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INTRODUCTION

Current global warming is having detrimental effects on 
tropical to subtropical shallow-water scleractinian colonies 
(e.g. Hoegh-Guldberg et al., 2017; van der Zande et al., 
2020). The increase in shallow seawater temperatures is 
exacerbating coral disease outbreaks (e.g. Maynard et al., 

2015) and producing increased frequency and severity 
of storms (e.g. Knutson et al., 2010). Storms adversely 
affect coral populations through sediment overloading 
and physical impacts. Additional stressors on corals 
include tissue predation and skeleton damage caused 
by corallivores, such as certain species of fish, annelids, 
crustaceans, echinoderms, and molluscs (see Rotjan and 
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Lewis, 2008). Furthermore, ocean acidification slows 
down the growth and regeneration potential of the coral 
skeletons (e.g. Hoegh-Guldberg et al., 2017; van der Zande 
et al., 2020).

The effects of sediment overloading on modern corals, 
damage caused by storms, predation, bioerosion and 
disease are widespread, visible, and tangible (e.g. Morais et 
al., 2022a, b; Sutherland et al., 2004). Therefore, concern 
on the health of low-latitude coral ecosystems of the planet 
has taken a deep root in academia, media, and society. 
These disturbing impacts provoke tissue loss lesions on 
corals and subsequent denuded skeleton scars, which 
commonly exhibit clearly defined margins between the 
denuded skeleton and the coral’s living tissue (e.g. Aeby 
et al., 2019). Disease can also result in irregular skeletal 
deposition, i.e. growth anomalies (e.g. Work et al., 2008). 
Dead and depressed parts of coral skeletons are usually 
rapidly colonized by encrusting red algae, soft green and 
brown algae, and microbial films. Endolithic organisms 
such as cyanobacteria, algae, sponges, worms and bivalves 
perforate the dead skeleton (e.g. Medellín-Maldonado et 
al., 2023). The activity of endoliths also results in discrete 
features of skeleton loss (e.g. Scoffin and Bradshaw, 2000).

Whereas post-mortem bioerosion features produced 
by infaunal sponges, worms and bivalves are commonly 
observable on Phanerozoic fossil corals (e.g. Tapanila 
and Copper, 2002; Vogel, 1993), reports of ante-
mortem physical signatures indicating similar stresses 
on Mesozoic coral populations are rare, perhaps limited 
to those of endolithic microbioerosion on Oxfordian–
Kimmeridgian, Barremian–Aptian and Cenomanian 
colonial corals (Kołodziej et al., 2012, 2016; Salamon 
et al., 2021, 2022). Sanders and Baron-Szabo (2005) also 
reported growth anomalies in Upper Cretaceous corals 
from the Pyrenees and Austria, interpreted as resulting 
from colony toppling and sediment accumulation. On 
the other hand, Cenozoic examples of skeletal anomalies 
generated during the life of the coral are more abundant: 
they have been interpreted as being related to predation 
and sediment overloading (e.g. Álvarez-Pérez and 
Busquets, 2012), as well as to symbiotic associations 
with barnacles and other organisms such as molluscs, 
crabs, brachiopods, sipunculans and polychaetes (see 
e.g. Klompmaker et al., 2016; Santos et al., 2012, and 
references therein). Embedment of organisms inside the 
growing skeletons of corals have been widely reported 
also from Ordovician to Devonian communities (e.g. 
Elias, 1986; Falces, 1997; Oliver, 1983; Tapanila, 
2005, 2006; Tapanila and Holmer, 2006; Tapanila and 
Ekdale, 2007). Skeletal damage and subsequent repair 
on rugose corals have been documented from Ordovician 
and Carboniferous populations (Elias, 1984; Webb and 
Yancey, 2010).

This paper reports on remarkable ante-mortem macro-
skeletal anomalies, as well as post-mortem bioerosion 
structures, identified in Aptian (Early Cretaceous) coral 
populations from the Maestrat Basin (Eastern Iberian 
Chain). Ante-mortem coral skeletal damage observed in the 
fossil specimens is compared to lesions in modern corals. 
This comparative analysis aims to gain understanding 
of how Aptian scleractinians thriving in carbonate 
platform environments interacted with their surrounding 
environment, and how they were affected by marine 
processes and the coexisting biological community.

GEOLOGICAL SETTING

The fossil scleractinians studied occur in the Maestrat 
Basin, which is located in the eastern part of the Iberian Plate 
(Fig. 1A). The Maestrat Basin was formed by two rifting 
cycles of Kimmeridgian-early Berriasian and Barremian-
early Albian ages (Salas et al. in Martín-Chivelet et al., 
2019) that resulted from the opening of the North Atlantic 
and the Bay of Biscay, respectively (Salas and Casas, 1993; 
Salas et al., 2001, 2010). Throughout the Late Jurassic-
Early Cretaceous, a thick (>1.5km) continental to marine 
mixed carbonate-siliciclastic sedimentary succession 
accumulated in depocentral areas of the basin (e.g. Salas, 
1987). The Mesozoic sedimentary record was inverted 
during the late Eocene-early Miocene on account of the 
Alpine orogeny and now forms the Iberian Chain (Fig. 1A; 
e.g. Guimerà, 1994, 2018).

The colonial corals analysed are found in the Galve 
Sub-basin, which corresponds to the western depocentre 
of the Maestrat Basin (Salas et al. in Martín-Chivelet 
et al., 2019). During the Late Jurassic-Early Cretaceous 
extension, this sub-basin was separated from neighbouring 
depocentres by major normal faults (Salas et al. in Martín-
Chivelet et al., 2019). The present structure of the Galve 
Sub-basin resulted from the Alpine contraction and 
consists of two main folds: the Miravete anticline and the 
Camarillas syncline (Liesa et al., 2006; Simón, 2004; Fig. 
1B).

The Aptian sedimentary succession containing the 
scleractinians studied crops out along the limbs of these 
two folds (Fig. 1B). This rock record can be subdivided 
into three marine lithostratigraphic units with the rank 
of formations (e.g. Bover-Arnal et al., 2016). The oldest 
Aptian unit, the Forcall Formation, corresponds to basinal 
marls and limestones with Palorbitolina lenticularis and 
ammonoids. This unit overlies the Xert Formation which 
consists of upper Barremian coastal sandstones and sandy 
limestones, and platform carbonates with Palorbitolina 
lenticularis and Chondrodonta (e.g. Bover-Arnal et 
al., 2016; Fig. 1C). The lowermost part of the Forcall 
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FIGURE 1. Geological setting. A) Geographical location of the study area in the western Maestrat Basin (Eastern Iberian Chain). B) Geological map 
of the Galve Sub-basin. The outcrops studied are indicated with red stars. Modified after Canérot et al. (1979) and Gautier (1980). C) Chrono- and 
lithostratigraphy of the Galve Sub-basin after Bover-Arnal et al. (2016). The stratigraphic levels bearing the coral colonies analysed are indicated 
with red stars.
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Formation is latest Barremian in age, whereas the rest of 
the formation recorded the four early Aptian ammonoid 
zones: Deshayesites oglanlensis, Deshayesites forbesi, 
Deshayesites deshayesi and Dufrenoyia furcata 
(Moreno-Bedmar et al., 2010; Garcia et al., 2014). In the 
Galve Sub-basin, the Forcall Formation also encompasses 
a limestone horizon characterized by a distinctive facies 
of Lithocodium aggregatum and corals (Bover-Arnal et 
al., 2011; Vennin and Aurell, 2001). These Lithocodium-
bearing beds are located in the upper part of the 
Deshayesites forbesi biozone and were contemporaneous 
with segment C4 of the early Aptian oceanic anoxic event 
1a (Cors et al., 2015).

Overlying the Forcall Formation there is the upper 
lower Aptian Villarroya de los Pinares Formation (Fig. 
1C), which is made up of platform carbonates characterized 
by the presence of rudist bivalves and corals (e.g. Bover-
Arnal et al., 2010; Gili et al., 2016). Above, the uppermost 
lower-upper Aptian Benassal Formation (Fig. 1C) is 
mainly constituted by an alternation between distal marly 
intervals with colonial corals and Trochonerita gigas, and 
platform top carbonates with corals, rudists, and nerineid 
gastropods (e.g. Bover-Arnal et al., 2016). In the Galve 
Sub-basin, the Benassal Formation displays two or three 
transgressive-regressive cycles, depending on the specific 
area (Bover-Arnal et al., 2016). Each cycle consists of a 
lower transgressive marly interval followed by an upper 
regressive platform top limestone interval (Fig. 1C). The 
upper regressive part of the third cycle of the Benassal 
Formation, however, recorded an evolution towards 
more proximal, coastal depositional environments where 
grainstones with ferruginous ooids, sandy limestones and 
sandstones deposited (Bover-Arnal et al., 2016). The 
marly base of the Benassal Formation contains Dufrenoyia 
dufrenoyi ammonite specimens, which indicate a latest 
early Aptian age (Bover-Arnal et al., 2014; Moreno-
Bedmar et al., 2012). Above, the late Aptian ammonoid 
zones Epicheloniceras martini, Parahoplites melchioris 
and Acanthohoplites nolani have been respectively 
recognised in the lower, middle, and upper marly parts of 
the Benassal Formation (Bover-Arnal et al., 2016). The 
original, and more exhaustive, descriptions of these Aptian 
lithostratigraphic units can be found in Canérot et al. 
(1982) and Salas (1987).

The Aptian scleractinians exhibiting skeletal 
anomalies analysed herein occur at the base and the top 
of the first marly interval of the Benassal Formation 
(Fig. 1C), and thus are latest early-early late Aptian in 
age (Dufrenoyia furcata and Epicheloniceras martini 
ammonite zones). Aptian corals in the Galve Sub-basin 
are also present in the marls and limestones of the 
Forcall Formation (Bover-Arnal et al., 2011; Vennin 
and Aurell, 2001) and in the rudist-bearing limestones 

of the Villarroya de los Pinares and Benassal formations 
(Bover-Arnal et al., 2015).

Taxonomy and palaeoecology of the Aptian corals from 
the Galve Sub-basin

Bover-Arnal et al. (2012) studied the taxonomy and 
palaeoecology of scleractinians occurring in Aptian rocks 
of the Galve Sub-basin. The coral fauna identified included 
mainly common Early Cretaceous genera and species 
of the families Archeocaeniidae, Faviidae, Fungiidae, 
and Microsolenidae such as Stelidioseris actinastrae, 
Actinastraeopsis catalaunica, Placocolumastrea affinis, 
Diplogyra cf. minima, Diplogyra sp., Eohydnophora 
tenuis, Eohydnophora picteti, Eohydnophora tosaensis, 
Complexastrea sp., Camptodocis cf. tottoni, Camptodocis 
sp., Holocoenia bendukidzeae, Mesomorpha cf. 
mammillata, Ovalastrea sp., Thalamocaeniopsis sp., 
Thalamocaeniopsis ouenzensis, Eocomoseris raueni, 
Polyphylloseris cf. kobyi and Polyphylloseris simondsi. 
However, rare genera in the Early Cretaceous record such 
as Agrostyliastraea sp. and Procladocora sp. also occur.

The coral colonies examined by Bover-Arnal et al. 
(2012) are autochthonous and show a predominance of 
decimetre-sized flattened-massive (Fig. 2A), branching 
(Fig. 2B) and domal (Fig. 2C-F) forms. Most of these coral 
colonies settled sparsely, giving rise to a continuous and 
uniform unbound growth fabric (Fig. 3; see Insalaco, 1998). 
Nevertheless, locally, the scleractinians occur fused into 
small metre-sized banks (Bover-Arnal et al., 2012). These 
non-reef-building level-bottom communities flourished 
on slope settings, as coral meadows or coral carpets on 
marly or platform top-derived carbonate substrates (Figs. 
2-3) under calm hydrodynamic conditions. The corals 
occurring embedded in marls (Fig. 2D-E) commonly show 
bioerosional structures indicating exposure to endolithic 
organisms after the death of the colony, thus implying 
low sedimentation rates. On the other hand, the colonies 
overlain by carbonate shed from the platform top (Fig. 2F) 
are usually devoid of bioerosional structures, indicating 
rapid burial of a living coral (Bover-Arnal et al., 2012).

MATERIALS AND METHODS

In the Galve Sub-basin (Fig. 1B), Aptian scleractinians 
are found in growth position in both platform top carbonates 
and marly platform slopes (e.g. Bover-Arnal et al., 2009, 
2010). The corals occurring in uniformly weathered 
platform top limestones appear as a section, displaying only 
two dimensions (see e.g. Bover-Arnal et al., 2009, 2015). 
Consequently, analysing the entire colony is not feasible 
in such cases. On the contrary, colonial corals found in 
marls and marly limestones within slope depositional 
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FIGURE 2. Close-up views of autochthonous Aptian scleractinian colonies from the marl-dominated slope environments of the lower part of the 
Benassal Formation. A) Flattened-massive colony from Villarroya de los Pinares. Ruler= 15cm. B) Branching coral from the Barranco de las 
Corralizas locality. Pencil= 14cm. C) Decimeter-sized isolated domal coral embedded in slope marls in Villarroya de los Pinares. D) Meter-sized 
isolated domal colony embedded in slope marls in the Barranco de las Corralizas. Ruler= 15cm. E) View of the underside of a colony that grew in 
marly slope environments in Villarroya de los Pinares, building superimposed dome-shaped structures. This growth pattern is also characteristic of 
present-day corals, such as the species Montastrea cavernosa. Camera cap= 5.8cm. F) An isolated domal colony overlain by carbonate shed from 
the platform top in the Barranco de las Corralizas. A pencil, measuring 14cm in length, is positioned above the scleractinian colony. 
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environments are well-preserved and showcased in three 
dimensions, enabling a comprehensive examination of the 
whole colony (Figs. 2-3). Therefore, this study focuses on 
the latter corals.

The coral colonies whose skeletal anomalies were 
investigated occur in the marls of the lower part of the 
Benassal Formation, in three different localities (Fig. 
1C): Las Mingachas (Fig. 4A), Barranco de las Corralizas 
(Fig. 4B) and Villarroya de los Pinares (Fig. 4C). In Las 
Mingachas (Fig. 1C), two stratigraphic intervals rich in 
corals were respectively surveyed at the lowermost (Fig. 
3A) and uppermost parts of the lower marls of the Benassal 
Formation (Fig. 4A). A total of 102 scleractinian colonies 
were examined: 14 at the base of the Benassal Formation in 
Las Mingachas (Figs. 3A; 4A), 11 in the uppermost part of 
the lower marls of the Benassal Formation in Las Mingachas 
(Fig. 4A), 22 in the Barranco de las Corralizas (Figs. 3B-C; 
4B) and 55 in Villarroya de los Pinares (Figs. 3D; 4C).

The workflow employed in this study began with 
documenting the colony growth form (flattened, massive, 
domal, branching), and measuring the diameter and height 
of each specimen analysed. The description of the skeletal 
anomalies exhibited by the corals is based on Work and 
Aeby (2006). These authors provide a framework focused 
on describing the morphology of gross lesions, defined as 
any change in tissues in living corals, which is therefore 
partly applicable to fossil coral anomalies. The descriptive 
features of skeletal anomalies documented in this paper 
are summarized in Figure 5 and Table 1. They include: 
i) skeletal anomaly relief (depressed, coniform), ii) 
skeletal anomaly shape (circular, oblong, pyriform, linear, 
irregular), iii) skeletal anomaly margin (smooth, uneven), 
iv) skeletal anomaly edge (distinct, annular), v) distribution 
of skeletal anomalies on colony (focal, multifocal), vi) 
location of skeletal anomalies on colony (basal, medial, 
apical) and vii) skeletal anomaly severity (mild <10%, 
moderate 10-24%, severe 25-49%, extreme ≥50%). 
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FIGURE 3. Outcrop-scale photographs of the marly intervals containing the autochthonous scleractinians investigated: A) Lower coral-bearing 
stratigraphic interval of Las Mingachas, B) and C) Barranco de las Corralizas, and D) Villarroya de los Pinares. The coral colonies are delineated by 
dashed white lines. Note the relatively high-density population and the laterally continuous but loose arrangement of the corals. When a bar scale 
is not available, use Ramon Salas as a reference for scale. See Figures 1B and 4 for geographical, geological and stratigraphical location of the 
outcrops.
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FIGURE 4. Panoramic photographs of A) Las Mingachas, B) Barranco de las Corralizas and C) Villarroya de los Pinares outcrops investigated. 
The stratigraphic levels bearing the coral colonies analysed are delimited between dashed white lines. HNR= Highstand Normal Regressive, T= 
Transgressive, LNR= Lowstand Normal Regressive, mfs= maximum flooding surface. In C) use Ramon Salas for scale. Note that the lower stratigraphic 
interval containing colonial corals examined in Las Mingachas was deposited during a transgressive stage of relative sea level and corresponds to 
marly slope environments retrograding above backstepping platform top carbonates. The other stratigraphic intervals investigated are located in the 
uppermost marly interval of the lower part of the Benassal Formation in Las Mingachas, Barranco de las Corralizas and Villarroya de los Pinares. This 
coral-bearing horizon overlies a maximum-flooding surface and, therefore, formed at the beginning of progradation over basinal marls of distal slope 
environments during early highstand normal regression. The sequence-stratigraphic interpretation is after Bover-Arnal et al. (2009, 2010, 2016). See 
Figure 1B for geographical and geological location of the outcrops. 



T.  B o v e r - A r n a l  e t  a l .

G e o l o g i c a  A c t a ,  2 2 . 9 ,  1 - 2 3  ( 2 0 2 4 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 4 . 2 2 . 9

Skeletal anomalies on Cretaceous corals

8

The description of the fossil skeletal anomalies is 
illustrated with close-up views (Figs. 6-14). In addition, the 
anomalies are here compared with images of tissue lesions 
and damage captured on living and recent scleractinians 
(Figs. 6-12). The latter photographs were taken in 2011 and 
2012 in various tropical reefs across Australia, specifically 
in the Houtman Abrolhos Islands and Ningaloo Reef in 
Western Australia, as well as in the Whitsundays, Lady 
Elliot, Heron, Wistari, and Knuckle reefs in Eastern 
Australia.

Vertical thin sections were prepared across the skeletal 
anomalies to determine whether corallites displayed 
modified growth or growth anomalies that could indicate 
responses to damage by the living coral (e.g. Work and 
Rameyer, 2005; Work and Aeby, 2010). However, the 
scleractinian skeletons, initially composed of aragonite, 
underwent diagenetic replacement to calcite and 
recrystallization during burial, resulting in the loss of the 
original internal growth microstructures. Consequently, 
the thin-section analyses were not conclusive.

To determine genus and species of the depicted fossils 
(Figs. 6-14) would entail disrupting colonies, sampling, and 
subsequent production of thin sections. This methodology 
was previously employed in Bover-Arnal et al. (2012), 
where poorly preserved and fragmented colonies were 
collected to preserve this exceptional fossil record. Thus, 
the absence of specific genera and species in the illustrated 
colonies is addressed by summarizing the taxonomic 
findings from 2012 (see previous section on taxonomy and 
palaeoecology) to preserve its integrity.

RESULTS

The smallest scleractinian colony analysed is 5cm in 
diameter and 3cm in height, whilst the largest colony is 
230cm in diameter and 120cm in height (Fig. 3C). The 
mean diameter of the colonies is 40cm and the mean height 
22cm. Out of 102 colonies, 72 exhibited skeletal anomalies 
(70.6%), 40 in Villarroya de los Pinares (Figs. 1B; 4C), 
10 in the lowermost part of the Benassal Formation in Las 
Mingachas (Figs. 1B; 3A; 4A), 7 in the upper part of the 
lower marl unit of the Benassal Formation (Figs. 1B; 4A), 
and 15 in the Barranco de Las Corralizas (Figs. 1B; 4B). 
Most of the coral colonies exhibiting skeletal anomalies, 
47 out of 72, exhibit more than one skeletal anomaly, and 
thus these colonies may present more than one term for 
certain categories such as skeletal anomaly relief, shape, 
margin, edge, and location (Table 1).

The skeletal anomalies investigated correspond to 
depressed areas of coral skeleton (Figs. 6-9; 11A; 12A; 
14), or rare upward grown coniform structures (Fig. 10). 
The 94.6% of the colonies surveyed exhibiting damage 
structures display only depressed skeletal anomalies, 
occasionally accompanied by rare coniform overgrowth 
structures (2.7%) (Table 1). The shapes of the damage 
structures are mainly circular (Fig. 6A, C, E), oblong 
(Fig. 7A, C, E) and irregular (Figs. 9C, E; 11A; 12A), 
however pyriform (Fig. 8A) and linear (Fig. 8C, E) 
depressions are also common. Most of the colonies 
investigated show only irregular (44.4%), oblong and 
irregular (16.7%), or circular, oblong, and irregular 
(8.3%) anomalies (Table 1).

Location of skeletal anomalies on colony

Basal

Focal

Medial

Multifocal

Apical

Skeletal anomaly relief

Depressed Coniform

Distribution of skeletal anomalies on colony

Distinct Annular

Skeletal anomaly edge

Smooth Uneven

Skeletal anomaly margin

Skeletal anomaly shape

Circular Oblong Pyriform Linear

Skeletal anomaly severity

Mild <10% Moderate 10-24%

Severe 25-49% Extreme ≥50%

Irregular

FIGURE 5. Categories (in bold type) and terms (normal text) used to 
describe the anomalies in the skeleton of fossil scleractinian corals 
(based on Work and Aeby, 2006). 
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The depressed circular skeletal anomalies (Fig. 6A, 
C, E) display diameters of 0.8 to 13.5cm and depths 
between 0.5 and 7cm, with a mean diameter of 6.9cm 
and a mean depth of 2.6cm. Locally, circular depressions 
show overgrown margins (e.g. Fig. 6A). The depressed 
oblong skeletal anomalies (Fig. 7A, C, E) exhibit lengths 
between 2.2 and 36cm, widths between 1 and 5cm, and 
depths between 1 and 19cm, with means of 9.9, 2.5, and 
3.6cm, respectively. The skeletal anomalies with irregular 
shapes and depressed reliefs (Figs. 9C, E; 11A; 12A) range 
in length from 2.5 to 44cm, widths from 1 to 15cm, and 
depths from 1 to 14cm, with respective means of 16cm, 
6.2cm, and 4.8cm. Pyriform depressions (Fig. 8A) have 
lengths between 9 and 19cm, with a mean of 13.4cm, 
widths around 2cm, and depths ranging from 2 to 6cm, 
with a mean of 4.4cm. Skeletal anomalies with linear 
depressions (Fig. 8C, E) exhibit lengths ranging from 5 
to 10cm, with a mean of 2cm, widths ranging from 0.2 to 
6cm, with a mean of 3.9cm, and depths between 0.1 and 
1cm, with a mean of 0.4cm.

Coniform anomalies (Fig. 10A-D) were recognised in 
only four colonies, accounting for 5.4% of the colonies 
with skeletal anomalies (Table 1). These structures are 
circular and have diameters ranging between 3 and 
4cm and heights up to 3cm, with a depressed central 
part measuring between 1 and 2.5cm (Fig. 10A-D). 
Their mean diameter and height are 3.5 and 2.6cm, 
respectively. 

In the 68% of the corals, the margins of the skeletal 
anomalies are smooth (e.g. Figs. 5; 6A, C, E; 7A, E), in 
the 11.1% are uneven (e.g. Figs. 7C; 12A) and in the other 
20.9% smooth and uneven (Table 1). The edges of the 
skeletal lesions observed in the corals are mainly distinct, 
noted in 94.4% of the corals analysed with damage 
(e.g. Figs. 6A, C, E; 7A, C, E; 8A, C, D; 10A-D; 11A). 
However, smaller portions, constituting 4.2% and 1.4% 
of the coral colonies with anomalies, respectively display 
skeletal lesions with both distinct and annular, or only 
annular edges (Fig. 9A).

Total of colonies surveyed 
n=102 (100%) 

Not exhibiting skeletal 
anomalies Exhibiting skeletal anomalies 

n=30 (29.4%) n=72 (70.6%) 
Category Term 

Skeletal anomaly relief Coniform n=2 (2.7%) 
Depressed n=68 (94.6%) 
Depressed; Coniform n=2 (2.7%) 

Skeletal anomaly shape Circular n=2 (2.8%) 
Oblong n=2 (2.8%) 
Linear n=1 (1.4%) 
Irregular n=32 (44.4%) 
Circular; Linear n=1 (1.4%) 
Circular; Irregular n=4 (5.5%) 
Oblong; Irregular n=12 (16.7%) 
Pyriform; Irregular n=2 (2.8%) 
Linear; Irregular n=2 (2.8%) 
Circular; Oblong; Irregular n=6 (8.3%) 
Circular; Linear; Irregular n=4 (5.5%) 
Circular; Pyriform; Irregular n=1 (1.4%) 
Oblong; Pyriform; Irregular n=1 (1.4%) 
Circular; Oblong; Linear; Irregular n=2 (2.8%) 

Skeletal anomaly margin Smooth n=49 (68%) 
Uneven n=8 (11.1%) 
Smooth; Uneven n=15 (20.9%) 

Skeletal anomaly edge Distinct n=68 (94.4%) 
Annular n=1 (1.4%) 
Distinct; Annular n=3 (4.2%) 

Distribution of skeletal 
anomalies on colony 

Focal n=25 (34.8%) 
Multifocal n=47 (65.2%) 

Location of skeletal 
anomalies on colony 

Medial n=5 (7%) 
Apical n=40 (55.5%) 
Basal; Medial n=1 (1.4%) 
Medial; Apical n=22 (30.6%) 
Basal; Medial; Apical n=4 (5.5%) 

Skeletal anomaly 
severity 

Mild (<10%) n=27 (37.5%) 
Moderate (10-24%) n=27 (37.5%) 
Severe (25-49%) n=17 (23.6%) 
Extreme (50-100%) n=1 (1.4%) 

n=sample size 

TABLE 1. Summarized results for each category and term used to describe fossil skeletal anomalies, presented in both absolute colony values (n) 
and percentages (%). Bear in mind that 47 out of the 72 coral colonies with damage features exhibit more than one skeletal anomaly, and that these 
colonies may present more than one term for certain categories
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FIGURE 6. Depressed skeletal anomalies with circular shape. A) Coral colony from Villarroya de los Pinares exhibiting two depressed circular skeletal 
anomalies (yellow arrows), alongside a linear to irregular anomaly. The margins and edges of the damaged areas are respectively smooth and distinct. 
Note how the circular depressioms exhibit overgrown margins. The distribution of the anomalies is multifocal and their location on the colony is basal 
to apical. B) A living coral colony photographed in the Whitsunday Islands (Great Barrier Reef; eastern Australia) displaying two depressed circular 
lesions (yellow arrows) comparable to those shown in Figure 6A. C) Domal coral exhibiting a depressed circular anomaly with a smooth margin, a 
distinct edge, and a focal distribution (yellow arrow). The skeletal anomaly severity is mild and the damage location on colony is apical. The specimen 
was photographed in the Barranco de las Corralizas. Camera cap= 5.8cm. D) Colonial coral from the lagoon of Lady Elliot Reef (Great Barrier Reef; 
eastern Australia) with an apically located depressed circular skeletal anomaly (yellow arrow), morphologically resembling the anomaly on the coral 
shown in Figure 6C. Discoloration surrounding the circular depression indicates the presence of dead coral tissue, a result of subaerial exposure 
during low tide. E) Close-up view of a coral colony from Villarroya de los Pinares showing a depressed part of the skeleton with a circular shape 
(yellow arrow), a smooth margin and a distinct edge. Note the presence of several other irregular anomalies. The distribution of skeletal lesions on the 
colony is multifocal and the extent of the anomalies is severe. F) Detailed view of a circular denuded area, showcasing a loss of live coral cover in a 
colony from Coral Bay in Ningaloo Reef (western Australia), similar to the one photographed in Figure 6E. Note the presence of the sixband parrotfish 
Scarus frenatus, actively feeding on microscopic autotrophs (see e.g. Clements et al., 2017) that has proliferated on the damaged tissue surface.
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The distribution of skeletal anomalies on the colonies 
is primarily multifocal, observed in 65.2% of the colonies 
exhibiting damage structures (Table 1; Figs. 6A, E; 8A, 
C; 10A-B; 12A). Conversely, 34.8% of the corals with 
anomalies display only one single skeletal lesion, and thus a 
focal distribution (Figs. 6C; 7A; 10D; 11A). The location of 
skeletal anomalies on the colonies is mainly apical, accounting 
for 55.5% of the colonies with skeletal lesions (Table 1; Figs. 
6C; 7A, C; 9C; 10D; 11A). Additionally, 30.6% of the corals 
with anomalies display skeletal lesions with medial and apical 
locations (Figs. 8A, E; 10A; 12A). Furthermore, 7% of the 
corals exhibit damage located medially, and the remaining 
5.5% present anomalies with basal, medial and apical locations 
(Figs. 6A; 8C; 9E). Only one coral colony, representing 1.4% of 
the colonies with anomalies, was observed exhibiting skeletal 
lesions located basally and medially. Finally, the severity of 
the damage observed is mild (Figs. 6C; 7A), moderate (Figs. 
7E; 8A, C), severe (Figs. 9C), and extreme (Fig. 9E), in the 
37.5%, 37.5%, 23.6% and 1.4% of the colonies with skeletal 
anomalies, respectively (Table 1).

Post-mortem bioerosion, characterized by structures 
lacking significant relief, is widespread among the colonies 
surveyed. The perforations were originally depressed areas 
of the skeleton which were subsequently infilled by micrite 
and/or sparry calcite and are thus distinguished from the rest 
of the skeleton by lighter, usually whitish, coloration (Figs. 
11A-B; 12C-D; 13-14). These no-relief structures mainly 
display circular shapes in equatorial sections (Figs. 11B; 
12D) and are oblong in longitudinal sections (Fig. 11B, 
D). Their diameters range from 0.2 to 2.2cm, with a mean 
of 0.9cm. Frequently, these circular to oblong structures 
are found in walls and floors of depressed skeletal lesions 
and thus, postdate the formation of the anomaly (Fig. 14). 
Locally, they also exhibit in situ valves of lithophagid 
bivalves (Fig. 11D). Circular to oblong post-mortem 
bioerosion features produced by lithophagid bivalves were 
recognised in 50 out of the 102 colonies examined.

Further post-mortem no-relief bioerosion includes rare 
ramified (Fig. 12C-D) and linear (Fig. 13) structures. The 
ramified bioerosion features have lengths from 3 to 6.5cm, 
and widths from 0.1 to 0.2cm. The linear structures show 
lengths between 0.6 and 1.8cm, with a mean of 1.3cm, 
and widths between 0.1 and 0.2cm. Some of the no-relief 
linear structures recognised show curved, U-shaped forms 
(Fig. 13B-D). Ramified and linear post-mortem bioerosion 
was recognised in 2 and 13 out of the 102 scleractinians 
investigated, respectively.

DISCUSSION

Tissue loss due to environmental stress experienced by 
the coral polyps or physical damage in scleractinian corals 

modifies the growth of the corallites around the wound area 
(e.g. Work and Rameyer, 2005). These corallite anomalies 
represent a localised response of the living coral tissue to 
injury. Following injury, the coral tissue may regenerate to 
seal the damaged area (e.g. Work and Aeby, 2010), or the 
coral skeleton may remain exposed (Figs. 6B, D; 7B, F; 
8D, F; 9D, F; 10E-F; 11C; 12B), potentially being covered 
by red algae, turf algae, microbes, or sediment (Fig. 7D) 
(e.g. Fisher et al., 2007).

The depressed and coniform skeletal anomalies 
described in the Aptian corals strongly resemble gross 
lesions observable in living corals (Figs. 6-11A, C; 12A-
B). To ensure the validity of this analogy, it is crucial to 
determine whether these fossil skeletal anomalies occurred 
prior to the death of the scleractinian colonies or not. The 
original aragonite of the coral skeletons was replaced by 
calcite during burial. Throughout this process, the corallite 
structures underwent recrystallization, hindering the 
observation of corallite anomalies around the margins of 
the damaged skeletal area. However, the fossil coniform 
structures identified (Fig. 10A-D) were the result of 
upward growth towards the centre of a damaged area and 
thus, indicate regenerative processes (e.g. Lirman, 2000). 
In recent corals, similar coniform structures (Fig. 10E-F) 
result from symbiotic relationships with other fauna such 
as pyrgomatid barnacles (e.g. Chan et al., 2013; Yap et 
al., 2023) or cryptochirid crabs (e.g. Wong et al., 2023). 
In line with this, living colonies infested with symbiotic 
polychaetes also develop aberrant growth forms consisting 
of deformations of the coral skeleton around the worm 
tubes (e.g. Wielgus et al., 2006). Thus, the coniform-
shaped anomalies (Fig. 10A-D) observed in the Aptian 
scleractinians are indicative of regeneration, ergo, of an 
ante-mortem process.

The post-mortem bioerosion features currently 
showing no significant relief usually exhibit irregular 
ramified (Fig. 12C-D), linear (Fig. 13) and circular to 
oblong shapes (Figs. 11A-B, D; 12D). The origin of the 
irregular ramified structures lacking relief (Fig. 12C-D) 
is unknown. The linear structures are often U-shaped 
(Fig. 13). These convoluted forms are likely traces 
left by worms (e.g. Sammarco and Risk, 1990). On the 
other hand, the circular to oblong ichnofossils lacking 
significant relief (Figs. 10A-C; 11A-B; 12D) frequently 
contain lithophagid bivalves (Fig. 11D), and thus can 
be ascribed to the ichnogenus Gastrochaenolites (Kelly 
and Bromley, 1984). The lack of skeletal overgrowth 
around the Gastrochaenolites (Figs. 11A-B, D; 12D; 
14A), ramified structures (Fig. 12C-D) and annelid 
traces (Fig. 13) observed indicates absence of tissue 
regeneration and thus, the infestation of the colonies by 
boring organisms, or other colonizers, likely occurred 
after their death.
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FIGURE 7. Depressed skeletal anomalies with oblong shape. A) Domal coral colony from the Barranco de las Corralizas exhibiting a depressed oblong 
lesion with a smooth margin, and distinct edge (yellow arrow). The distribution and location of the skeletal anomaly is focal and apical, respectively. 
The skeletal anomaly severity is mild. B) Living coral from Lady Elliot Reef lagoon (Great Barrier Reef; eastern Australia) with an apical oblong lesion 
(yellow arrow) similar to that shown in Figure 7A. White arrow points to a circular lesion comparable to those displayed in Figure 6A, C, E. C) Close-up 
view of a colony with an oblong skeletal anomaly with an uneven margin and a distinct edge (yellow arrow). The distribution of skeletal anomalies on 
the colony is focal, and their location is apical. The specimen was photographed in the Barranco de las Corralizas. Ruler= 15cm. D) Colonial coral 
from the lagoon of Lady Elliot Reef (Great Barrier Reef; eastern Australia) showing a depressed oblong lesion (yellow arrow) like the one in Figure 7C. 
Note that the denuded oblong lesion is partially filled with sediment. E) Coral skeleton from the Barranco de las Corralizas exhibiting diverse damage 
structures including an oblong skeletal anomaly with a smooth margin and a distinct edge (yellow arrow). The skeletal anomaly severity is moderate, 
the distribution of anomalies is multifocal, while their location is basal to apical. Note that the coral showing the oblong-shaped damage grew on top 
of other smaller colonies. F) Detailed view of a denuded oblong wound (yellow arrow) in a living colony from Coral Gardens in Lady Elliot Reef (Great 
Barrier Reef; eastern Australia). This oblong lesion is comparable to the damage structure shown in Figure 7E.
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FIGURE 8. Depressed skeletal anomalies with pyriform and linear shapes. A) Domal coral colony from the Barranco de las Corralizas exhibiting 
anomalies with circular (white arrow) and pyriform (yellow arrow) shapes, with margins that range from uneven to smooth, and distinct edges. The 
anomalies are distributed multifocally and located medially to apically. The severity of the skeletal lesions is moderate. B) Recent dead coral from 
Lady Elliot Island (Great Barrier Reef; eastern Australia), exhibiting similar pyriform (yellow arrow) and circular (white arrow) lesions as shown in 
Figure 8A. C) Close-up view of a depressed linear skeletal anomaly with a smooth margin and a distinct edge (yellow arrow). Note the presence of a 
smaller scale irregular anomaly on the lower left side of the colony. The skeletal lesion distribution on the colony is multifocal, the location is basal to 
apical, and the severity is moderate. The specimen was photographed in Villarroya de los Pinares. D) Domal coral from the lagoon of the Whitsunday 
Islands (Great Barrier Reef; eastern Australia) showing a denuded linear lesion (yellow arrow) similar to the anomaly shown in Figure 8C. E) Close-up 
view of severe linear anomalies on a coral skeleton (yellow arrow) from the marls of the lower part of the Benassal Formation in Las Mingachas. The 
margins of the damaged areas are smooth, and the edges are distinct. The distribution of skeletal anomalies is multifocal, and their location on the 
colony is medial to apical. F) Detailed view of denuded linear skeletal anomalies (yellow arrow) in a coral from the Whitsunday Islands (Great Barrier 
Reef; eastern Australia) exhibiting similar lesion patterns as those photographed in Figure 8E.
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FIGURE 9. Depressed skeletal anomalies with linear and irregular shapes. A) A coral from Villarroya de los Pinares displaying a depressed linear 
damage with an uneven margin and an annular edge (yellow arrow). B) A dead coral overgrown by green algal filaments from Lady Elliot Reef (Great 
Barrier Reef; eastern Australia) showcasing a denuded linear lesion with an annular edge (yellow arrow), akin to the anomaly presented in Figure 
9A. C) Coral showing a severe depressed irregular anomaly at the apical region of the colony (yellow arrow). The specimen was photographed in the 
Villarroya de los Pinares. D) Colonial coral from Wistari Reef (Great Barrier Reef; eastern Australia) showing a denuded irregular skeletal anomaly with 
an uneven margin and a distinct edge, located on the apical region (yellow arrow). This irregular skeletal damage to a living colony resembles the 
fossil example shown in Figure 9C. E) Coral colony from the Barranco de las Corralizas exhibiting an extreme depressed irregular skeletal anomaly 
with a basal to apical location (yellow arrow). F) Living colony from Blue Pools on Heron Reef (Great Barrier Reef; eastern Australia) exhibiting an 
extreme irregular denuded lesion similar to the one in Figure 9E.
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FIGURE 10. Coniform skeletal anomalies. A) Domal coral colony from the Barranco de las Corralizas exhibiting five coniform skeletal anomalies 
(yellow arrows) and abundant Gastrochaenolites borings. Skeletal anomalies are severe, and show circular shapes, smooth margins, distinct edges, 
a multifocal distribution, and a medial to apical location. B) Detail of Figure 10A showing three overgrowth structures around damaged areas. Visible 
part of pen= 5cm. C) Close-up view of one of the coniform skeletal anomaly present in the coral colony shown in Figure 10A. D) Detail of an aberrant 
overgrowth structure present on a coral from the Barranco de las Corralizas. The skeletal anomaly severity is mild, the relief is coniform, the shape is 
circular, the margin is uneven, the edge is distinct, the distribution is focal, and the location is apical. E-F) Coniform skeletal anomalies on Platygyra 
corals from Lady Elliot Island (eastern Australia). In modern corals, such overgrowth structures are the result of symbiotic association with pyrgomatid 
barnacles (e.g. Chan et al., 2013) or cryptochirid crabs (e.g. Wong et al., 2023).
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In contrast, some of the depressed skeletal anomalies 
examined underwent regeneration, as inferred from the 
overgrowth features noticed around their margins (e.g. 
Figs. 6A; 8E). Furthermore, the walls and floors of several 
circular, oblong, pyriform and irregular anomalies, were 
bored by lithophagid bivalves (Fig. 14), indicating that 
their formation occurred prior to lithophagine settlement. 
While most of the current species of lithophagid bivalves 
penetrate corals after death (Kleemann, 1980), or show a 
preference for dead portions of living colonies (Wilson, 
1979), only a few have the ability to bore into living 
tissue (Kleemann, 1980; Jones and Pemberton, 1988). 
Consequently, the depressed skeletal anomalies described 
in the fossil corals are interpreted to have been bored (Fig. 
14) after tissue loss and probable further skeletal damage 
by bioeroding and grazing animals (e.g. see Fig. 6F). 

Therefore, the depressions documented would have been 
formed before the death of the colonies. Given that the 
ante-mortem skeletal anomalies observed likely originated 
from tissue loss during the specimens’ lifetime, they 
conform to the criteria of a lesion as defined by Work and 
Aeby (2006).

In many cases, as the coral colony is growing, only 
the upper and outer part exposed to sunlight is covered by 
the living tissue, while the older, basal part of the colony 
is dead. Consequently, ante-mortem and post-mortem 
processes can occur at the same time in the same colony, 
albeit at different places.

Concerning the aetiologic diagnosis of the depressed 
skeletal anomalies studied (Figs. 6A, C, E; 7A, C, E; 
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FIGURE 11. Depressed irregular skeletal anomalies and post-mortem bioerosion by lithophagid bivalves. A) Domal coral colony from the lowermost 
marls of the Benassal Formation in Las Mingachas exhibiting abundant post-mortem circular to oblong Gastrochaenolites. The red arrow points to a 
central apical depressed lesion with an irregular shape. B) Detail of Figure 11A showing abundant Gastrochaenolites. C) Living coral from Knuckle 
Reef (Great Barrier Reef; eastern Australia) showing an apical irregular denuded lesion (red arrow) similar to the skeletal anomaly shown in Figure 
11A. Note the small white spots, that probably correspond to holes of symbiotic worms such as Spirobranchus. D) Close-up view of a coral from 
the Barranco de las Corralizas exhibiting equatorial to axial sections of post-mortem Gastrochaenolites borings (white arrows) and the valves of the 
lithophagid bivalve preserved in situ (yellow arrows).
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8A, C, E; 9A, C, E; 10A-D; 11A; 12A), the presence of 
Gastrochaenolites postdating damage (Fig. 14) rules out 
the possibility that these fossil anomalies were the result of 
post-mortem chemical dissolution during burial diagenesis 
or by recent rainwater, given the current subaerial exposure 
of the colonies (Figs. 2-3). The ante-mortem skeletal 
anomalies described are comparable to tissue lesions and 
skeletal denudation produced in modern corals either by 
predation (corallivorous fish, snails, worms, starfish) (e.g. 
Cole et al., 2008; Dalton and Godwin, 2006; De’ath et al., 
2012; Robertson, 1970), bioerosion (grazing fish, algae, 
sea urchins, fungi, crustaceans, molluscs, worms) (e.g. 
Benzoni et al., 2010; Chazottes et al., 1995; Holmes et 
al., 2000; Morais et al., 2022a; Ong and Holland, 2010), 
sediment veneering (e.g. Erftemeijer et al., 2012; Weber 
et al., 2012), physical impact (storms) (e.g. Harmelin-

Vivien, 1994), tidally-controlled subaerial conditions (see 
Fig. 6D), competition for primary space (algal and sponge 
overgrowth) (e.g. Coles and Bolick, 2007; Eckrich and 
Sabine Engel, 2013) and disease (e.g. Richardson, 1998; 
Sutherland et al., 2004). For example, black band disease 
commonly creates circular denuded areas on coral heads 
(e.g. Kuta and Richardson, 2002), comparable to those 
seen in the Aptian corals. Furthermore, large vertebrate 
(e.g. turtles) activities such as landing, resting, leaving, 
scratching, and foraging on corals can also produce damage 
to scleractinian tissues and skeletons (Bennett et al., 2000).

The possibility that the skeletal depressed anomalies 
reported could have formed ante-mortem by physical 
impact produced by storms and/or subaerial exposure at 
low tide, seems unlikely. The corals studied developed 
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FIGURE 12. Depressed irregular skeletal anomalies and post-mortem ramified traces. A) Coral from the Barranco de las Corralizas exhibiting an 
extreme depression and highly irregular loss of the skeleton with uneven margins, distinct edges, a multifocal distribution, and a medial to apical 
location (red arrow). The non-depressed part of the colony displays smaller scale post-mortem ramified structures showing no relief. B) Modern 
colonial coral photographed in Shark Bay on Heron Reef (Great Barrier Reef; eastern Australia) showing a denuded and highly irregular apical lesion 
(red arrow) comparable to the anomaly shown in Figure 12A. C-D) Close-up views of the non-depressed part of the coral colony displayed in Figure 
12A showing ramified post-mortem traces with no relief (yellow arrows). Circular features corresponding to Gastrochaenolites borings are marked 
with white arrows.
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as isolated colonies (Figs. 2; 6A, C, E; 7A, C, E; 8A, C, 
E; 9A, C, E; 10A; 11A, D; 12A; 13A; 14A) giving rise 
to non-reefal level-bottom communities (Fig. 3) sensu 
Riding (2002), in marly slope environments, and thus 
in slightly deeper positions than their corresponding 
carbonate platform tops (Bover-Arnal et al., 2012, 
2015). No overturned or tilted colonies have been 
identified, which would indicate high-energy episodes 
due to storm or wave action (see also Bover-Arnal et al., 
2012). Along these lines, within the marls embedding 
the colonies, fragmented hard skeletal parts of organisms 
that could have acted as projectiles injuring coral 
tissues and/or eroding skeletons during storms were not 
recognised. Furthermore, many of the linear, pyriform, 
and massive irregular forms exhibited by the anomalies 
observed (e.g. Figs. 7B; 8C, E; 9A, C, E; 11A; 12A) 
do not match with those that would be expected from a 
projectile impact. 

Exposure to sedimentation, resulting in tissue necroses 
due to burial of coral polyps, is not likely to have been 
the primary cause of coral damage in such calm distal 
environments with low sedimentation rates (see Bover-
Arnal et al., 2012, 2015). Competition for primary 
space and destructive activities by large vertebrates are 
not currently major factors causing damage to corals, 
and it is not expected that they were significant in the 
past. Consequently, the most plausible mechanisms that 
produced skeletal anomalies in the Aptian corals studied 
are predation, bioerosion, and disease.

The ante-mortem skeletal anomalies in the studied 
fossil corals do not allow for discrimination between 
lesions caused by disease, or by tissue loss and skeletal 
damage by predation and/or bioerosion. In fact, even in 
living corals, distinguishing between tissue loss or skeletal 
damage caused by disease and that produced by predation is 
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FIGURE 13. Post-mortem traces with linear shapes. A) Domal coral colony from Villarroya de los Pinares exhibiting abundant post-mortem no-relief 
traces with linear shapes. B-C) Close-up views of the post-mortem traces exhibited by the skeleton of the coral colony displayed in Figure 13A. Yellow 
arrows point to curved, U-shaped structures interpreted as manifestations of worm activity. D) Detail of linear to curve-shaped post-mortem traces 
present in a colony from Villarroya de los Pinares. Yellow arrow points to a U-shaped structure.
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often impossible (Sutherland et al., 2004; Work and Aeby, 
2006). This difficulty arises because predation scars often 
resemble signs of disease. In this regard, Work and Aeby 
(2006) state that, in the field, the aetiological diagnosis 
between disease and predation is often only possible if the 
predator is caught in action. Sutherland et al. (2004) point 
out that the most effective method to differentiate between 
disease and predation is to observe the progression of the 
coral lesion in the absence of predators under laboratory 
conditions or by foraging predators from the natural 
environment. Therefore, if distinguishing between disease 
and predation already poses challenges in the present and 
microscopic biological laboratory investigations are often 
necessary (Work and Aeby, 2006), determining the origin 
of coral skeletal anomalies in the fossil record becomes 
even more challenging.

CONCLUSIONS

The skeletal anomalies observed, including depressions 
and coniforms, provide rare evidence of ante-mortem 
damage in Aptian coral skeletons. The frequent occurrence 
of overgrown margins and Gastrochaenolites borings on 
depressed skeletal regions, along with coniform anomalies 
indicative of skeletal overgrowth due to damage, strongly 
support their ante-mortem origin. The resemblance of these 
fossil skeletal anomalies to lesions observed in modern 
corals is particularly noteworthy, reinforcing the idea 
that similar biological processes were at play during the 
Cretaceous. The observed ante-mortem skeletal anomalies 
are likely attributable to predation, bioerosion, and/or 
disease, with disease being a potentially significant but 
underappreciated factor in fossil coral records. This study 
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FIGURE 14. Depressed large skeletal anomalies overprinted by post-mortem Gastrochaenolites borings. A) Domal coral colony from the Barranco 
de las Corralizas exhibiting Gastrochaenolites and depressed skeletal anomalies with circular to oblong shapes, smooth margins, and distinct 
edges. The anomalies are multifocal in distribution and located medially to apically. Ruler= 15cm. B) Detail view of Figure 14A highlights abundant 
Gastrochaenolites borings postdating a previous circular depressed region of the skeleton. C) Close-up view of a depressed part of the coral skeleton 
shown in Figure 11A-B from the lower part of the Benassal Formation in Las Mingachas postdated by equatorial sections of Gastrochaenolites borings 
(yellow arrow). D) Colonial coral from Villarroya de los Pinares showing a depressed irregular skeletal anomaly with an uneven margin, a distinct edge, 
and an apical location. The walls of this depressed part of the skeleton exhibit post-mortem Gastrochaenolites (yellow arrow).
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underscores the fossilization potential of coral anomalies 
resulting from tissue lesions and skeletal damage, a 
factor that may have been significantly underestimated 
in previous research on fossil coral communities. Finally, 
these findings contribute to a more accurate understanding 
of the biological and ecological dynamics of Cretaceous 
coral ecosystems.
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