
nal) polyps tagged with cable ties as distance
from cable tie to tip of calyx at 3 different
points for comparison with pre-deployment
measurements, and for all other polyps new
growth (i.e. unstained skeleton) was mea-

sured using calipers. Total linear growth (total linear
extension across all polyps) and average growth (total
linear extension/number of polyps) were calculated for
each fragment. Since the 4 fragments on each trans-
plant unit were not true replicates, these were pooled
to create a ‘unit’ mean value. To avoid confusion in ter-
minology, ‘average’ will only apply to the growth mea-
surements as described above, in all other cases ‘mean’
will be used to describe an arithmetic mean. All aver-
age and mean values are presented ±SD. The unit
means were then used for comparison of high coral
(n = 3) and no coral (n = 4) percent survival, number of
new polyps, total linear growth and average growth
using 1-way ANOVA. Tests for normality and homo-
geneity of variance (Levene’s test) were performed
prior to the ANOVA, and data transformation was per-
formed if needed.

Pieces of the skeleton showing evidence of growth
were embedded in plastic casting resin under vacuum
to remove air bubbles from the complex skeletal struc-
ture, cut into thin slices with a circular diamond blade
and polished manually with a series of buffing papers
to enable visualization of the stained growth bands.
Images were taken under a Zeiss dissection micro-
scope using an Optronics Microfire digital camera sys-
tem. These images were imported into Image Tool and
the distances from the stain bands to the outer edges of
the calices were measured. In combination, these tech-
niques provided measurements of linear and lateral
extension.

RESULTS

The fragments from both the high coral and no coral
areas showed a high level of survival (Table 1), and
new growth was clearly visible on the fragments from
both sites, particularly on the heavily stained frag-
ments. Growth was focused primarily at the terminal
ends of the branches (Fig. 2), but additional growth
was also observed on the tips of the older polyps. Per-
centage survival of transplants deployed in high coral
(91.2 ± 8.74%) and no coral areas (91.15 ± 3.78%)
(Fig. 3) were not significantly different (F1,5 = 0.002,
p = 0.97). The mean total linear extension for the high
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Fig. 1. Diagram of a single transplant unit showing a cross
section of the arrangement of coral fragments on the cement 

base (25 cm diameter)

Table 1. Lophelia pertusa. Summary of growth statistics from the trans-
plants deployed in both high coral (n = 3) and no coral (n = 4) areas for 

414 d (~13.5 mo). Values are given ±SD

Polyp survival Growth (mm) New 
(%) Total Average polyps (n)

High coral 91.20 ± 8.74 19.55 ± 8.04 4.27 ± 0.88 3.31 ± 1.25
No coral 91.15 ± 3.78 10.85 ± 8.05 2.76 ± 2.15 3.52 ± 1.65
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coral and no coral sites was 19.55 ± 8.04 and 10.85 ±
8.05 mm, respectively, for the total deployment period.
The average growth was calculated similarly for high
coral versus no coral areas and was 4.27 ± 0.88 and
2.76 ± 2.15 mm, respectively (Fig. 4). These values
were for the 414 d of the transplant deployment period,
which translates into annual total growth of 17.24 and

9.57 mm, and average growth of 3.77 and 2.44 mm for
high coral and no coral areas, respectively. ANOVA
revealed no significant difference in either total (F1,5 =
2.00, p = 0.21) or average (F1,5 = 0.71, p = 0.44) linear
growth between transplant habitats. The average
number of new polyps per fragment in the high coral
area (3.08 ± 1.46) was similar to that in the no coral
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Fig. 2. Lophelia pertusa. Post-recovery fragments from 2 different transplant blocks showing new growth, as unstained white
skeleton, at the terminal polyps. Darker staining also indicates that areas of active growth are focused at the ends of the branches.

Transplant block was indicated using different colored cable ties
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Fig. 3. Lophelia pertusa. Mean survival of transplants in high
coral (n = 3) and no coral (n = 4) sites. Error bars represent SD
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Fig. 4. Lophelia pertusa. Total and average linear growth ob-
served in transplants deployed in high coral (n = 3) and no
coral (n = 4) sites between July 2004 and September 2005. 
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area (3.52 ± 1.65) (Fig. 5), and there was no significant
difference (F1,5 = 0.03, p = 0.86) between the areas. The
results of the ANOVAs for all of these survival and
growth variables are summarized in Table 2.

The stained growth bands from the thin resin sec-
tions were clearly visible in the younger, more heavily
stained polyps, and it is apparent that there were 2
growth centers: one on the outer edge of the calyx and

another on the inner edge near the septae (Fig. 6). The
average (n = 5 polyps) outer growth increment was
278.3 ± 20.33 µm, and the inner growth was 99.89 ±
7.13 µm. This translates into annual lateral increments
of 245.36 and 88.07 µm, respectively; however, the
deposition of the skeleton around the calyx was not
consistent (that is, more calcification occurred in some
parts of the calyx than others, as is apparent in Fig. 6B),
so the quantity of calcification cannot be extrapolated
to with confidence.

DISCUSSION

The growth potential of Lophelia pertusa and other
structure-forming coral species is a critical component of
not only initial reef development, but also the resilience
of these systems to physical damage and less direct
threats such as changes in ocean chemistry. As previ-
ously mentioned, there have been multiple attempts to
measure L. pertusa growth, and the resulting estimates
have varied greatly. In the present study, the growth ob-
served in experimental fragments was also extremely
variable, as was the degree to which each fragment in-
corporated the Alizarin stain. This is a ‘vital’ stain which
was incorporated into the actively growing parts of the
skeleton, so the more heavily stained parts of the
branches, invariably near the tips, were presumably the
areas of most active growth. The polyps that were
marked with cable ties were missing from some of the re-
covered fragments, but it is unclear whether this was
caused by the presence of the cable ties or whether ter-
minal polyps are frequently broken off under normal cir-
cumstances. The young terminal polyps are much more
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Fig. 6. Lophelia pertusa. (A) Lengthwise and (B) transverse sections of stained transplant fragments showing 2 growth centers 
(stain bands) for each section. Scale bar in (B) is representative of both images

Fig. 5. Lophelia pertusa. Mean number of new polyps found
in transplants in high coral (n = 3) and no coral (n = 4) sites. 

Error bars represent SD
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fragile than the older polyps, and are extended the
furthest, so it is possible that they are often damaged.

The average linear extension rates measured in the
present study fell slightly below the published range
of 6 to 35 mm yr–1 for this species (Wilson 1979b,
Mikkelsen et al. 1982, Freiwald et al. 1997, Mortensen
& Rapp 1998, Mortensen 2000, Gass & Roberts 2006,
Orejas et al. 2008). A slower than average growth rate
was unexpected since the coral colonies at this site
appear to be robust and healthy with large polyps
(~1 cm diameter) and up to 15% of live coral cover
(CSA International 2007). In addition, the depth and
temperature (<500 m and 7 to 9.6°C) were not too deep
and/or cold for this species, which could have caused a
slower growth rate than for other locations. As men-
tioned in the introduction, some of the variation in the
documented growth values is a result of the method-
ological approach and the interpretation of growth. For
example, Orejas et al. (2008) measured the total linear
growth on their coral fragments. This is valid for those
particular fragments, but this approach makes it hard
to compare with other studies since the total linear
growth will depend on the initial size of the fragment
and the number of growing tips (their aquaria were
also maintained at ~11.5°C, which is warmer than
other studies). Linear growth from the published stud-
ies falls into 2 groupings: ~5 to 7 mm yr–1 (Duncan
1877, Wilson 1979b, Mortensen & Rapp 1998, present
study) or ~20 to 35 mm yr–1 (Mikkelsen et al. 1982,
Freiwald et al. 1997, Bell & Smith 1999, Gass & Roberts
2006, Orejas et al. 2008). If we examine the growth pat-
tern of Lophelia pertusa fragments in the present
study, it is apparent that new polyps can bud from any
of the polyps along the length of a branch, but for the
most part it was those near the branch tips that created
new polyps. The greatest growth extension observed
during this experiment for a single polyp was 16.3 mm,
which is slightly less than the average length of the
mature polyps (~20 mm). Although several polyps
along a single branch budded multiple new polyps,

none of them extended beyond the length of a
single adult polyp. In other words, the maxi-
mum extension that was obtained in 1yr was
approximately 1 polyp length. This is a useful
observation, especially if it holds true for other
locations, as it defines the upper limit for colony
growth rate. The average growth observed in
the present study represented a combination of
minor growth of existing polyps and addition of
new polyps. The differences in linear exten-
sions observed between mature polyps (≤ 5 mm
yr–1) and new polyps (≤ 16 mm yr–1) may help
explain the discrepancies between the docu-
mented growth rates for this species.

The stain bands on the coral sections illus-
trated the double growth center, which introduces an
additional level of complexity when assessing growth
through lateral banding patterns; 6 visible bands may
be interpreted as 6 yr of growth, when they actually
represent only 3 yr of growth. This has quite a signifi-
cant effect on age calculations, if the growth bands are
annual, and an even greater effect if they occur more
frequently. These growth bands were observed most
strongly on the younger polyps, but whether these
double growth centers continue in mature polyps is not
known. The alizarin was not taken up well by mature
polyps, which may simply require a longer staining
period, but aquarium studies (S. Brooke unpubl. data)
on stained fragments showed no additional growth of
older polyps over nearly 1 yr. It is possible that when
conditions are suboptimal, the corals just maintain
skeletal structure without additional growth, or when
polyps reach a certain size, growth may slow or cease.
If this species is capable of simply putting their growth
on hold under certain circumstances, this may allow
them to withstand unfavorable conditions, at least tem-
porarily. It also is apparent from the stain bands that
lateral skeletal deposition is not equal over the entire
circumference of the polyp (refer to Fig. 6), but the
causes of this inconsistency are unknown, and may
simply be attributed to biological variability; however,
this is a potential complication in the interpretation of
radial growth rates.

In addition to investigating growth rates and pat-
terns, the present study was designed to test whether
Lophelia pertusa distribution at Viosca Knoll may be
driven by habitat suitability. The results show that
transplant survival was high in both dense coral and no
coral locations, and growth and number of new polyps
showed no significant difference between sites, which
indicates that some factor that influences recruitment
and juvenile success (e.g. larval supply, post-settle-
ment mortality) is likely responsible for the absence of
corals on apparently suitable bare substrata. This is
supported by the observation that there were no indi-
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Table 2. ANOVA results for total growth, average growth, percent sur-
vival and number of new polyps for Lophelia pertusa transplants
placed in high coral (n = 3) and no coral (n = 4) areas. There was no
significant difference between sites for any of the variables (p > 0.05)

Variable Source df MS F p

Survival Site (High vs. No coral) 1 0.01 0.00 0.99
Transplant unit 5 39.09

Total growth Site (High vs. No coral) 1 129.78 2.00 0.22
Transplant unit 5 64.79

Average growth Site (High vs. No coral) 1 2.14 0.71 0.44
Transplant unit 5 3.04

New polyps Site (High vs. No coral) 1 0.08 0.03 0.86
Transplant unit 5 2.27
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cations of previous coral colonies which settled and
subsequently died. The population genetics of L. per-
tusa are being studied in the Gulf of Mexico and west-
ern Atlantic (C. Morrision et al. unpubl. data), but the
small-scale recruitment patterns, dispersal abilities
and settlement cues of L. pertusa larvae are still un-
known. The complex manipulative approach of the
present study cannot be applied to a wide range of
ecosystems because of the logistics and expense; how-
ever, the staining techniques could be applied to other
in situ equipment such as deep-sea landers, for long-
term deployment, incorporated into controlled labo-
ratory experiments or used to model growth of other
calcified species.
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