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Burrowing hard corals occurring on
the sea floor since 80 million years
ago

Received: 07 January 2016 aAgyka Sentoku*, Yuki Tokuda2“* & Yoichi Ezaki3
Accepted: 23 March 2016 :
Published: 14 April 2016 . We describe a previously unknown niche for hard corals in the small, bowl-shaped, solitary scleractinian,
. Deltocyathoides orientalis (Family Turbinoliidae), on soft-bottom substrates. Observational
experiments were used to clarify how the sea floor niche is exploited by turbinoliids. Deltocyathoides
orientalis is adapted to an infaunal mode of life and exhibits behaviours associated with automobility
that include burrowing into sediments, vertical movement through sediments to escape burial, and
recovery of an upright position after being overturned. These behaviours were achieved through
repeated expansion and contraction of their peripheral soft tissues, which constitute a unique muscle-
membrane system. Histological analysis showed that these muscle arrangements were associated
with deeply incised inter-costal spaces characteristic of turbinoliid corals. The oldest known turbinoliid,
Bothrophoria ornata, which occurred in the Cretaceous (Campanian), also possessed a small, conical
skeleton with highly developed costae. An infaunal mode of life became available to turbinoliids due to
the acquisition of automobility through the muscle-membrane system at least 80 million years ago. The
newly discovered active burrowing strategies described herein provide new insights into the use of an
unattached mode of life by corals inhabiting soft-bottom substrates throughout the Phanerozoic.

Due to their sessile lifestyles, scleractinian corals are vulnerable to being covered by deposited sediments’. Since
being covered by sediments is typically fatal for corals, sediment deposition is a major factor affecting coral
distribution. Despite this vulnerability to sedimentation, 330 species of azooxanthellate scleractinian corals, or
approximately 22% of all scleractinians, live on deep-water sandy and/or muddy substrates where the risk of bur-
ial and smothering is high®. Given the difficulties associated with accessing, sampling, and observing these coral
species, little is known about the ecological traits and adaptation mechanisms employed by these corals for living
in soft substrate environments.

The family Turbinoliidae (Cnidaria: Scleractinia) is composed exclusively of free-living, solitary, azooxan-
thellate corals that inhabit soft-bottom substrates for at least their full grown or anthocyathus stage after detach-
ment?®. Turbinoliids typically measure less than 1 cm in calicular diameter and have conical, bowl-shaped, or
cylindrical forms. The family exhibits high levels of diversity, with 23 Recent and 6 fossil genera identified from
the Late Cretaceous (Campanian) approximately 80 Ma onwards®=. Despite this diversity, however, no formal
investigations have been conducted on living turbinoliids and little is known about their modes of life and life

© history traits®. The conical morphology was used to infer that it had a semi-burrowing mode of life analogous
to that observed in sand-burrowing sea anemones (Actiniaria)®. Additionally, with its very small corallum,
Sphenotrochus was inferred to be an interstitial sedentary (not automobile) dweller in moderately shallow and
reworked coarse sandy substrates*”%. However, even if most, if not all, turbinoliids are semi-burrowers or inter-
stitial dwellers, in the absence of direct observations of the behaviours of living specimens, any interpretations of
their modes of life remain speculative.

The present study therefore examined the burrowing, escaping, and righting (turning over) behaviours of the
turbinoliid Deltocyathoides orientalis Duncan, 1876 based on observations of living individuals. This is the first
study to present evidence of active burrowing and infaunal modes of life in the Scleractinia.
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Figure 1. Morphological features of Deltocyathoides orientalis. (A-C) living soft parts. (A) top view. (B) top
view of swollen soft parts. (C) lateral view. (D-F) corallum skeleton. (D) top view. (E) bottom view. (F) lateral
view. (G-J) transverse slices of D. orientalis. (H) enlargement of the red rectangle indicated in (G), indicating
the epidermal and gastric layers. (I-]) enlargement of the red rectangle in (H).

Results

Deltocyathoides orientalis inhabits soft-bottom substrates and possesses a hemispheric or bowl-shaped skeleton
completely covered by soft tissue (Fig. 1A-F). The mouth is located in the centre of the upper part of the corallum
(calice) and is encircled by 48 tentacles, which are swelled due to the intake of ambient water. The soft parts cov-
ering the exterior of the curved skeleton are composed of a two-fold membrane that is partitioned by sheet-like
muscles, and the divided inter-membranous parts (=canals) are filled with the water (Fig. 1G-J; Supplementary
Fig. S1). Rapid expansions of the polyp at the oral or aboral sides are precisely controlled by abrupt changes in
fluid pressure within the canals, which is generated by contraction of opposite side of the polyp (Supplementary
Fig. SIC-E).

Burrowing behaviour in D. orientalis was observed to occur as follows (Fig. 2; Supplementary Movies S1 and
S$2): (1) The aboral part of the polyp assumed to have a conical shape as the part was extended downward and
pushed some of the adjacent sediment laterally (Figs 2A,B and 3A-C). (2) The oral part of polyp then swelled
due to the absorption of seawater into the body (Figs 2C and 3C), and seawater stored in the interior of the polyp
moved towards the aboral base through the inter-membranous canals via contraction of the oral side of polyp
followed by rapid expansion of the aboral part (pumping system; Fig. 3D). This expansion of the aboral part, in
turn, caused the lateral displacement of sediments in a concentric pattern around the polyp. (3) Following expan-
sion of the aboral part and subsequent transport of seawater through the inter-costal canals back up towards the
oral part of the polyp, the aboral base returned to its normal size (Fig. 3E). In this way, the burrowing movement
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Figure 2. Time-lapse series of a burrowing polyp. (A) initial placement of the coral on a sand substrate
(0Omin). (B) elapsed time 30 min. (C) elapsed time 90 min. (D) elapsed time 210 min. (E) elapsed time 330 min.
(F) elapsed time 450 min. (G) elapsed time 570 min. (H) elapsed time 690 min. (I) elapsed time 810 min.

Figure 3. Schematic diagram depicting a time-lapse series of a polyp burrowing into a soft-bottom
substrate and exhibiting soft-part behaviours characteristic of Deltocyathoides orientalis. (A) initial
placement of a coral on a sand substrate. (B) expansion of tentacles. (C-F) gradual expansion of the polyp’s
aboral base results in the upward and outward lateral shedding of adjacent sediments. (C,E) the polyp’s aboral
base assumes the shape of a horn so as to dig itself into the substrate and shed adjacent sediments laterally.
(D,F) seawater stored in the interior of the soft parts moves to the aboral side of the polyp through canal over
the skeleton powered by contraction of the polyp. (G) the corallum is buried with its tentacles extended above
the substrate.

proceeded step by step, allowing the aboral base to gradually occupy the vacant space formed by the upward
movement of substrate (Fig. 3F; Supplementary Fig. S2). This behaviour resulted in substrate sediment being
transported upwards along a diagonal path as well as away from the polyp laterally (Supplementary Fig. S2). This
repeated contraction and expansion of the polyp occurred at approximately 30-min intervals, which translated to
a burrowing speed of approximately 0.8 mm/h. Immediately after complete burial of its corallum, it subtly repo-
sitioned itself within the substrate (Fig. 3G). Once the whole corallum was buried completely, the polyp extended
its tentacles to acquire food just above the substrate (Fig. 4). Upon physical stimulation of the extended tentacles,
the polyp retracted abruptly into the substrate, withdrawing the soft parts into the calice.

When overturned, the aboral part of the D. orientalis coral assumed a conical shape before being inflated
by the intake and transport of seawater through the inter-costal canals (Fig. 3A-C). Seawater retained in the
aboral part of polyp was then transported via contraction of the soft parts towards the oral end of the polyp
(Supplementary Fig. S3D). Repeated expansion of oral part of polyp tilted the corallum obliquely (Supplementary
Fig. S3E,F), causing a rotation of the corallum in the horizontal axis (Supplementary Fig. S2G; Supplementary
Movie S3), allowing the corallum to gradually return to its upright position, and resumed burrowing into the
substrate (Supplementary Fig. S3H,I).

In order to observe the response of D. orientalis to being buried completely, a corallum was covered with
approximately 10-15 mm of additional sandy sediment (three to four times the corallum height) (Supplementary
Fig. S4A; Supplementary Movie S4). Approximately 90 min after the complete burial of the corallum, a series of
repeated upward and downward movements of the sediment were detected at the substrate surface immediately
above the corallum. These sediment movements were attributed to the repeated expansion and subsequent con-
traction of the oral and aboral ends of the polyp at intervals ranging from 20-40 min, respectively (Supplementary
Fig. S4B). Repeated expansion of the oral end forced the polyp upwards into the sediment above the corallum
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Figure 4. Life position on soft-bottom substrates and disc-like burrowing depressions of Deltocyathoides
orientalis. (A,B) top views during burrowing. (C,D) oblique and lateral views during burrowing. Note that
coralla are buried with their tentacles extended above the substrate.

(i.e. towards the surface). Subsequent expansion and wedging of the elongated oral end of the polyp followed by
contraction of the retractor muscles resulted in the entire corallum being pulled upward through the substrate
(Supplementary Fig. S4C). Approximately four hours after being buried, the tips of the tentacles began to pro-
trude from the surface of the substrate (Supplementary Fig. S4D), followed by the appearance of the entire oral
side of polyp (Supplementary Fig. S4E,F). The vertical movement of the coral through the sediment resulted in
the formation of a funnel-shaped sedimentary structure (Supplementary Fig. S4C-F). The mean speed at which
coralla escaped being buried was 1.74 £ 0.2 mm/h (mean+ S.E; n=6).

Discussion
The behaviours of lateral migration, escape from burial, and righting action have been reported previously in
free-living fungiid corals using time-lapse imaging techniques®-!1. However, burrowing behaviour has not yet been
observed in hard corals. The acquisition of automobility in D. orientalis, including burrowing, escape from burial,
and righting behaviours, implies that the species is actively utilising habitat under the sea-floor. The ability of D.
orientalis to retract their oral side of the polyp into sediments is considered to be an anti-predator response like
burrowing sea anemones and tube dwelling anemones'?-'*. The small size and light weight of D. orientalis coralla
facilitate automobility via hydrostatic pressure applied through expansion of the polyps. Incised inter-costal areas
allow canals to transport water along the vertical axis through alternate contraction and expansion of the polyps.
The longitudinally oriented sheets of muscle cells in these inter-costal areas are considered to play an important
role in regulating this expansion and contraction during burrowing, escaping from burial, and righting behaviours.
The turbinoliids are all free-living corals that are completely covered by soft tissue around the skeleton for at
least the full-grown or anthocyathus stage after detachment. The family Turbinoliidae is comprised of cylindrical
(3 genera), bowl-shaped (2 genera), or conical forms (23 genera). Turbinoliids are typically smaller than 10 mm
in calicular diameter and have highly developed costae®=. Prior to the present study, the functional significance
of these costae was unknown. Histological examination of D. orientalis demonstrated that the sheet-like muscles
covering the corallites controlled the expansion and contraction of the outer polyp during burrowing, escaping
from burial, and righting behaviours. The costae of turbinoliids protect these muscle sheets during contraction
and facilitate their contractile force by increasing their surface area. The oldest known turbinoliid, Bothrophoria
ornata Felix, 1909, which occurred in the Cretaceous (Campanian), also possessed a small, conical skeleton with
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highly developed costae®*. This structural specialization, which would have enabled this species to burrow into
soft-bottom substrates, may have facilitated the high diversity of the Turbinoliidae. Although this infaunal mode
of life in soft-bottom substrates was previously unrecognized, the presence of these traits in the fossilized remains
of B. ornata implies that the infaunal mode has been utilised by the Scleractinia for at least 80 Ma. These findings
also suggest that costae and small coralla are traits among turbinoliids essential for their burrowing behaviours.

Small coralla with highly developed costae as seen in turbinoliids are also found in the extinct orders Rugosa
and Tabulata, which existed during the Palacozoic. A few groups within these extinct orders are also considered to
have exhibited automobility'®!”. For example, the Devonian rugose coral Hadrophyllum asturicum was morpho-
logically very similar to D. orientalis'$, implying that H. asturicum may have occupied a similar ecological niche.

The discovery of burrowing scleractinians is very intriguing since it shows that adaptive radiation of hard
corals occurred through the positive utilisation of space under the sea floor, in spite of their vulnerability to sed-
iment. Most importantly, information regarding the exploitation of infaunal niches provides invaluable insights
into the life history of marine benthic animals throughout the Phanerozoic.

Methods

We examined 15 individuals of Deltocyathoides orientalis (Fig. 1), which were collected at depths of 94-115m off
the Pacific coasts of Ohakozaki (39°21.96611N, 142°01.5922 E) and Hachinohe (40°30.0862 N, 141°50.8544 E),
Japan. Of these, 6 living individuals were selected for observation and morphometric measurements. Greater
calicular diameter and corallum height ranged from 3.6 to 8.4 mm and 1.6 to 4.9 mm, respectively.

Individuals selected for analysis were maintained for more than 10 months in an acrylic tank (65 cm long,
28 cm wide and 35 cm high) fitted with a mechanical particle filter and a thermostat-controlled cooling system
(ZC-1300E; Zensui, Japan). The tank was filled with salty groundwater pumped up from a depth of approximately
50 m at a site located on the grounds of the Tottori Prefectural Farming Fisheries Center. Water temperature
within the tank was maintained at 12 °C, which corresponded to temperatures observed in the natural habitat of
the coral. Corals were cultured in the dark and fed frozen copepods once a week. The bottom of the tank on which
the corals were placed was covered with either sand or fine silica substrates. All experimental trials were con-
ducted in triplicate in small rectangular experimental chamber (11 cm high, 11 cm long and 3.5 cm wide) located
within the plastic tank described above. Burrowing, escaping from burial, and righting behaviours were recorded
by time-lapse photography using a digital camera (RICOH-WG-30) set in front of an acrylic board. Behavioural
analysis of photographs was carried out using time-lapse movies viewed with Panolapse (v. 1.20) software.

The first experiment examined burrowing behaviour, and involved placing corals with their oral discs oriented
upward on a plane surface comprised of a fine sand substrate. The second experiment examined the movement
of sand particles around burrowing corals, and involved the placement of corals on a surface comprised of lay-
ered substrates consisting of white-, yellow-, blue-, and green-coloured medium- to fine-grained sand particles.
Separate layers of sand were poured into the experimental chamber to produce less than 5 mm-thick planar
laminae with sharp horizontal boundaries between them. The third experiment examined the reaction of corals
to being buried in sediment. Corals that had already burrowed into the substrate were completely covered with
the same coloured sand. Additional layers of differently coloured sand were then added to give a total thickness
of 10 to 15mm of substrate above the buried polyp (three to four times the average height of individual corals).

For histological analysis, D. orientalis polyps were pre-fixed with 99% ethanol followed by fixation and decalcifica-
tion in Bouin’s solution for 24 h. Decalcified tissues were then rinsed in 70% alcohol, dehydrated in a graded alcohol
series, and embedded in paraffin. Histological sections 5 to 6 um in thickness were cut perpendicular to the oral-aboral
axis with a microtome (Yamato Kohki Industrial Co., Ltd.) and then stained with haematoxylin and eosin.

References
1. Erftemeijer, P. L., Riegl, B., Hoeksema, B. W. & Todd, P. A. Environmental impacts of dredging and other sediment disturbances on
corals: a review. Mar. Pollut. Bull. 64, 1737-1765, doi: 10.1016/j.marpolbul.2012.05.008 (2012).
2. Cairns, S. D. Deep-water corals: an overview with special reference to diversity and distribution of deep-water scleractinian corals.
Bull. Mar. Sci. 81, 311-322 (2007).
3. Cairns, S. D. A generic revision and phylogenetic analysis of the turbinoliidae (Cnidaria: Scleractinia). Smithson. Contrib. Zool. 591,
1-55 (1997).
4. Filkorn, H. E. Fossil scleractinian corals from James Ross basin, Antarctica. Antarct. Res. Ser. 65, 1-96 (1994).
5. Cairns, S. D. The azooxanthellate Scleractinia (Coelenterata: Anthozoa) of Australia. Rec. Aust. Mus. 56, 259-329 (2004).
6. Vaughan, T. W. & Wells, ]. W. Revision of the Suborders Families, and Genera of the Scleractinia. Geol. Soc. Spec. Pap. 44, 1-394 (1943).
7. Rossi, L. Morfologia e riproduzione vegetativa di un Madreporario nuovo per il Mediterraneo. Ital. J. Zool. 28, 261-272 (1961).
8. Swedmark, B. The interstitial fauna of marine sand. Biological Reviews 39, 1-42 (1964).
9. Bongaerts, P, Hoeksema, B. W,, Hay, K. B. & Hoegh-Guldberg, O. Mushroom corals overcome live burial through pulsed inflation.
Coral Reefs 31, 399 (2012).
10. Hoeksema, B. W. & Bongaerts, P. Mobility and self-righting by a free-living mushroom coral through pulsed inflation. Marine
Biodiversity, doi: 10.1007/s12526-015-0384-y (2015).
11. Yamashiro, H. & Nishira, M. Phototaxis in Fungiidae corals (Scleractinia). Mar. Biol. 124, 461-465 (1995).
12. Ricketts, E. F, Calvin, J., Hedgpeth, J. W. & Phillips, D. W. Between pacific tides (Stanford University Press, 1985).
13. Shepard, A. N., Theroux, R. B., Cooper, R. A. & Uzmann, J. R. Ecology of ceriantharia (coelenterata, anthozoa) of the northwest
Atlantic from Cape Hatteras to Nova Scotia. Fish. Bull. 84, 625-646 (1986).
14. Bromley, R. G. Trace Fossils: Biology, Taxonomy and Applications (Chapman & Hall, 1996).
15. Stampar, S. N., Beneti, J. S., Acuiia, E H. & Morandini, A. C. Ultrastructure and tube formation in Ceriantharia (Cnidaria,
Anthozoa). Zool. Anz. 254, 67-71 (2015).
16. Webb, G. E. Benthic auto-mobility in discoid Palaeacis from the Pennsylvanian of the Ardmore Basin, Oklahoma? J. Paleontol. 68,
223-233 (1994).
17. Plusquellec, Y., Webb, G. E. & Hoeksema, B. W. Automobility in Tabulata, Rugosa, and extant scleractinian analogues: stratigraphic
and paleogeographic distribution of Paleozoic mobile corals. J. Paleontol. 73, 985-1001 (1999).
18. Plusquellec, Y. Hadrophyllum asturicum n. sp., Rugosa de Devonian de la Chaine Cantabrique (Espagne): seul representant du genre
hors TAmerique du Nord. New. Jb. Geol. Paliont. 1, 4664 (2005).

SCIENTIFIC REPORTS | 6:24355 | DOI: 10.1038/srep24355 5



www.nature.com/scientificreports/

Acknowledgements

We are grateful to two anonymous reviewers for their useful comments on the manuscript. We are grateful
to K. Miyazaki for his help/assistance in histological works. We are most grateful to the captains and crew
members of the R/V Janthina of the Kyoto University, R/V Shinsei-maru of the JAMSTEC, T/S Rinkai-maru
of the University of Tokyo and the T/S Toyoshio-maru of the Hiroshima University for their generous help
in collecting specimens. We thank K. Endo, T. Sasaki, M. Hirose, H. Kohtsuka, M. Okanishi, K. Shimizu and
S. Ohtsuka for providing us with specimens. We specially thank H. Haraguchi, N. Mihara, T. Wada, T. Kato, K.
Harada, H. Yamauchi, R. Nakayama, T. Nakamachi and Y. Adachi for their advice and help in maintenance of the
corals. We acknowledge Tottori Prefectural Farming Fisheries Center for providing us with salty groundwater.
This study was supported by grants from the Scientific Research Fund of the Japan Society for the Promotion of
Science (21340154, 22654062, 15H03744) and by Grant-in-Aid for JSPS Fellows (25-866).

Author Contributions
A.S.and Y.T. contributed equally to this work, A.S. and Y.T. designed and performed all the experiments, A.S., Y.T.
and Y.E. analysed the results and wrote the manuscript. All authors gave final approval for publication.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sentoku, A. et al. Burrowing hard corals occurring on the sea floor since 80 million
years ago. Sci. Rep. 6, 24355; doi: 10.1038/srep24355 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:24355 | DOI: 10.1038/srep24355 6


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Burrowing hard corals occurring on the sea floor since 80 million years ago
	Introduction
	Results
	Discussion
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Burrowing hard corals occurring on the sea floor since 80 million years ago
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24355
            
         
          
             
                Asuka Sentoku
                Yuki Tokuda
                Yoichi Ezaki
            
         
          doi:10.1038/srep24355
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24355
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24355
            
         
      
       
          
          
          
             
                doi:10.1038/srep24355
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24355
            
         
          
          
      
       
       
          True
      
   




