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Abstract: The semi-endophytic coralline alga Lithophyllum cuneatum, which grows partially embedded in its host on  
its surface and lacks haustoria penetration to this host, was formerly known only from reef environments of the Pacific 
and Indian Ocean. Here, we report it for the first time from coral reefs of the Caribbean Sea (Belize). The morpho-
anatomical characteristics of the Caribbean specimens from Holocene sediment cores, which were collected in offshore 
reef environments, match those of the type material and other specimens reported from the Pacific and Indian Oceans, 
including the preservation of diagnostic characteristics (cuneate thallus morphology, morphology of the conceptacles  
and their pore canals, and dimensions of the cells). Similar to L. cuneatum from the Holocene of the Indian and  
Pacific oceans, Holocene specimens from Belize share two unique hosts represented by the coralline algae Porolithon 
onkodes and Neogoniolithon sp. The unique occurrence of this species in the Caribbean Sea can be explained either  
(1) by pre-Pliocene dispersal toward the west from the present-day Indian Ocean area along the Tethyan seaway  
and/or (2) by dispersal toward the east via the Pacific (Fiji) Ocean when the Panama Isthmus was still open. Although 
morphologically-equivalent coralline algae can belong to either cryptic or pseudocryptic species, both scenarios imply  
a broader, more continuous geographic distribution of lineage leading to semi-endophytic Lithophyllum cuneatum prior 
to the Pliocene, which is in contrast to the more fragmented distribution during the Holocene. Although the lack of infor-
mation about the geographic range of L. cuneatum prior to the Holocene can be coupled with sampling biases and cannot 
discriminate among these scenarios, other cases of such disjunct distributions, which were formerly documented among 
marine invertebrates, indicate that the geographic distribution of this species was less fragmented in the past, and thus 
supports the Tethyan dispersal hypothesis, including the relict character of its present-day geographic distribution. 

Keywords: Caribbean Sea, distribution, taxonomy, Holocene, Lithophylloideae, Lithophyllum cuneatum, Neogonio­
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Introduction

At present, few non-geniculate coralline algae from the Coral-
linales order are known to be parasitic or semi-endophytic. 
Semi-endophytic coralline algae either (1) penetrate the  
thallus of the host algae by haustoria in order to obtain nut
rients or (2) grow partially embedded in its host on the host’s 
surface, thereby lacking haustoria penetration to this host  
and thus capable of photosynthesis (Adey et al. 1971, 1974, 
2015). The first report of a parasitic to semi-endophytic litho-
phylloid coralline alga was made by Adey et al. (1974), who 
established the new genus and species Ezo epiyessoense  
from Hokkaido, Japan. Lithophyllum cuneatum was described 
by Keats (1995) from Fiji (SW Pacific). Keats separated  
the two taxa, of which both belong to the subfamily Litho
phylloideae, based on morpho-anatomical characteristics, 
such as the number of epithallial cells, presence/absence of 
trichocytes, presence/absence of haustoria and plastids, thal
lus organization, and the position within or on the host. 
Lithophyllum cuneatum was later reported from Recent of 
Australia (Harvey et al. 2009), Pleistocene limestones from 

Tahiti (Woelkerling et al. 2013) and in the Pleistocene lime-
stones of the Maldives, Indian Ocean (Gischler et al. 2018). 
Two other species of semi-endophytic algae, Hydrolithon 
braganum (Woelkerling et al. 2012) and Lithophyllum kenji­
konishii (Woelkerling et al. 2013), were also established on  
the basis of the Pleistocene Tahitian material. The species 
Hydrolithon bragganum bears lateral fusion between the cells 
of adjacent filaments, while cells in the L. kenjikonishii as well 
as other lithophylloid algae are laterally joined with secondary 
pit connections (Woelkerling et al. 2012). Biogeographic data 
suggest that semi-endophytic coralline algae L. cuneatum and 
L. kenjikonishii were restricted to the tropics and subtropics  
of the Pacific and Indian Oceans during the Holocene and 
Pleistocene (Keats 1995; Woelkerling et al. 2013; Harvey  
et al. 2009). However, we report here for the first time the 
occurrences of L. cuneatum in sediment cores collected in  
the Holocene reefs of Belize. These occurrences thus extend 
the geographic range of this species to the Caribbean Sea. 
Later in this article, we will discuss the implications of this 
finding to the biogeographic history of semi-endophytic coral-
line algae. 

Electronic supplementary material  is available online:
Supplement S1 “Satellite image of Eger – Tufakőbánya site” at http://geologicacarpathica.com/data/files/supplements/GC-72-4-Ko-
hut_TableS1.xlsx
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Material and methods

Material

The material originated from rotary drill cores collected 
from the Belize Barrier Reef (BBR), as well as from the off-
shore atolls of the Turneffe Atol (TR) and Lighthouse Reefs 
(LR) (Table 1, Fig. 1) (Gischler & Hudson 1998, 2004).  
The above-mentioned abbreviations, i.e., BBR, TR, and LR 
are core labels as well. About 80 thin sections that contained 
coralline algae from 25 cores were examined. The species 
investigated in this study was found in 13 thin sections in 
seven cores. We detected fertile specimens in these thin 
sections only at the BBR. Rotary drill cores were taken from  
a 20–30 m wide reef crest at the BBR and dated using 14C 
measured in 32 Holocene corals (Gischler & Hudson 2004). 
These data suggest that the BBR was established from 8.26 to 
6.68 ky BP on Pleistocene reef limestones (Gischler & Hudson 
2004). Similar ages of the Holocene limestones were obtained 
from the TR and LR (Gischler & Hudson 1998). All thin sec-
tions analyzed in our study thus belong to the Holocene. Facies 
successions of the TR and LR begin with soils and are fol-
lowed by mangrove peats and marine carbonate sediments 
deposited in lagoons. Initial flooding was dated to 6 ky BP (TI) 
and 7 ky BP (LR) (Gischler 2003). The Holocene sedimen
tation rates were estimated as 3.25 m/ky (BBR), 0.82 m/ky 
(TR), and 0.53 m/ky (LR) (Gischler 2003; Gischler & Hudson 
2004). The thin sections are housed in the Institute of Paleo
biology, Polish Academy of Sciences, Warszawa, under the 
collection number ZPAL Al.11. Thin sections were analyzed 
using Olympus and Nikon optical microscopes, the latter 
equipped with a Nikon digital camera. Images were captured 
using Helicon Remote software (Helicon Soft).

Species identification

Morphological data indicate that the specimens belong to 
Lithophyllum cuneatum. This species is semi-endophytic (i.e., 
growing partially embedded on the surface of the host and 
lacking haustoria) and in Recent, it is associated with two host 
coralline algae: (1) Porolithon onkodes (earlier reported from 
the Atlantic as P. pachydermum) and (2) Neogoniolithon sp. 
Identification of semi-endophytic coralline algae was based on 
the comparison of morphological characters observed in our 
material with those described by Keats (1995), Harvey et al. 
(2009), and Woelkerling et al. (2013). The genus Porolithon 
was identified predominantly on the basis of monomerous 
thallus construction, ventral core filaments that are non-coa
xially arranged, cells laterally-joined by fusions with secon
dary pit connections being absent, one or more epithallial cells 
that are not flared, trichocytes arranged in large, tightly-packed 
horizontal fields, and bi/tetrasporangial conceptacles develo
ped from cells peripheral to and interspersed among sporan
gial initials (Type 2 according to Johansen 1981) (Rösler et al. 
2016). This morphology fits within the morpho-anatomical 
description of the Porolithon onkodes according to Maneveldt 

and Keats (2014). However, it is possible that our specimens 
also belong to other, genetically-distinct species that still 
match the morphology of P. onkodes (Gabrielson et al. 2018). 
A second host includes layered encrusting specimens with 
monomerous thallus construction and coaxial ventral core 
filament. Cells are laterally joined by fusions, however, secon
dary pit connections are absent. Epithallial cells are not flared, 
trichocytes are arranged in vertical rows and bi/tetrasporangial 
conceptacles are developed from cells located peripherally to 
sporangial initials (Type 1 according to Johansen 1981). These 
characteristics match those of the genus Neogoniolithon (Kato 
et al. 2013).

Taxonomy

Order Corallinales Silva et Johansen, 1986
Family Lithophyllaceae Athanasiadis, 2016
Subfamily Lithophylloideae Setchell, 1943

Genus Lithophyllum Philippi, 1837

Type species: Lithophyllum incrustans Philippi, 1837. 
Type locality: Sicily, Mediterranean.

Lithophyllum cuneatum Keats, 1995
Figs. 2–3, Tables 1–2

Holotype: L(UWC 94/1135) (Keats 1995, figs. 1, 3–19, 23). 
Type locality: Makaluva Island fringing reef, Fiji, on Poro­

lithon onkodes (Hydrolithon onkodes, Keats, 1995). 
Material: Fertile L. cuneatum plants were observed in  

the thin sections of BBR2-1 (at −1.5 m below core top) and 
BBR 11, core depth levels −1.75 m and −5.25 m, respectively.  
The other specimens were sterile (Table 1). Only Holocene – 
recent and sub-fossil specimens are known in Belize cores 
(Gischler & Hudson 1998, 2004;  Gischler 2003). L. cuneatum 
and its hosts were not observed in the older Pleistocene and 
Pliocene strata. Cuneate thalli are embedded within the hosts. 
Some plants of L. cuneatum are smaller when occurring alone, 
or they are large when laterally fused. Growth of the new thal-
lus from the surface of the old one was also observed. In gene
ral, overgrowing thallus of the host alga protects Lithophyllum 
cuneatum from physical destruction e.g., surficial abrasion. 
However, we have also observed some features of L. cunea­
tum that can be affected by small-scale taphonomic effects or 
early-diagenetic by-products of bioerosion that formed after 
the semi-endophyte became embedded within its host. These 
features include spots or patches of tissue where the cell walls 
have been damaged. We assume that the circular openings 
represent sections of the burrows/tunnels most likely produced 
by endoliths (Fig. 2a, b). 

Description: Plants are semi-endophytic. Cuneate thalli  
are embedded within the host tissue of Porolithon onkodes  
and Neogoniolithon sp. Fertile plants were observed in 
Neogoniolithon sp. Plants are non-geniculate and pseudo
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Thin section Approximate depth level in the cores (n) specimens Fertile Host
BBR2-1 −1.75m from the core top 5 2 Neogoniolithon sp.
BBR2-1 −1.75m from the core top 3 0 Neogoniolithon sp.
BBR2-1 −4.25m from the core top 1 0 P. onkodes
BBR6 −0.25m from the core top 2 0 Neogoniolithon sp.
BBR6 −0.25m from the core top 2 0 Neogoniolithon sp.
BBR7 −0.25m from the core top 1 0 P. onkodes
BBR7 −3.75m from the core top 2 0 P. onkodes
BBR8 −0.25m from the core top 1 0 Neogoniolithon sp.
BBR11 −5.25m from the core top 9 3 Neogoniolithon sp.
TR4 −0.25m from the core top 6 0 P. onkodes
TR4 −0.25m from the core top 3 0 uncertain
TR4 −0.25m from the core top 4 0 P. onkodes
LR7 −1.25m from the core top 7 0 P. onkodes

SUM: 46 SUM: 5

Table 1: Distribution of all sterile and fertile Lithophyllum cuneatum thalli in thin sections from Belize. 

Fig. 1. Map of the Belize barrier reef and offshore atolls, including locations of core holes mentioned in this study.
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parchymatous. Individual thalli measure 232–920 μm from 
the base to the top and 291–1815 μm in diameter, measured at 
the top. Morphology of these specimens in sections is cuneate, 
and the thallus is slightly convex at its top (Fig. 2a). The basal 
wedge-like cell was not observed in this specimen.  However, 
the thallus morphology suggests that its development starts 
from a single cell (Fig. 2a, b). Filaments are composed of 
palisade and non-palisade (according to the description of 
Harvey et al. 2009; columnar according to Keats 1995) cells 
3–34 μm long (16 μm mean, sd. 5.8) and 5–13 μm (9 μm 
mean, 1.7 sd.), joined with primary and secondary pit connec-
tions, while lateral fusion of the cells was not observed  
(Fig. 2c, d). Lengths of the cells within single filaments 
change, and alternation of long and short cells occurs. How
ever, outlines of the cells in some spots are not clearly deli
neated because of the taphonomic or diagenetic processes that 
altered the thallus (Fig. 2d). Trichocytes were not observed in 
the studied specimens. Epithallial and meristematic cells are 
poorly preserved (Fig. 2b).

Bi/tetrasporangial conceptacles are uniporate and flush  
with the surface (Fig. 2e). Chambers are 168–172 μm in dia 
meter (170 μm mean, 2.8 sd.) and are 95–101 μm high  
(98 μm mean, 4 sd.). Chambers do not have a central colu-
mella. Roof filaments are 7–9 celled and composed of cells 
which are not distinctly elongated. Roof cells are 8–21 μm 
long (13 μm mean, 3 sd.) and 8–10 μm in diameter (9 μm 
average, 0.6 sd.). Pore canals are cylindrical, 64–71 μm  
high and 28–33 μm in diameter, measured in the central por-
tion of the pore canals. Pore canal filaments are perpendicu
larly-oriented to the chamber. Renewed meristematic activity 
of the roof cells of one of the conceptacles led to the develop-
ment of the openings above the pore canal, which enlarge  
its appearance. In this case, the length of the pore canal is 
visibly enlarged, and the cells above the pore canal are similar 
to papillae which project into the pore canal (Fig. 2f), as 
documented also in the type specimen. However, the pre
sence of papillae was not confirmed in other conceptacles in 
known fer-tile specimens from Belize. Gametophytes were 
not observed.

Remarks: The studied species from Belize possess mor-
pho-anatomical characteristics that overlap with the type 
material. However, cells and the pore canal dimensions are 
larger than those of the type material, and a basal wedge-
shaped cell was not observed in the studied specimen. 
Nevertheless, the specimens from Belize are consistent with 
the known L. cuneatum from the Pacific Ocean (Table 2).  
In contrast, we observed a basal cell in the sterile plant  
(Fig. 3). Filaments of this specimen are terminated by up to 
three epithallial cells; meristematic cells occur below them; 
cells of adjacent filaments are laterally joined with secondary 
pits while cell fusion is absent, and the specimen possesses  
a cuneate growth form as well (Fig. 3a, b). Therefore, charac-
teristics of the sterile specimen overlap with the already known 
specimens from Belize. A non-palisade basal cell was detected 
at the base of this thallus (Fig. 3b). Its morphology supports 
species attribution to the genus Lithophyllum.  

Discussion

Taxonomic position

The specimens of L. cuneatum from Belize share common 
characteristics with the type material and other specimens of 
L. cuneatum from elsewhere (Table 2). There are only minor 
differences concerning the dimensions of the vegetative fila-
ment cells and pore canal of bi/tetrasporangial conceptacles. 
However, these characteristics broadly overlap with those in 
other known specimens of L. cuneatum (Table 2). Moreover, 
many characteristics, such as the number of the cells in the 
roof filaments of bi/tetrasporangial conceptacles also show  
a certain degree of variability (Keats et al. 1995; Woelkerling 
et al. 2013). Since minor differences in the cells and pore canal 
dimensions alone are not considered significant for species 
delimitation (Woelkerling & Cambell 1992; Harvey et al. 
2009), we attribute our specimen to L. cuneatum rather than to 
propose a new species for our material on the basis of morpho-
logical characteristics. In addition, similarly as in L. cuneatum 
from the Holocene of the Indian and Pacific oceans, Holocene 
specimens from Belize share a common host and habitat,  
i.e., coralline algae P. onkodes and Neogoniolithon sp. in 
shallow-water reef environments.

Bleached or damaged cell walls, which appear as secondary 
cell fusion/lateral anastomosis of cells in adjacent filaments 
and are a morphological characteristic that is rare or absent in 
lithophylloid coralline algae (e.g., Braga et al. 1993; Harvey et 
al. 2009), may complicate species identification. However,  
a detailed study of the Belize specimens reveals that this fea-
ture affects not only the lateral cell walls, but also the roof and 
bottom walls, and the extension of these cells is rather patchy 
(Fig. 2a, c). Therefore, we believe that these features represent 
traces of diagenetic recrystallization and/or taphonomic alte
ration. Although we did not study the Tahitian and Fijian 
material, L. cuneatum and L. kenjikonishii specimens show 
that they may have undergone a similar post-mortem process, 
which left similar structures (Keats et al. 1995; Woelkerling et 
al. 2013). Another type of cell connections observed in speci-
mens of L. cuneatum may be confused with lateral cell fusion 
as well. These connections are represented by up to 3 μm thin 
and narrow connections between the adjacent and continuous 
cells and may be separated by remains of thin walls. These 
connections are in magnitudes smaller than cell fusions and 
match with known secondary (between adjacent cells) and 
primary (between continuous cells) pit connections, which  
are diagnostic in specimen classification within the genus 
Lithophyllum (e.g., Woelkerling 1988; Braga et al. 1993; 
Harvey et al. 2009).

One could also question the validity of the bi/tetrasporic life 
cycle phase of the Belizean specimen. Two types of uniporate 
conceptacles in coralline algae can be discriminated on the 
basis of the roof and the pore canal formation according to 
Johansen (1981). Type 1 includes conceptacles formed by fila
ments peripheral to the fertile area, running more or less paral-
lel to the chamber and bending upwards to form the pore 
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canal. Type 2 includes conceptacles formed by filaments 
peripheral to and interspersed among the sporangial initials. 
Their destruction generates conceptacle chambers, and the  
filaments in the roof are thus oriented perpendicularly to  

the chamber. In the Lithophylloideae, type 1 is characteristic 
for gametophytes while type 2 is characteristic for sporo-
phytes. However, according to Caragnano et al. (2018),  
the type of the roof formation cannot be recognized properly 

Fig. 2. Lithophyllum cuneatum, from the Belize Barrier Reef, core BBR2-1 (−1.75 m from the core top). a — Cuneate growth form of  
the specimen. Note the slightly convex top of the thallus. The specimen is completely embedded within the host tissue. The black arrow points 
to the vertically arranged trichocytes of the host. Note the circular traces of micro endoliths (white arrows) and fine matter (arrowhead) filling 
the cavities within and around the thallus of L. cuneatum. b — Black arrow points to the supposed base of the thallus. Note the badly-preserved 
epithallial and meristematic cells (white arrows). c — Primary (white arrows) and secondary (black arrows) pit connections. The arrowhead 
indicates the spots in the thallus where the cell outline is not clear. Lateral fusion in cells of the adjacent filaments is absent. d — Portion of  
the thallus showing alternation of long and short cells. Spots in the thallus where the cell walls are destroyed in both directions are indicated by 
white arrows. Black arrows point to the secondary pit connections. e — Two bi/tetrasporangial conceptacles flushed with the thallus surface. 
The black arrows indicate the top of the pore canals. f — Detail of the pore canal. Note the perpendicularly-oriented pore canal filaments at  
the base of the figure. The black arrows point to the proposed top of the pore canal where renewed meristematic activity of the roof cells 
produced an opening above the pore canal. Scale bars are 100 μm.
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when conceptacle primordia are not detected. Therefore, game
tangial and sporangial conceptacles can be confused. Never
theless, the drawings of Keats et al. (1995) show that the roof 
filaments of the gametangial conceptacles are obviously paral-
lel with the conceptacle chamber within the whole roof thick-
ness and are thus not perpendicular as those observed in the 
Belizean material. Therefore, the confusion between carpo-
sporangial and bi/tetrasporangial conceptacles is unlikely in 
the specimens of L. cuneatum from Belize. The apparent 
length of the pore canal of one of the conceptacles is distorted 
by the plane of the section as it is demonstrated by its skewed 
shape near the pore opening, which is not present in the second 
adjacent conceptacle. Since the dimensions of the concep
tacles and the pore canal match with the type, and the roof 
filaments orientation is characteristic of bi/tetrasporangial 
conceptacles, we consider these specimens to be bi/tetra
sporophytes.

DNA sequences of extant coralline algae, however, may 
question our species-level determination. In recent decades, 
numerous cryptic or pseudo-cryptic (molecularly-defined) 
coralline algal species have been identified (Richards et al. 
2014; Merwe et al. 2015). These species are either (1) mor-
phologically indistinguishable from each other – cryptic, or 
(2) they are separated by few morphological characteristics – 
pseudocryptic (Merwe et al. 2015; Caragnano et al. 2018; 
Puckree-Padua et al. 2020). Some molecular results indicate 
that morphologically-similar species inhabiting disparate bio-
geographic provinces should be assigned to distinct species 
(Merwe et al. 2015). However, although the results from DNA 
sequences are important, there are still numerous questions 
that need be clarified. First, the lack of DNA evidence in  
the extant L. cuneatum does not allow us to consider crypsis 
within the known L. cuneatum population. At the present state 
of knowledge, such consideration would be based solely on 
the research of other coralline algal taxa. Nevertheless, if 
morphologically-equal specimens from Belize and the Indo-
Pacific Ocean could be separated on the basis of molecular 
data, the mode and pattern of the ancestor dispersal should still 

be disentangled. Second, the biogeographic argument does not 
need to be applied to all coralline algal species. Although 
some species ranges have been shortened on the basis of  
DNA sequences (Merwe et al. 2015), others were confirmed  
to inhabit remote bioprovinces e.g., Lithophyllum incrustans 
(Hernandez-Kantun et al. 2015), Phymatolithon ferox (Mane
veldt et al. 2020), or their distribution is cosmopolitan e.g., 
Dawsoniolithon conicum (Caragnano et al. 2018). In fact, 
geographic ranges of some tropical encrusting coralline algal 
species can be broader than ranges of the temperate species 
(e.g., Hernandez-Kantun et al. 2016; Rösler et al. 2016; 
Maneveldt et al. 2017, 2019). Therefore, it remains to be 
determined whether the two geographically-separated popu
lations of L. cuneatum represent the same species, even on  
the basis of molecular data, or whether they represent gene
tically-distinct, cryptic, or pseudocryptic species belonging to 
the same lineage. The morphological criteria suggest rather 
that this species is characterized by cosmopolitan distribution. 
Despite the numerous evidences of cryptic species, it also 
remains to be determined whether these molecularly-defined 
species are reproductively-compatible, and thus whether they 
can be considered segments of distinct evolving lineages 
(ancestor-descendant series) of metapopulations that match 
the recent species concept (de Queiroz 2007). Therefore,  
when taking this into consideration, morphology and (paleo)-
ecology are the only reliable secondary criteria (according to 
de Queiroz 2007) available for the time being for Belizean 
species determination.

Ecology

The ecology of L. cuneatum is poorly understood. All occur-
rences are from the tropics to subtropics (Keats 1995; Harriott 
1999; Harvey et al. 2009; Woelkerling et al. 2013) and extant 
species occur at 0–25 m water depths on coral reefs (Keats 
1995) or at 13–17 m water depths in New South Wales (Harvey 
et al. 2009; Woelkerling et al. 2013), indicating a distinct pre
ference to tropical conditions. As noted by Woelkerling et al. 

Fig. 3. Lithophyllum cuneatum, from the Belize Barrier Reef, core BBR2-1 (at −1.75 m from the core top). a — Upper portion of  
the thallus with epithallial and meristematic cells. b — Basal portion of the thallus with indicated basal cell (arrow). Scale bars are 100 μm.
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Table 2: The morphoanatomical characteristics of Belizean specimens and several other specimens described from the Pacific Ocean,  
including the type species from Fiji (Keats 1995), and two specimens from New South Wales (Harvey et al. 2009) and Tahiti (Woelkerling  
et al. 2013).

Habitat

L. cuneatum L. cuneatum L. cuneatum L. cuneatum L. cuneatum L. cuneatum
Belize Belize Belize Fiji New South Wales Tahiti

BBR2-1 BBR11 BBR11
reef reef reef reef 13-17m depth, ND

semi-endophyte semi-endophyte semi-endophyte semi-endophyte semi-endophyte semi-endophyte
host host host host host host

Neogoniolithon sp. Neogoniolithon sp. Neogoniolithon sp. Porolithon onkodes Lithophyllum corallinae Porolithon onkodes
Neogoniolithon sp.

Morphology
plant height 389–920 898 661 ND 600 665–1125
plant diameter 869–1815 1096 990 6000 1700 1190–2630
raised up to 100 103–119

Basal cell ND ND ND ND ND ND

Postigenous filaments
cells height 3–34 7–23 9–15 15–25 7–23 7–50
cells diameter 5–13 7–13 5–12 7–13 7–12 5–12
fusion of cells – – – – – –

Meristematic cells ND ND ND
height 14–28 20–29 9–20
diameter 8–13 6–9 6–13

Epithallial cells ND
height 5–7 6–7 4–9 4–6 7–12
diameter 9–11 5–10 7–10 6–9 5–10
number 1 1–2 2–3 ND ND
shape square square elliptical rounded

flattened flattened rounded flattened
not flared not flared not flared not flared

Gametophyte ND ND ND monoecious monoecious / dioecious ND
Spermatangial 
conceptacles ND ND ND ND

height 35–50 27–30
diameter 115–135 110–125

Carpogonial 
conceptacles ND ND ND ND

height 30–62 23–27
diameter 74–130 30–40

Carposporangial 
conceptacles ND ND ND ND ND

height 50–200
diameter 130–165

Bi/tetrasporangial 
conceptacles ND

height 95–101 83 95–102 75–137 62–77
diameter 168–172 138–141 126–133 105–200 115–163
pore length 64–71 74 87–100 65–105 ND
pore diameter 39–42 36 32 22 ND
pore cells protrude 
inside the canal + – + + ND

mature roof filaments 
(n cells) 7–9 7 8 ND 5–6
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(2013), L. cuneatum is host-dependent based on the high 
growth rate of the host thallus, i.e., it requires hosts that grow 
at similar rates as L. cuneatum. The host enhances its preser
vation potential because embedded thalli are better protected 
from taphonomic processes (Woelkerling et al. 2013). This 
assumption implies a co-occurrence of L. cuneatum and the 
host. In contrast, the distribution area of L. cuneatum is smaller 
than that of the host and does not completely match the dis
tribution of L. corallinae and P. onkondes, suggesting either  
a low level of exploration or the existence of other ecological 
factors controlling the species distribution (Harvey et al. 2009, 
Maneveldt & Keats 2014).

Spatio-temporal distribution

L. cuneatum  was described first from the Pacific Ocean: 
Fiji (Keats 1995), New South Wales in Australia (Harvey et  
al. 2009) and Tahiti (Woelkerling et al. 2013). The first two 
occurrences are extant and the latter occurrences are from  
the Pleistocene (Keats 1995; Harvey et al. 2009; Woelkerling 
et al. 2013). More recently, the presence of L. cuneatum  
was reported from the Holocene of the Great Barrier Reef, 
Northeastern Australia (Dechnik et al. 2015, 2017; Humblet et 
al. 2019), the Holocene of Bora Bora (Gischler et al. 2016), 
and from the Pleistocene (with ages ranging from 114.3– 
151.2 kyr BP) of the Maldives in the Indian Ocean (Gischler  
et al. 2018). Radiometric age data of the cores collected off 
Belize, which are investigated here, show ages younger than 
8.26 kyr BP (Gischler & Hudson 1998, 2004) – and Tahitian 
specimens exhibit an age range of 20–30 kyr BP (Woelkerling 
et al. 2013). The ages of these particular occurrences may 
suggest that the Indian Ocean is the center of origin of this 
species, which later dispersed into the Pacific and Atlantic. 

However, this hypothesis would predict a relatively fast 
dispersal across broad spatial scales if it were assumed that  
the oldest occurrences in the Indian Ocean, i.e., Pleistocene 
(114.3–151.2 kyr BP) approximate the time of species origi
nation. On one hand, for example, the oldest record of 
Titanoderma pustulatum (another coralline species with 
worldwide distribution today) stems from the late Oligocene 
(~26–27 Ma, Bassi et al. 2009) on the Kōkō seamount (Pacific 
Ocean), with the early Miocene (~16–23 Ma) occurrence in 
the Caribbean Sea, and with the middle Miocene (~16–12 Ma) 
occurrences in the Mediterranean (Bassi et al. 2009). The oldest 
record of T. pustulatum was recently extended by a new occur-
rence of T. pustulatum to the lower Oligocene Uromieh sec-
tion (Rupelian, NW Iran, Basso et al. 2019). On the other 
hand, the extant species with the cosmopolitan distribution, 
such as T. pustulatum, also possess very long stratigraphic 
records. Many well-known and morphologically-defined extant 
coralline algal species that have cosmopolitan distribution, 
such as Lithothamnion crispatum, Phymatolithon calcareum, 
Spongites fruticulosus, Lithoporella melobesioides, Litho­
phyllum dentatum or Lithophyllum incrustans have their coun-
terparts in the Paleogene- or Neogene rocks (Braga et al. 1993; 
Braga & Aguirre 1995; Basso et al. 1997; Bassi et al. 2009; 

Coletti et al. 2016; Hrabovský et al. 2016; Basso et al. 2019). 
Finally, other cosmopolitan species such as Mesophyllum 
macroblastum, Hydrolithon farinosum, Sporolithon ptychoi­
des or Porolithon onkodes are characterized by very narrow 
stratigraphic distribution limited only to the Holocene. This 
lack of fossil records may reflect the limitations with the appli-
cation of diagnostic characteristics to fossil algae, poor sam-
pling of available outcrops, as well as the simple fact that these 
algae evolved only recently. As it has been shown from the 
coralline algae of the Mediterranean Sea, cosmopolitan spe-
cies may have used routes of dispersal which are not available 
today due to paleogeographic changes in the development of 
barriers and oceanic gateways (Athanasiadis 1999; Braga & 
Bassi 2007; Bassi et al. 2009; Athanasiadis & Ballantine 
2014). It is possible that our knowledge of the stratigraphic 
distribution of L. cuneatum is affected by under-sampling, 
since this plant is very small, can be easily overlooked, and its 
fossil records may also be incomplete. 

Mechanisms of range expansion

One of the most common mechanisms of dispersal of coral-
line algae, which ultimately leads to the expansion of geo-
graphic range, is represented by transport by ocean currents  
or the rafting of released spores (John 1974; Norton 1992; 
Macaya et al. in Hu & Fraser 2016). However, these mecha-
nisms are inhibited by biogeographic barriers that developed 
during the middle and late Miocene between the tropical 
Atlantic and Indo-Pacific, as well as during the Pliocene 
between the Eastern Pacific Ocean and the Caribbean Sea. 
Both options of dispersal are important today among sea-
weeds. Small seaweed releases spores near the substratum, 
and spores settle rapidly in the surrounding turf (Norton 1991, 
1992). This is the presumably the situation for the majority of 
non-geniculate coralline algae. Exceptions occur in plants that 
encrust elevated substrates – other seaweeds or seagrasses –
from where the released spores can be dispersed on greater 
distances by currents (Norton 1992).  In our cases, the disper-
sal mechanism is complicated by the fact that L. cuneatum 
occurs in a thick coralline crust developing in the algal ridges 
where the wave action is very strong. Thus, despite being 
small and situated low above the substratum, its spores can be 
easily carried away and transported for long distances by cur-
rents, thereby generating rapid dispersal. According to Norton 
(1992), however, dispersal range of the propagules released 
far away from the parent plant may highly increase the morta
lity of most of them, since they can either be eaten or they do 
not find a suitable substrate and die. Even when the spore set-
tles on a suitable substrate, factors such as light, temperature, 
grazers, and the future thallus morphology thus become agents 
that control its growth rate and therefore have the ability to 
compete with other algae (Adey 1970, 1975; Adey & McKibbin 
1970; Adey & Vassar 1975; Steneck 1982, 1986). The suc
cessful colonization is more difficult for semi-endophytes 
because they require more specific substrate, i.e., its host 
plant. All of these factors and limitations may reduce the rate 
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of colonization of new habitats by L. cuneatum. Although this 
pattern can explain the continuous extension of species range 
along the shores or nearby islands, it cannot properly explain 
the crossing of long distances between and within the major 
oceanic basins over short time scales. Therefore, the hypothe-
sis of dispersal by released spores may not thoroughly explain 
the Holocene occurrences of L. cuneatum – P. onkodes asso
ciation on remote islands and reefs of the Maldives, Fiji, or 
Belize. 

Rafting of algae on the biogenic or abiotic objects, i.e., 
mainly seaweeds, corals, or pumices, usually concerns young 
plants rather than spores. As was shown by Gregory (1983), 
Winston (1997), and Saunders (2014), tens of geniculate and 
non-geniculate coralline algal species are found rafting on sea-
weeds or plastic debris. Giant kelp is also used as a raft by 
many organisms dispersing along the northern Californian 
coasts to British Columbia (Sounders 2014). Winston (1997) 
also found rafting coralline algae off Bermuda. These algae 
can face harsh conditions, such as desiccation and high irra
diance during rafting, which thus increases their mortality 
(Macaya et al. 2016). Porolithon onkodes may provide sui
table substrate for L. cuneatum during long distance rafts 
(Johnson et al. 2014).  Therefore, the so-called kelp conveyor 
hypothesis by Saunders (2014) can be a suitable mechanism 
for dispersal, as well as for the maintenance of the disjunct 
distribution of L. cuneatum prior to the Late Miocene or 
Pliocene, i.e., when tropical segments of the Eastern Pacific 
and Atlantic oceans were still connected.

The transport of spores of coralline algae in the guts of sea 
birds, also known as endozoochory (Brochet et al. 2010a, b; 
Lewis et al. 2014; Lovas-Kiss et al. 2015, 2018), can affect 
geographic distributions; however, this mechanism has been 
poorly studied (and birds are not known to feed directly on 
coralline algae). The spores are released into the water column 
and can be easily swallowed by birds along with other food 
(Leeuwen et al. 2017). Spores can also be attached to the 
feathers or legs of sea birds, even to other animals (epizoo-
chory) – a situation well-known in terrestrial and wetland 
migratory animals (Burgin & Renshaw 2008; Costa et al. 
2013; Green et al. 2013; Viana et al. 2016). However, a spe-
cific spore morphology found in terrestrial plant propagules 
subjected to epizoochory does not characterize coralline algal 
spores (Johansen 1981; Thorsen et al. 2009), and we assume 
that the key mechanism of range expansion in coralline algae 
is the dispersal by oceanic currents. 

Routes of dispersal

The dispersal barrier between the Indo-Pacific Ocean  
(the earliest occurrences of this species) on one hand, and  
the Caribbean on the other, developed after the closure of  
the Panama Isthmus. Therefore, we suggest that the lineage of 
this species was characterized by a much broader distribution 
in the past, and present-day distribution is a relict of pre
viously more continuous distribution. Similar range frag
mentation is invoked for the origin of present-day disjunct 

distribution of several organisms, i.e., brachiopods (Bitner  
& Motchurova-Dekova 2016 and references) and sponges 
(Łukowiak et al. 2014; Łukowiak 2016; Pisera et al. 2018; 
Schuster et al. 2018) known as “Tethyan legacy” (Reid 1967; 
Por 1989; Hou & Li 2018). For example, the disjunct distri
bution of the Recent brachiopods of the genus Minutella 
covers the Caribbean region and the Indo-West Pacific 
Province, whereas fossil specimens of this genus were docu-
mented from the Eocene of Southern France or the Miocene  
of Bulgaria (Bitner & Motchurova-Dekova 2016). Similarly, 
the sponge Vetulina was restricted to the Caribbean region  
and Eastern Indian Ocean during the Holocene, while their 
ancestors are found in fossil records of the ancient Tethys  
Sea (Pisera et al. 2018). Although both Minutella and Vetulina 
do not live in the present-day Mediterranean Sea, it is evident 
that this region was inhabited by their ancestors in the past. 
The Tethyan legacy hypothesis suggests that present-day 
disjunct distribution of some taxa is in fact only the relict of  
a once larger Tethyan geographic distribution. In this scenario, 
dispersal can occur along the open Tethyan seaway, e.g., 
during the early Miocene (Fig. 4) and prior to its closure 
during the middle Miocene (Popov et al. 2004; Harzhauser et 
al. 2007; Hou & Li 2019). Available paleo-biogeographical 
data show that this route was also used by other coralline 
algae, e.g., some species of Sporolithon genus or Titanoderma 
pustulatum that may have settled in the Mediterranean Sea and 
Paratethys from the Indo-Pacific until the Langhian (Braga et 
al. 2007; Harzhauser & Piller 2007; Bassi et al. 2009). Another 
scenario is that the Caribbean region was colonized by  
L. cuneatum from the Pacific side (Fig. 5) (Indian Ocean to 
Belize via Fiji) by transport via currents from Fiji to Belize 
earlier than 2.8 to 3 million years ago during the Pliocene 
(O’Dea et al. 2016; Hou & Li 2018). However, the Pliocene 
rocks in the Belize are free of L. cuneatum, as well as its host 
Porolithon onkodes. 

Africa

Europe

Atlantic
Ocean

Indian
Ocean

Mediterranean Sea

Paratethys

Fig. 4. Paleogeographic configuration during the early Miocene 
(Popov et al. 2004) with active connections between the major ocean 
basins via the Mediterranean Sea and Paratethys (arrows).
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Due to the poor fossil record of semi-endophyte coralline 
algae, these hypotheses cannot be tested at this stage, although 
the Tethyan one seems to us more plausible and may suggest 
that L. cuneatum could be another example of the so-called 
“Tethyan legacy” (Reid 1967; Por 1989; Hou & Li 2018) espe-
cially considering another similar case of coralline algae 
(Athanasiadis 1999; Athanasiadis & Ballantine 2014).

Conclusions

The species Lithophyllum cuneatum, which is documented 
in our study from the Holocene reef sediments of Belize,  
is the first Caribbean (Atlantic) occurrence of the semi-
endophyte lithophylloid coralline alga. These algae were pre-
viously known only from the Pleistocene and Holocene of  
the Pacific and Indian Oceans. It appears that the only reliable 
mechanism for such long-distance dispersal is the transport  
by oceanic currents. Two possible scenarios may explain  
the observed pattern: transport from what is today’s Indian 
Ocean toward the west along the Tethyan seaway, or transport 
toward the east through the Pacific (Fiji) and the still-open 
Panama Isthmus. Both scenarios require earlier origination  
of the species, which would allow them to cross the large  
distance, as well as a different paleogeographic situation that 
would allow for such transport. Although the present state of 
knowledge does not allow for deciding which scenario is  
the correct one, judging from the cases of other organisms 

(such as sponges or brachiopods) with such disjunct distribu-
tion, it seems likely that the Tethyan seaway transportation 
was in operation, and that L. cuneatum has a much older, unre-
corded geological history; therefore, it may represent another 
example of inherited Tethyan distribution. 
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