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Abstract The matter of photosymbiosis in Paleozoic cor-
als remains unresolved as it is not possible to directly check
for the presence of algal symbionts in fossil corals. How-
ever, present-day photosymbiotic corals are characterised
by a number of features that can be evaluated in fossil corals
as well, such as large, highly integrated colonies, growth
banding, and platy growth forms in mesophotic conditions.
The present study aims to evaluate these features in heli-
olitid corals. Heliolitids were relatively highly integrated,
compared to other Paleozoic corals and could produce large
colonies, over 1 m in diameter. In this study, heliolitid corals
from different outcrops from the Silurian (~444 to 419 ma)
of Gotland (Sweden) were analysed, and additional Devo-
nian (~419 to 359 ma) specimens from Belgium, Poland
and Morocco, featuring cyclic growth banding, were also
included. Overall, over 60% of studied specimens from
Lower Visby Formation in Ireviken and over 80% from Eke
Formation in Lau Kildu are platy or tabular. Those outcrops
represent environments that were mesophotic. Specimens
from the shallower Upper Visby Formation in Ygne are
dominated by branching forms instead. The apparent light-
related skeletal plasticity, high colony integration, growth
banding, and the absence of heliolitids in deep water envi-
ronments implies that some of these corals were most likely
photosymbiotic.
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Introduction

Tabulate corals are very common reef builders of the Paleo-
zoic era (~539 to 252 ma [million years ago]). One of the
characteristic early- and mid-Paleozoic groups of tabulates
are the heliolitids. Whereas their taxonomy has been studied
since the nineteenth century (e.g. Goldfuss 1826; Rominger
1876; Lindstrom 1899), their paleoecology received much
less attention. In the more modern literature (of approxi-
mately last 30 years), the works detailing the ecological
preferences and adaptations of heliolitid corals are rather
scarce (e.g. Noble and Lee 1990; Young and Scrutton 1991;
Krdl et al. 2018a, 2021). Although they are known as a very
widespread and important fauna of Silurian and Devonian
reefal communities, the question of their symbiosis with
algae remains open. While many groups of Paleozoic corals
were studied in relation to their photosymbiosis (e.g. Coates
and Jackson 1987; Scrutton 1998; Wood 1998; Copper 2002;
Jakubowicz et al. 2015; Zapalski 2014; Zapalski et al. 2017a,
b; Zapalski and Berkowski 2019; Bridge et al. 2022), heli-
olitids as a group were not a subject of a detailed analysis of
this kind. The aim of the present work is to fill this gap and
provide some insight into the likelihood of heliolitid corals
possessing algal symbionts.

Coates and Jackson (1987) demonstrated correlation
between growth form, corallite size and colony integration
in relation to the presence of zooxanthellae in scleractin-
ians and also analysed Paleozoic corals stating that while
evidence is equivocal, it still advocates for presence of
algal symbionts in tabulate corals. Wood (1998) and Cop-
per (2002) also suggested that at least some of tabulates
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were zooxanthellate. Zapalski et al. (2017a) provided
further evidence for photosymbiosis in selected taxa of
tabulate corals, this time based upon statistical analysis of
skeletal features (corallite diameter, colony integration and
others), as well as on the basis of platy morphologies and
tabulates forming mesophotic coral ecosystems (Zapalski
et al. 2017b). Zapalski and Berkowski (2019) described
the oldest mesophotic coral ecosystems from the Silurian
(~430 ma) of Gotland, formed by platy, presumably pho-
tosymbiotic tabulate corals.

The reason why the claim of Paleozoic corals living in
symbiosis with algae is disputed, stems from the fact that
their analyses are based exclusively on skeletal material,
while the fossilisation potential of symbiotic algae is non-
existent. In order to prove, or disprove the claim absolutely,
a well-preserved soft tissue of the coral would be required.
In fossil corals, cases of any soft tissue being preserved
whatsoever are extremely rare and the soft parts are not
preserved well enough to be examined for the presence of
algal cells (Copper 1985; Dixon 2010). For these reasons,
whereas the direct proof of photosymbiosis (or lack thereof)
in Paleozoic corals is effectively impossible to obtain, the
research must turn to more indirect methods. Since the skel-
etons are the only parts of the corals that are preserved, one
must rely solely on the analysis of the corallum and the sur-
rounding sediment. In this paper, the following hypothesis
will be examined: if heliolitid corals were photosymbiotic,
their skeletons should exhibit the same typical features of
zooxanthellate corals established for modern taxa. Those
features include compound growth, large colonies, small
polyps, corallum structure typical for highly integrated colo-
nies, seasonal cyclic growth patterns, and skeletal plastic-
ity, especially resulting in platy growth forms in low-light
environments (Barbeitos et al. 2010; Coates and Jackson
1987; Scrutton and Powell 1980; Young and Kershaw 2005;
Stanley and Helmle 2010; Stanley and Lipps 2011; Zapalski
et al. 2017a, b).

The studied Silurian specimens from Gotland come from
different environments ranging from deep water biostromes
of the Lower Visby beds in Ireviken (described as meso-
photic coral ecosystems by Zapalski and Berkowski 2019)
and from more intermediate Upper Visby beds in Ygne, to
shallow coral-stromatoporoid facies of the Eke Formation
in Lau Kildu (Fig. 1). Some specimens from Middle Devo-
nian strata of Belgium, Morocco and Poland are included
as well. Together, these records should provide additional
clues in the investigation of the possible photosymbiosis
in heliolitids. Establishing whether they were more likely
photosymbiotic or asymbiotic would be crucial to ascertain
just how closely analogous they are to modern corals. That
in turn can be helpful in studying and managing present-
day reefs, as heliolitids faced multiple climate crises of the
Middle Paleozoic.
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Fig. 1 Study localities. A—Ireviken; B—Ygne, C—Lau Kildu; D—
Dinant Synclinorium (Olloy-sur-Viroin and Wancennes, Belgium);
E—Dziewki and Skaty (southern Poland); F—Ouihlane (Morocco).
L&U refers to Lower and Upper Visby Beds. Map of Gotland after
Calner et al. (2004). The boxed area in the inset represents the loca-
tion of the expanded Gotland map

Geological background

The Silurian deposits cropping out in Gotland range from lat-
est Llandovery to Ludlow (~438 to 423 ma). The Visby For-
mation constitutes the oldest part of the profile, encompass-
ing upper Telychian—lower Sheinwoodian interval (~435
to 430 ma; Calner et al. 2004). It corresponds with the time
of the so-called Ireviken event, a minor extinction of grap-
tolites, trilobites and conodonts, which seemingly did not
affect coral-stromatoporoid communities (Munnecke et al.
2003). Lower Visby beds cropping out at Ireviken (Fig. 1A)
and Ygne (Fig. 1B) consist of regular alteration of nodular
limestones (2-5 cm) and marls (c. 10 cm) (Munnecke and
Samtleben 1996). In places, halysitid biostromes occur, rich
in tabulate and rugose corals and stromatoporoids.

Lower and Upper Visby beds are separated by a distinct
biohorizon consisting of the large solitary rugose coral
Phaulactis. The Upper Visby beds are distinguishable by
dominance of detrital limestone and visibly less marl. Their
bedding is also less regular and beds are commonly cut by
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erosional channels. Corals, stromatoporoids, bryozoans,
crinoids, and brachiopods are more abundant than in the
Lower Visby beds, and calcareous algae start to occur (Rid-
ing 1979). The Upper Visby beds are considered to repre-
sent a shallower, high-energy environment in contrast to the
deeper, quieter conditions of Lower Visby beds. The entire
Visby Formation is considered as shallowing-upward, with
the Upper Visby beds representing a highstand systems tract
(Calner et al. 2004).

The Eke Formation is dated to Ludlow (upper Ludford-
ian, ~423 ma). It represents the time of another minor extinc-
tion affecting graptolites and conodonts—the Lau event
(Urbanek 1993). The Eke Formation is a c. 12-m-thick,
relatively homogenous succession of shallow water, pack-,
wack- and grainstones with oncoids, alternating with marls.
In the northernmost outcrops, such as Lau Kildu (Fig. 1C),
argillaceous bioherms and coarse-grained crinoidal grain-
stones and rudstones occur (Calner et al. 2004). The exposed
parts of the Lau Kéldu outcrop are c. 3 m high, with an
approximately 1-m-thick coral-stromatoporoid biostromal
layer at the top. The overlying sediments are covered by
vegetation, but the sudden shift in the slope inclination from
very steep to mild, just above the exposed coral-stromato-
poroid biostrome, suggests a change in lithology.

Outcrops near the village of Dziewki in SW Poland
(Fig. 1E) have been attributed to Givetian (~388 to 383
ma) on the basis of the occurrence of the index brachiopod
species Stringocephalus burtini. These are small, isolated
outcrops, but the presence of over 200 m-thick Givetian
succession in the area was confirmed by drill core data. In
the outcrops, it is represented by thickly bedded limestones,
which are dolomitised to varying degrees. They contain
abundant stromatoporoids, tabulate and rugose corals. This
part of the succession can be interpreted as a shallow water,
possibly back-reef type of environment (Sliwiriski 1964;
Racki et al. 1993).

The Skaty Formation in the Holy Cross Mountains (SE
Poland; Fig. 1E) is represented by marly shales interbedded
with very fossiliferous limestones and marls with well-pre-
served brachiopods, crinoids, corals and bryozoans. The for-
mation encompasses the Eifelian-Givetian boundary (~388
ma) with heliolitids and other tabulates in the Givetian part
of the succession. It was deposited in a carbonate ramp set-
ting, with coral-bearing facies in its shallower parts (Racki
et al. 2022).

The Wancennes locality (Fig. 1D) along the southern
margin of the Dinant Synclinorium (Belgium) exposes a
large bioherm mostly built by stromatoporoids and tabu-
late corals. Rugose corals, chaetetid sponges, heliolitids,
brachiopods and other invertebrates are very abundant and
diverse and indicate a lower Eifelian (~393 to 388 ma) age.
The reef-crest facies yields very large (up to 1 m) domal
and hemisphaerical stromatoporoids and massive colonies

of Heliolites porosus reaching 60 cm in width but most com-
monly 20-30 cm wide. The growth forms of the stromato-
poroids and corals, the associated matrix (well-washed cri-
noidal rudstone) and depositional sequence within the reef
point to a shallow water, very dynamic environment within
the fair weather wave zone (Denayer 2023).

The Olloy-sur-Viroin locality, also located along the
southern margin of the Dinant Synclinorium, is a small
outcrop of the uppermost Emsian-lowermost Eifelian Eau
Noire Formation (~393 ma). This formation is transitional
between the siliciclastic-dominated upper Emsian sequence
and the carbonate Eifelian deposits and displays mixed facies
of bioclastic calcareous siltstone and shaly limestone rich
in brachiopods, bryozoans, crinoids, solitary rugose cor-
als, including Cystiphylloides spp. and Calceola sandalina.
Tabulate corals are uncommon: small domal Favosites spp.,
thin laminar alveolitids and a single colony of Heliolites.
The sedimentological context for the Eau Noire Formation
points to a low-energy environment still under siliciclastic
influx (Bertrand et al. 1993). The corals display typical con-
striction-rejuvenescence cyclic growth suggesting intermit-
tent (potentially seasonal) sediment inputs.

The Ouihlane section, located in southern Morocco
(Fig. 1F), encompasses a thick succession of shallow marine
to basinal deposits of age ranging from upper Emsian to
lower Givetian (~398 to 386 ma). During that time, it was
positioned in the northern parts of the Mader basin, on
the north-western margin of Gondwana (Kaufmann 1998;
Jakubowicz et al. 2019). The upper Eifelian part of the suc-
cession includes two coral-stromatoporoid horizons. The
studied specimens come from the upper horizon, interpreted
as a debris flow deposit. It consists of abundant heliolitids
and other massive tabulates, massive stromatoporoids,
and solitary, dissepimented rugose corals (Schroder and
Kazmierczak 1999; Berkowski et al. 2023).

Material and methods

The local nature protection regulations of Gotland prohibit
collecting in situ fossil specimens from the geological out-
crops. For this reason, the studied material was collected
from rock debris instead. Since the studied corals are pre-
dominantly delicate, platy forms, when collected from
debris, they are mostly fragmented. In addition, the con-
ditions in Ygne in particular (a steep cliff, parts of which
often collapse) make studying specimens from the outcrop
significantly more challenging. Both Lower and Upper Visby
beds can be observed in the outcrop. Therefore, it is not
possible to attribute them to the right geological formation
with absolute certainty. For that reason, Lower and Upper
Visby beds from Ygne are described together, while field
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observations provide the clues to the differences between
the heliolitid assemblages within them.

Heliolitids are here understood as corals belonging to
suborder Heliolitina sensu Hill (1981). A total of 266 speci-
mens were collected from the Silurian outcrops of Gotland
and 9 additional Devonian specimens from Belgium, Poland
and Morocco are included. Though commonly fragmented,
the specimens were otherwise mostly very well preserved,
facilitating taxonomic identification on the basis of obser-
vation of the corallum surface. For more detailed analyses
of colony development, 12 thin sections and 13 polished
slabs were made. Studied specimens are housed at the Insti-
tute of Geology of Adam Mickiewicz University in Poznan
(samples K1827, K2101-K2151, K2220-K2227, W1803)
and at the University of Liege (samples PRCI/18, OTB/17,
WPEIII/B.5).

The corallite diameter measurements were taken to cor-
rectly attribute specimens to the species described from
the studied outcrops by other authors. Colony dimensions
were measured to attribute the correct growth forms. The
terminology of the following coral growth forms was taken
from Stearn (1982): “domal” (upwardly convex, broad base),
“bulbous” (upwardly convex, narrowing towards the base),
and “branching” (dendroid and stick-like). For coralla with
a flat or undulated top surface, the term “platy” is used,
if the W:H (width to height) ratio is equal or exceeds 4:1
(Rosen et al. 2002). If the W:H ratio is between 3:1 and
4:1, the term “tabular” of Stearn (1982) is used instead (cf.
Young and Scrutton 1991). Coralla which do not fit any of
the above-mentioned descriptions are labelled as “irregular”.
Cyclic growth banding described from the studied material
is distinguished from growth interruption surfaces (sensu
Miller and West 1997) on the basis of the following cri-
teria: bands should appear in semi-regular intervals in the
corallum, should not feature breaks in growth, form zones of
dense skeletal elements in longitudinal section (as opposed
to lines), and occur independently from sediment intercala-
tions and epibiont infestations. Low- and high-density bands
ratio (L/H) was calculated for the specimens displaying
cyclic growth banding (Young and Kershaw 2005). Colony
integration is described according to Coates and Jackson
(1987), as a measure of the connection between the polyps,
reflected in the skeletal structures.

Results

Heliolitid specimens collected from the Silurian out-
crops of Gotland belong predominantly to the species
Stelliporella parvistella (61% of specimens). Other spe-
cies, in a decreasing order of abundance, include Heli-
olites interstinctus, H. megastoma, Propora tubulata, H.
daintreei, and H. spongodes (see Fig. 2). S. parvistella
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and H. interstinctus are at least moderately common in
all localities, constituting 10% or more of each heliolitid
assemblage. Basic measurements and features of the skel-
etal structure are summarised in Table 1. For the detailed
morphometric descriptions of the above-mentioned spe-
cies from Gotland, see Young & Scrutton (1991, Appendix
B). All the Middle Devonian specimens from Belgium,
Morocco and Poland were identified as H. porosus. For
the detailed description of the species, see Iven (1980).

Tabular and platy coralla are the most abundant among
the heliolitids from the studied outcrops in Gotland. They
constitute 63% of all collected specimens. Branching and
domal colonies are moderately common, whereas irregu-
lar and bulbous colonies are rarer (Fig. 3). The studied
Devonian Heliolites porosus coralla are all domal in shape.

Stelliporella parvistella specimens are predominantly
tabular and platy (61%), but it is also the only species
with relatively abundant (21%) branching coralla (Fig. 4).
On the other hand, it only rarely exhibits domal (3%) or
bulbous (2%) forms, otherwise common in heliolitids.
Twenty-seven per cent of S. parvistella coralla exhibit a
distinct “rising” mode of growth, when a tabular colony
extends vertically in multiple places, forming a kind of
tumour-like protrusions, which seem to be early stages of
branching growth (Fig. 5SD-E).

Lower Visby beds in Ireviken

In the field, heliolitid colonies in Ireviken occur either
solitarily, embedded in the marly sediment, or in asso-
ciations with other tabulates, mainly the halysitid corals,
forming small biostromes (see Calner et al. 2000; Zapalski
and Berkowski 2019). The heliolitids commonly settled on
the halysitids; however, the reverse, halysitids growing on
heliolitid colonies, also occur. In some cases, halysitids
bioimmured in heliolitid coralla can also be found. Associ-
ated fauna includes solitary rugose corals, crinoids, bryo-
zoans, gastropods and brachiopods.

Lower Visby beds cropping out at Ireviken differ from
the other studied outcrops in Gotland by bearing the rela-
tively fewest Stelliporella parvistella specimens (only 12%
of Ireviken specimens) and by a high abundance of Pro-
pora tubulata and Heliolites interstinctus coralla (30% and
24% of Ireviken specimens, respectively) (Fig. 2).

Tabular and platy coralla (Fig. SF-G) constitute nearly
two-thirds (64%) of all Ireviken heliolitids. The remaining
specimens are mainly domal (28%; Fig. 5A) and bulbous
(6%), with rare irregular coralla. No branching heliolitids
were found. These data correspond well with the most
common growth forms of the most abundant species in
Ireviken (P. tubulata and H. interstinctus; see Fig. 3).



Coral Reefs (2024) 43:91-105

&
557
Crix

Sp 61%

18% Hs Hd
Hm. 10%
6%

Fig. 2 Colony surfaces of the studied heliolitid species from Got-
land (photographs) and their abundance in the respective outcrops
(pie charts). Sp—Stelliporella parvistella (A), Pt—Propora tubulata

Lower and Upper Visby beds in Ygne

The heliolitids and the associated fauna from the Lower
Visby beds cropping out in Ygne are largely similar to those
observed in Ireviken; however, there are significantly fewer
specimens of Propora tubulata and the heliolitid-halysitid
associations are also a lot less common. Upper Visby
deposits are discriminated by the more lithified, less marly
sediment with more abundant crinoids, brachiopods and

Lau Kaldu

2% Hd

14%Hi

27%Hm

Sp 51%

Hd
5%

(B), Hi—Heliolites interstinctus (C), Hi—H. daintreei (D), Hm—H.
megastoma (E), Hs—H. spongodes (F). N=266. Scale bars are 2 mm

stromatoporoids. Heliolitids also seem to be more numer-
ous in this formation. Stelliporella parvistella is significantly
more common in Upper Visby beds, with numerous branch-
ing coralla (Fig. 5B). Corals and stromatoporoids are com-
monly fragmented and overturned.

The majority (51%) of collected specimens from Ygne
are of Stelliporella parvistella, and based on the field
observations, vast majority of them can be attributed to the
Upper Visby beds. This locality also bears most abundant
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Table 1 Summary of basic morphometric characteristics of the studied heliolitid species

Species (number of specimens  Corallite diameters Corallum diameters (mean ~ Septa Coenenchyme
in brackets) (mean in brackets) in brackets)

H. daintreei (n=12) 0.95-1.40 (1.05) mm 2-17 (7) cm Long Tubular

H. interstinctus (n=39) 0.75-1.50 (1.10) mm 2-60 (10) cm Short/absent Tubular

H. megastoma (n=23) 1.80-2.50 (2.00) mm 3-10 (6) cm Short/absent Tubular

H. porosus (n=9) 1.00-1.90 (1.36) mm 4-29 (14) cm Long/medium Tubular

H. spongodes (n=11) 0.50-0.85 (0.67) mm 6-17 (12) cm Long/medium Tubular

P. tubulata (n=18) 0.80-1.75 (1.58) mm 3-17 (9) cm Medium/short Vesicular

S. parvistella (n=163) 1.00-1.50 (1.24) mm 2-26 (8) cm Long, axially connected Tubular

Generic names in the table are abbreviated as: H.—Heliolites, P.—Propora, S.—Stelliporella. Corallum diameters include measurements of

incomplete specimens

Fig. 3 Heliolitid growth forms
and their relative abundances
(%) in the outcrops

branching domal

All outcrops

specimens of Heliolites megastoma (27% of specimens from
Ygne), which can be attributed to both the Lower and the
Upper Visby beds.

The overall distribution of heliolitid growth forms is
most even in Ygne (Fig. 3), likely because of the mixing
of Upper and Lower Visby specimens in the debris. The
most abundant are the branching coralla (34%) of S. parv-
istella, which are most likely exclusively from the Upper
Visby beds. Domal (18%), bulbous (11%), platy (16%) and
tabular (9%) coralla are fairly common in the whole profile.

Eke Formation in Lau Kiildu

The Lau Kildu biostrome is mainly composed of platy
alveolitid and heliolitid corals and stromatoporoids, accom-
panied by small solitary rugose corals, crinoid columnals,
brachiopods and branching bryozoans. The fossils are
embedded in coarse-grained limestone, with coral and stro-
matoporoid skeletons preserved in situ, in close proximity
or superimposed on each other within the biostromal level.
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Lau Kaldu

Ireviken Ygne

In some cases, encrusting organisms can be found on the
undersides of the platy heliolitids.

The heliolitid assemblage of Lau Kéldu is the least diver-
sified of the three in Gotland presented in this study. Eighty-
four per cent of specimens are attributed to Stelliporella
parvistella, whereas Heliolites interstictus comprises 14%,
and H. dantreei only 2% of all heliolitid specimens from
Lau Kildu (Fig. 2).

The vast majority of the heliolitids from this assemblage
exhibit platy (59%; Fig. SH-I) and tabular (22%) growth
forms. The remaining specimens are mostly irregular (11%)
or branching (7%; Fig. 5C). Irregular coralla in this case are
mostly intermediate, “rising” forms, which are platy, but
forming irregular bulbs and branches on top of the plate.

Cyclic growth banding
Several heliolitid specimens exhibit apparent banding

of the skeleton visible in longitudinal sections (Fig. 6).
Those include five specimens of Propora tubulata and nine
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Propora tubulata

Heliolites daintreei

Stelliporella parvistella

Heliolites megastoma

Heliolites interstinctus

3%% |—3%@

Heliolites spongodes

Fig. 4 The relative abundances (%) of different growth forms among the studied species

specimens of Heliolites porosus. The P. tubulata specimens
(K2101, K2117, K2120/1, K2120/2, K2125; Fig. SA, 6A)
come from the Lower Visby beds at Ireviken. The H. poro-
sus specimens come from the uppermost Emsian-lowermost
Eifelian deposits of Olloy-sur-Viroin (specimen OTB/17,
Fig. 6D), and the Eifelian reef of Wancennes (WPEIII/B.5,
PRCI/18; Fig. 6C) in Belgium, the Givetian carbonate facies
of Dziewki (K1827) and Skaty (W1803; Fig. 6B) in Poland,
as well as the Eifelian of Ouihlane in the Anti-Atlas of
Morocco (K2220, K2224, K2226, K 2227, Fig. 6E,F).
Banding is mostly visible in the coenenchyme, rather
than in the corallites (Fig. 6B,D). In case of Heliolites
porosus, the visually recognisable high-density bands are
characterised by narrower tabulae spacing in the coenen-
chymal tubules (“siphonopores”). In Propora tubulata,
which has a vesicular, dissepimented coenenchyme, the
dissepiments are closer together and are smaller in the

high-density bands. They are also more abundantly cov-
ered by spines. In some cases for both species the tabulae
spacing of corallites is also narrower in the high-density
bands, but this feature is not consistently present in the
studied material. The high and low-density bands are also
comprised of darker and lighter skeletal matter, respec-
tively. The light and dark band pairings in P. tubulata are
between 1.5 and 5.5 mm thick. In H. porosus, they are
1.5-7.0 mm thick, with the largest specimen (PRCI/18,
19.3 cm-high; Fig. 6C) having 24 band pairings between
3.0 and 7.0 mm, with an average thickness of 4.9 mm. If
they were treated as seasonal bands, the rate of growth of
studied specimens H. porosus would be 3.4 mm per year
on average, while for P. tubulata it would be slower, with
an average of 2.9 mm per year. The mean L/H ratio of P.
tubulata is 1.7, and for H. porosus it is 2.2.
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Fig. 5 Growth patterns of studied heliolitid corals. A—a polished
longitudinal slab of a domal corallum of Propora tubulata with a
cyclic growth pattern (Ireviken; scale bar=1 cm); B-C—branching
coralla; B—dashed outline of a Stelliporella parvistella corallum
(Ygne; scale bar=1 cm); C—a branch of Heliolites interstinctus (Lau

Discussion
Compound growth and colony integration

It has been observed that in modern corals, highly integrated
colonies with small polyps are typical for zooxanthellate
corals (Coates and Jackson 1987; Rosen et al. 2002; Barbei-
tos et al. 2010; Frankowiak et al. 2016). Within the broad
range of colony integration levels shown by modern cor-
als, heliolitids with common colony tissue represent rela-
tively high colony integration (Fig. 7), possibly the highest
among Paleozoic corals. Although this pattern is not always
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Kaildu; scale bar=1 mm); D-E—an irregular, “rising” corallum of S.
parvistella (Ygne; scale bars =1 cm); D—side view; E—top view; F—
I—platy coralla; F-G—H. interstinctus (Ireviken, scale bars=1 cm);
F—top view; G—bottom view; H-I—S. parvistella (Lau Kildu,
scale bars =1 cm); H—top view; I-—side view

consistent (Frankowiak et al. 2016), it has been regarded as
a good indicator of photosymbiosis (Coates and Oliver 1973;
Zapalski 2014; Zapalski et al. 2017b; Swain et al. 2018).
Aside from heliolitids, the overwhelming majority of
Paleozoic corals either formed double-walled cerioid and
phaceloid colonies, or displayed solitary habitus (Hill 1981).
In contrast, plocoid colonies like the ones formed by heliol-
itids, can be considered to be relatively highly integrated on
the basis of the abundant coenenchyme, implying the pres-
ence of interpolypoidal tissue. Additionally, heliolitid cor-
alla commonly have abundant growth interruption surfaces
(Kro6l et al. 2018a, 2021), which can be seen as a record of
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Fig. 6 Cyclic growth banding in longitudinal sections; A—a thin
section of Propora tubulata, high-density bands in the coenenchyma
consist of more, thicker spines (Ireviken; scale bar=5 mm); B—a
thin section of Heliolites porosus (Skatly; scale bar=2 mm); C—a

colony-wide response to negative stimuli. Their high abun-
dance could also imply a relatively high level of integra-
tion between individual polyps, as the whole colony would
react to stimuli that might affect only a part of it. Colony-
wide response to stimuli strengthens the colony fitness and
resistance to unfavourable conditions (Swain et al. 2018),
but contrary interpretations that high integration levels
make isolation from damaging factors impossible are also
known (Baird and Marshall 2002). Either way, colony-wide
response to external stimuli is characteristic for zooxanthel-
lates (Baird and Marshall 2002; Swain et al. 2018). Healed
lesions are also commonly known in zooxanthellate corals
(Meesters et al. 1996), but to date have not been described
from azooxanthellates. Some of the rejuvenations, very com-
mon in heliolitids (Krél et al. 2018a, 2021), could result
from a similar regenerative mechanism.

The colonial mode of growth of heliolitids is apparent
and the corallites of the species covered in this study are
mostly below 1.75 mm in diameter (Table 1). Only Heliolites

polished slab of H. porosus (Wancennes); D—a thin section of Heli-
olites porosus, high-density (HD) and low-density (LD) bands are
indicated (Olloy-sur-Viroin; scale bar=2 mm); E-F—polished slabs
of Heliolites porosus (Ouihlane; scale bars=5 mm)

megastoma corallites can reach up to 2.6 mm (see Young and
Scrutton 1991, Appendix B), which is still relatively small.
Only a few other known heliolitid species not included in
this study had corallites attaining sizes over 2.5 mm—e.g.
Cyrtophyllum elegantum and C. vulgaris (2.8 and 3.0 mm
at maximum, respectively; Barskaya 1965), Plasmopora cf.
petaliformis (2.7 mm at maximum; Noble and Young 1984),
Plasmoporella marginata and P. densa (2.8 and 3.0 mm at
maximum, respectively; Dixon and Jell 2012). Modern zoox-
anthellate corals mostly have corallites below 5 mm in diam-
eter (Coates and Jackson 1987), but larger corallites also
commonly occur (Veron 2000). An evolutionary correlation
between corallite size and photosymbiosis in sclarctinians
has been recently presented by Dimitrijevic et al. (2023).
Additionally, heliolitid colonies could attain relatively
large sizes (Table 1 herein; Tessitore et al. 2013; Zapalski
et al. 2017b; Krol et al. 2018a) sporadically reaching even
1 m in diameter. In recent zooxanthellates, plurimetric colo-
nies are very common (Veron 2000; Brandt 2009), whereas
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Levels of colony integration in corals
(Coates and Jackson 1987)

“corallites isolated in life
1 at the end of skeletally

connected branches

(phaceloid)”

“corallites cerioid,
2 connecting walls
imperforate”

LOW INTEGRATION

“corallites cerioid,
connecting walls
perforate”

MEDIUM
INTEGRATION
w

4 “corallite walls absent
or incomplete”

“single corallites isolated
by coenosteum”

HIGH INTEGRATION
Ol

“corallites in meandroid
6 series, each series
isolated by coenosteum”

Fig. 7 Main taxonomic groups of tabulate corals and their levels of
colony integration, as defined in quotations by Coates and Jackson
(1987). Drawings (after Hill 1981) represent typical skeletal struc-
tures: a auloporid corallum; b syringoporid corallum; ¢ favositid

azooxanthellates form rather small colonies (Cairns and
Kitahara 2012; Zapalski et al. 2017a). Hence, although small
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Examples of skeletal structures among tabulate corals

Main groups
of tabulate corals

Auloporicae
Syringoporicae

Favositida
Sarcinulida
Pachyporidae
Parastriatoporidae
Alveolitidae
Coenitidae

Heliolitida

skeleton, transverse section; d alveolitid skeleton, transverse section;
e pachyporid branch, longitudinal section; f heliolitid skeleton with a
tubular coenenchyme, transverse section; g heliolitid skeleton with a
vesicular coenenchyme, transverse section

colonies are common in both zooxanthellate and
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azooxenthellate corals, large colonies indicate the likelihood
that corals were photosymbiotic.

Growth forms

Studied heliolitid corals represent a moderate spectrum of
growth forms. The majority of them are thin platy and tabu-
lar, but branching, domal, bulbous and irregular morpholo-
gies also commonly occur. There are intermediate forms
between them as well, like the “rising” coralla, which seem
to mark a shift from platy to branching growth (Fig. 5SD-E).
The latter in particular bear resemblance to modern Porites
rus and P. sillimaniani, in which similar mode of growth
has been associated with changing light levels (Muko et al.
2000; Veron 2000). Similar growth forms in tabulate coral
Roseoporella sp. have been mentioned by Majchrzyk et al.
(2022; see also Majchrzyk et al. 2023) from the Givetian reef
of Aferdou el Mrakib in Morocco, with a similar interpreta-
tion related to photosymbiosis. This was based on the obser-
vation that modern zooxanthellate corals commonly exhibit
remarkable skeletal plasticity, when it comes to adapting to
different levels of light availability (Fricke and Meischner
1985; Todd 2008; Lesser et al. 2009; Ow & Todd 2010).

The aspect of skeletal plasticity is particularly apparent
in the case of assemblages of platy colonies, which are typi-
cal for mesophotic coral ecosystems (MCEs), where corals
adapt to the conditions of restricted light availability by
increasing the surface of light harvesting (e.g. Fricke and
Meischner 1985; Rosen et al. 2002; Kahng et al. 2012). Such
a growth form is exclusively an adaptation to depleted light
conditions and does not reflect bathymetry, but the optical
quality of water. Therefore, such forms can occur either in
deeper water habitats (“blue” MCEs) or in shallow, but tur-
bid environments, sometimes referred to as “brown” MCEs
(Renema 2019; Zapalski et al. 2021). Since the thin platy
morphologies are otherwise rather disadvantageous for cor-
als, due to susceptibility to sediment fouling and mechanical
damage, fossil assemblages of platy corals are commonly
interpreted as indicative of MCEs (Rosen et al. 2002; Mor-
silli et al. 2012; Novak et al. 2013; Santodomingo et al.
2016; Zapalski et al. 2017a, b; Krdl et al. 2018b; Zapalski
and Berkowski 2019; Majchrzyk et al. 2022, 2023). Tabular
colonies are here functionally interpreted as platy colonies
that most likely grew during periods of increased sedimen-
tation rate, resulting in the need to grow more vertically
upwards to stay above the sediment (cf. Philcox 1971).

The Lower Visby beds were interpreted by Zapalski and
Berkowski (2019) as a deep water MCE. Nearly two-thirds
of heliolitids collected from the Lower Visby beds at Ire-
viken exhibit platy and tabular growth forms. Heliolitids
collected at Ygne consist of relatively the fewest (although
still abundant, 25%) platy and tabular specimens, but they
come from a mixture of deeper Lower Visby and shallower

Upper Visby deposits rubble. Lau Kéldu, belonging to the
shallow-water Eke Formation (Calner et al. 2004), could be
interpreted as a case of shallow, but turbid “brown” MCE
(Renema 2019; Rosen et al. 2002). It is a small biostrome
composed of densely packed platy tabulates and stromato-
poroids, embedded in a coarse-grained limestone, where
over 80% of heliolitids are either platy or tabular.

The platy growth form can also be advantageous for
capturing space and an adaptation for more efficient het-
erotrophic feeding or to soft substrates, as the so-called
“snow shoe” survival strategy (Gibson and Broadhead 1989;
Yound and Scrutton 1991; Scrutton 1997, 1998; Insalaco
1996). However, these seem to be unlikely reasons for such
high abundance of platy heliolitids in the studied outcrops.
Firstly, heliolitids occurring abundantly in Middle Devonian
reefal assemblages characterised by intense competition for
space did not develop platy morphologies, but instead relied
on competitive overgrowth (Jakubowicz et al. 2019; Krél
et al. 2018a, 2021). Secondly, heliolitids commonly settled
on the skeletons of other organisms, when the soft substrate
was impeding their growth (Krdl et al. 2018a, 2021). That
strategy has not been observed as a common occurrence in
the studied specimens, while platy growth was. Addition-
ally, heliolitid assemblages of Aferdou el Mrakib (Givetian,
Morocco) and Wellin (Eifelian, Belgium) described by Krol
et al. (2018a, 2021), which developed on soft sediment,
very rarely exhibited platy growth forms. The majority of
the specimens studied in this paper belong to Stelliporella
parvistella, which had an exceptional capability for skeletal
plasticity among heliolitids (Young and Scrutton 1991). In
Lower Visby beds and in Lau Kildu it is predominantly platy
and tabular. Meanwhile, S. parvistella from another outcrop
in Gotland in Blahill, where soft substrate was prevalent,
developed mostly branching growth forms, as an adapta-
tion to high sedimentation rate instead (Young and Scrut-
ton 1991; Calner et al. 2000). Similar to heliolitids from
the Middle Devonian of Aferdou el Mrakib and Wellin, this
species did not need to rely on the “snow shoe” strategy to
survive on soft-sedimented seafloor. Zapalski and Berkowski
(2019) also addressed the soft substrate adaptation possibil-
ity of platy tabulates from Lower Visby beds and ruled it out.

Seasonal banding

As mentioned above, heliolitids tend to record remarkably
abundant growth interruption surfaces. However, generally
in corals when they appear throughout the corallum in a
longitudinal section, it can be challenging to differentiate
between growth interruptions and cyclic growth banding.
Growth interruptions record an unfavourable event and can
be distinguished either by their more local occurrence in the
corallum or by the direct record of such an event in the fossil
record. They commonly consist of sediment intercalations
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and encrusters and are commonly followed by rejuvenations.
Growth interruption surfaces usually occur irregularly in the
corallum (Miller and West 1997; Krdl et al. 2018a, 2021). It
is, however, important to note that they can be partly erased
by diagenesis. Cyclic skeletal banding on the other hand
should be more regular and should occur without signs of
polyp mortality, sediment influxes, or infestations. It can be
distinguished when forming zones (rather than surfaces) of
darker and lighter skeleton, usually with cyclic condensation
of skeletal elements and/or alteration of thick vs. thin skel-
etal elements (Berkowski and Belka 2008). It is commonly
treated as a potential indicator of photosymbiosis (Scrutton
and Powell 1980; Coates and Jackson 1987; Young and Ker-
shaw 2005; Stanley 2006; Stanley and Helmle 2010; Stanley
and Lipps 2011; Zapalski 2014).

Apparent regular banding visible in the sections of a few
of the specimens studied here is considered as true cyclic
growth banding, as it does not consist of encrusters, only
sporadically includes small amounts of sediment, and is
not followed by rejuvenations (Fig. 6). Banding seems to
appear with relative regularity, and the skeletal elements of
the coenenchyme are visibly condensed in regular intervals.
The darker and lighter colour of the skeleton in the bands
is also preserved in some cases. Therefore, they are here
interpreted as cyclic banding, possibly related to seasonal
changes in environmental conditions. Young and Kershaw
(2005) also reported density banding in Propora tubulata
and Heliolites interstinctus from Visby beds. They also
pointed out that aside from light intensity, regular changes
in parameters such as salinity and temperature can also result
in density banding, and that density banding can be both
accentuated and de-accentuated by diagenetic processes. The
studied specimens do not seem to show any signs of diagen-
esis which could make the banding appear postmortem. It
could be possible that the rarity of skeletal banding in heli-
olitids might be related to diagenesis, however, as they are
commonly strongly recrystallised. If the observed band cou-
plings were to be interpreted as yearly growth increments,
it would suggest relatively slow growth rates. However, the
average L/H ratios of 1.7 (P. tubulata) and 2.2 (H. porosus)
seem to be comparable with the typical values displayed
by modern photosymbiotic taxa (0.9-4.6 range; Young and
Kershaw 2005 and the refrences therein). Nevertheless, as
banding occurred in a very small percentage of the speci-
mens in this study, it can only be treated as a secondary
argument for the possibility of heliolitid photosymbiosis,
and not a crucial one.

Bathymetry
Tabulate corals in general are very common in all sorts

of Paleozoic benthic communities. Widespread groups
like favositids and alveolitids, which according to some
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studies could also be photosymbiotic, occurred in both
shallow and deep water settings including cryptic environ-
ments and vicinities of hydrothermal vents (Brachert et al.
1992; Jakubowicz et al. 2014; Krél et al. 2016, 2018a, c;
Berkowski et al. 2019; Zapalski and Berkowski 2019). The
same, however, does not hold true for heliolitid corals.

Heliolitids preferred to live in relatively shallow environ-
ments, at least in comparison with other Paleozoic corals
(e.g. Krdl 2018a, 2021; Zapalski et al. 2021). Tabulates did
not usually form wave-resistant reef frameworks, developing
in very shallow, high-energy environments (Lecompte 1958;
Philcox 1971; Embry and Klovan 1972; Scrutton 1998,
1999). The extremely shallow depths, where scleractinians
thrive on modern reefs, were at that time occupied by stro-
matoporoid sclerosponges instead, by some considered as
possibly photosymbiotic (Coates and Jackson 1987; Machel
and Hunter 1994), but arguments in either way are inconclu-
sive (Kershaw et al. 2018). Unlike other tabulates, heliolitids
show a preference for a fore reef, equivalent of annularis
reef zones sensu Geister (1977, 1980)—where light avail-
ability was still most likely favourable for algal symbionts,
but there was less hydrodynamic stress. A good example
of such an environment is the Aferdou el Mrakib reef in
Morocco, where heliolitids were rare and more platy in the
deeper water setting during earlier stages of reef formation,
but became extremely abundant (and more domal in shape)
in shallower water in later stages of reef development (Krél
et al. 2018a; Jakubowicz et al. 2019; Majchrzyk et al. 2022).

In the studied outcrops, heliolitids show the most diver-
sity in Upper Visby deposits, which were relatively shal-
low with a moderate hydrodynamic setting (Calner 2004).
In the deposits of Lower Visby beds, the platy growth
forms dominate, and heliolitids are also common, but not
as abundant as halysitids, for example (Stel 1978; Zapal-
ski and Berkowski 2019). Lau Kéldu biostrome, comprised
predominantly of densely packed stromatoporoids and platy
heliolitids embedded in a coarse-grained crinoidal sediment,
most likely developed in a shallow and turbid environment,
as mentioned above. This seems to support the hypothesis of
shallow-water preference of heliolitids, which in turn would
be favourable for algal symbionts.

Conclusions

As presented in this paper and by other authors, heliolitid
corals could form relatively large colonies, comprised of
small polyps (mostly under 2.5 mm in diameter). On the
basis of the plocoid structure of their colonies, as well
as the abundance of colony-wide responses to negative
stimuli recorded in growth interruption surfaces, heliol-
itids can be considered to be highly integrated. This seems
to be true particularly in comparison with other Paleozoic
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corals, which were predominantly cerioid double-walled,
phaceloid, or solitary.

Some heliolitids exhibit cyclic skeletal banding, which
seems to be very similar to seasonal banding in modern
photosymbiotic corals. It is visible only in a few of the
studied specimens, but that might be due to diagenesis.
The banding is represented by darker and lighter colour
of skeleton in individual bands, which can be removed by
diagenetic processes that coral fossils are susceptible to.

In the three studied outcrops in Gotland, three geologi-
cal formations occur: the Lower Visby beds (in Ireviken
and in Ygne), the Upper Visby beds (in Ygne), and the Eke
beds (in Lau Kildu). Coral assemblages of Lower Visby
beds and Eke beds are here interpreted as mesophotic
coral ecosystems. Specimens coming from Ireviken and
Lau Kildu are in overwhelming majority platy and tabu-
lar. Lower percentages of such coralla from Ygne might
result from the mixing with fossils from the Upper Visby
beds, deposited in a shallower, more high-energy environ-
ment. Heliolitids occurring in assemblages recognised as
soft-bottom communities did not develop flat, platy mor-
phologies, making this type of growth form most likely
a response to low-light availability either due to depth or
turbidity.

Unlike other groups of tabulates like favositids and
alveolitids, which are also considered as possibly photo-
symbiotic by some other researchers, heliolitids do not
seem to occur in deep water facies and cryptic environ-
ments. They typically preferred relatively shallow envi-
ronments instead, where light could more easily penetrate
the water column.

Overall, different individual characteristics described
above could be attributed to causes other than photosym-
biosis. However, the possibility of all these features typical
for zooxanthellate corals, being exhibited by heliolitids by
sheer coincidence, seems extremely doubtful. Therefore,
we can conclude that at the very least some species of
heliolitid corals, like Stelliporella parvistella, were most
likely photosymbiotic.
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