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INTRODUCTION

Coralline red algae (orders Corallinales,
Corallinapetrales, Hapalidiales, Sporolithales; sub-
class Corallinophycidae, Rhodophyta) are ubiquitous
in the photic zone of benthic marine habitats world-
wide. They are often the dominant benthic cover (e.g.,
Lemoine, 1913; Norris & Lebednik, 1970), especially
under highly disturbed conditions associated with ex-
treme wave exposure (e.g., Adey, 1978; Gherardi &
Bosence, 1999) and intense grazing pressure (e.g.,
Hind et al.,, 2019; Moosa et al., 2025; Steneck &
Dethier, 1994; Steneck & Paine, 1986), largely due to
their cell walls being impregnated with calcium carbon-
ate polymorphs mainly in the form of high-magnesium
(high-Mg) calcite (Lebrato et al., 2016; Nash et al., 2019).
For convenience, two groups of corallines have tradi-
tionally been identified based on external appearances:
the geniculate or articulated corallines and the non-
geniculate or non-articulated corallines. That there is no
phylogenetic basis for this distinction was recognized
by Cabioch (1972, 1988) based on morpho-anatomy
and later supported by DNA sequencing (e.g., Bailey &
Chapman, 1998; Hind et al., 2016, 2018). The ancestral
condition was likely non-geniculate based on the fossil
record. Phylogenetic analyses showed that the evolu-
tion of genicula occurred independently multiple times
(e.g., Aguirre et al., 2010; Bailey & Chapman, 1998;
Bittner et al., 2011; Kato et al., 2011), and the loss of
genicula back to the ancestral (non-geniculate) condi-
tion occurred at least three times independently in the
subfamily Corallinoideae (e.g., Hind et al., 2016, 2018;
Hind & Saunders, 2013). Non-geniculate corallines are
often referred to as crustose coralline algae (CCA sensu
Adey & Macintyre, 1973) or encrusting coralline algae
(e.g., Steneck & Paine, 1986), especially in ecological
studies. Geniculate corallines have erect, flexible up-
rights arising from an encrusting base or rhizome-like
holdfasts (Johansen, 1981, p. 2). Their upright axes are
flexible due to having uncalcified nodes called genicula
(singular=geniculum) that separate larger calcified in-
ternodes or intergenicula (singular=intergeniculum).
In contrast, non-geniculate corallines are completely
calcified, lacking any uncalcified nodes. Both groups
may occur attached to a substrate (epigenous) or may

and imbricate—to include recently documented specimens. This updated and
refined tool better encompasses the diverse external morphologies of non-
geniculate corallines. The goal was to facilitate taxonomic descriptions and
to support ecological studies of non-geniculate corallines given the extreme
difficulty of identifying species using only external characters.

CCA (crustose coralline algae), descriptive keys, encrusting coralline algae, maérl,
morphological diversity, rhodolith

be unattached (i.e., free-living). Most recently, Jardim
et al. (2025) proposed the term encrusting nongenic-
ulate coralline algae for all attached non-geniculate
corallines. Free-living geniculate corallines have
been referred to as articuliths (Tamega et al., 2017,
2021). Free-living non-geniculate corallines have vari-
ously been called maérl/maerl (e.g., Bosence, 1976;
Cabioch, 1969; Crouan & Crouan, 1867), rhodoliths
(e.g.,Barnesetal., 1970; Bosence, 1983; Toomey, 1975),
rhodolites (Bosellini & Ginsburg, 1971), and marl (e.g.,
Johansen, 1981; see Aguirre et al., 2017; Riosmena-
Rodriguez, 2017, p. 9; and Teichert, 2024 for a non-
exhaustive list of terms and definitions that have been
used for free-living non-geniculate corallines). Of these
latter terms, “rhodolith” (meaning rhodophycean or red
stone) has received the greatest acceptance (Adey &
Macintyre, 1973) and is now more widely used (Rendina
et al.,, 2022) than the others. Maérl/rhodoliths usually
occur when protuberances, margins, or other portions
of attached and unattached individuals break off and
continue to grow as free-living individuals. Maérl/rho-
doliths are more polymorphic than articuliths, ranging
from entirely solid (non-nucleated) free-living nodules
or fragments, to biogenic gravels composed of either a
single species (monospecific) or several species (mul-
tispecific) that grow concentrically around an inorganic
or organic core (nucleated, e.g., a sand grain, small
stone, shell, or other calcareous algae; Bosence, 1976,
1983; McCoy & Kamenos, 2015; Tamega et al., 2024,
Teichert, 2024).

In addition to being attached and/or free-living, non-
geniculate corallines occur in an astonishing variety
of growth forms (i.e., have varying external appear-
ances). In the older literature (e.g., Foslie, 1895, 1900;
Heydrich, 1897; Lemoine, 1910, 1913), differences in
growth forms were often used for species delimitation,
initially accomplished by adding form names after the
specific epithet, for example, Lithothamnion lichenoides
f. patena (Foslie, 1898, p. 7, 1900, p. 12). Although growth
forms are possibly genetically fixed in some species (e.g.,
Porolithon craspedium; see Jeong et al., 2023), they are
often environmentally mediated in other species, due to
grazing pressure (e.g., Littler & Littler, 2000, 2003, 2013;
Maneveldt & Keats, 2008; Steneck & Adey, 1976) and
hydrodynamic conditions (e.g., Aguirre et al., 2017; Carro
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etal., 2014; Jardim et al., 2022), for example. Nonetheless,
growth forms of non-geniculate coralline species continue
to be useful for local taxonomic delimitations and species
keys, especially when the local ecology and morphologi-
cal variation are known through DNA sequencing. To over-
come the challenge of inconsistencies in the terms used to
describe the range of growth forms exhibited by attached
and free-living (rhodoliths) non-geniculate corallines,
Woelkerling et al. (1993) undertook a comprehensive
analysis of all growth form terminologies used at the time.
Bosellini and Ginsburg (1971), however, formulated a rudi-
mentary morphological classification system, but this was
only for rhodoliths. Bosence (1976, 1983) subsequently
formulated a more detailed morphological classification
system, but this, too, was only for rhodoliths. Woelkerling
et al. (1993) formulated a morphological classification sys-
tem that included attached and free-living non-geniculate
corallines, demonstrating that over 100 different terms
had been used to describe the various growth forms but
that these could be narrowed to 10 broad growth forms (=
focal points, sensu Woelkerling et al., 1993), namely: un-
consolidated, encrusting, warty, lumpy, fruticose, discoid,
layered, foliose, ribbon-like, and arborescent. The inten-
tion was to provide a uniform system for describing non-
geniculate coralline algal growth forms to make published
accounts more comparable. Even though the 10 broad
growth forms described by Woelkerling et al. (1993) are
still valid today, they required updating, as recent research
(e.g., Jeong et al., 2023) highlighted growth forms that
cannot be assigned under the Woelkerling et al. (1993)
system. Recently, Jardim et al. (2025) proposed a unified
terminology for best practice based on an organismal
typology of six morphologies to promote a standard-
ized reporting on ecological research and conservation
management practices (see additional comments in the
Discussion). The aim of this paper was to update the vari-
ous growth forms and their definitions to better reflect cur-
rent knowledge as a result of recent research. This paper
has provided a tool for understanding and recognizing the
diversity of non-geniculate coralline algal growth forms.
Alongside a companion paper that addresses the genic-
ulate coralline growth forms (Schwoerbel et al., 2026),
this work is intended to facilitate taxonomic descriptions
and support ecological studies, especially given the dif-
ficulty in identifying species using external characters
only (see, e.g., Gabrielson et al., 2018; Puckree-Padua,
Gabrielson, et al., 2020; Puckree-Padua, Haywood,
et al., 2020; Puckree-Padua et al., 2021, 2022; van der
Merwe et al., 2015).

MATERIALS AND METHODS

Non-geniculate corallines from our combined collec-
tions and from extensive observations from various lo-
calities across the world comprised the basis for this
analysis. As in Woelkerling et al. (1993), in order to

ensure complete objectivity, analyses were conducted
independently of the taxonomic names attached to
specimens. Growth form names were assigned based
on static observations of field-collected and herbarium
specimens, including type specimens, although taxon
names did not influence the assigned growth form
name.

To assign names to the various growth forms the fol-
lowing aspects were considered:

1. Pseudoparenchymatous versus free filaments

Most non-geniculate corallines have an internal anat-
omy that is based on the aggregation of branching
filaments, each of which is formed through the divi-
sions of its own, single, meristematic cell. This type
of thallus anatomy has been referred to as pseu-
doparenchymatous. Some non-geniculate corallines,
however, lack a fully pseudoparenchymatous anat-
omy and are instead composed partly or entirely of
free filaments (see examples in the Discussion) that
may be adherent to a certain degree.

2. Presence or absence of outgrowths, here defined
as secondary growth that results in either protu-
berances or lamellate branches

Is a specimen smooth and largely featureless, or does
it produce outgrowths?

3. Type of outgrowths

Does a specimen produce protuberances, here de-
fined as cylindrical to compressed or more irregularly
shaped outgrowths that usually have a radial inter-
nal organization, or lamellate branches, here defined
as more or less flattened or curved outgrowths that
usually have a dorsiventral or isobilateral internal
organization?

4. Protuberance/lamellate branch length/height, diam-
eter/width, orientation, and degree of adherence
5. Method of attachment for those non-geniculate coral-

lines with a fan-shaped morphology

Intergrades have been defined as having an inter-
vening growth form that cannot be placed into either
of two discrete growth forms. The extent to which
intergrades occur between growth forms was also
determined from our combined collections and ob-
servations, as well as from those already identified by
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FIGURE 1

Woelkerling et al. (1993). The growth forms network
subsequently produced (Figure 1) was modified from
that of Woelkerling et al. (1993) and was based on our
additional collective observations. The taxonomy or
type status of the examined specimens had no influ-
ence on the development of the growth forms or the
subsequent growth forms network. Taxon examples
provided in the Discussion are of type specimens
(both sequenced and not sequenced) and/or of spec-
imens confirmed through DNA sequencing.

RESULTS

In addition to Woelkerling et al's (1993) 10 broad
growth forms (unconsolidated, encrusting, warty,
lumpy, fruticose, discoid, layered, foliose, ribbon-like,
arborescent), we propose the reinclusion of a previ-
ously reported growth form, namely columnar (see
Bosence, 1983), as well as the addition of two new
growth forms, convoluted and imbricate, to include
more recently documented specimens. These and the
other preestablished growth forms (see Woelkerling

Growth forms network with diagrammatic representations (not to scale) of the various growth forms for the non-geniculate
coralline algae. Lines between growth points represent known intergrades (solid lines) or closest morphological relations (dashed lines).
Ellipses show protuberant (1), lamellate (Il), and flabelliform (lll) growth forms. Original growth forms network adapted with permission of
CSIRO Publishing, from Woelkerling et al. (1993); permission conveyed through Copyright Clearance Center, Inc.

et al.,, 1993) may be separated into five very broad
categories: unconsolidated, encrusting, protuberant
(bearing cylindrical to compressed or more irregularly
shaped outgrowths that usually have a radial internal
organization; sensu Woelkerling et al., 1993), lamel-
late (lamella-like; bearing roughly flattened or curved
outgrowths that usually have a dorsiventral, sensu
Woelkerling et al., 1993, or isobilateral internal organi-
zation, Table 1), and flabelliform (Figure 1, Table 2).
These categories coincide with the network and ellip-
ses of broad growth forms in Woelkerling et al. (1993,
figure 1). Specific terms for these growth forms are in
bold below as well as in italics throughout the text.

Unconsolidated (Figure 2)

Individuals composed partly or entirely of free fila-
ments that may be adherent to varying degrees.
This growth form is the only one in which individu-
als are not fully pseudoparenchymatous. It is mainly
restricted to thin (unistratose to bistratose) epiphytic
(Figure 2a—d), endophytic (Figure 2e,f), and parasitic
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Anatomy/Anatomical
Dorsiventral
organization

Intergrade

Isobilateral organization
Lamellate branch?®

Morphology/
Morphological
QOutgrowth

Protuberance®

Pseudoparenchymatous

Radial organization

Concerned with the internal structure (of cells, filaments, etc.)
and their organization/arrangement

Having dissimilar upper (dorsal) and lower (ventral) surfaces

Having an intervening growth form (external appearance)
that cannot be placed into either of two discrete growth forms

Having identical parts on each side of a central axis

More or less flattened or curved outgrowth that usually has a
dorsiventral or isobilateral internal organization

Concerned with the overall form and external features (color,
pattern, shape, size, etc.)

Secondary growth that results in either protuberances or
lamellate branches

Cylindrical to flattened or more irregularly shaped outgrowth
that usually has a radial internal organization

Having an internal anatomy that is based on the aggregation
of branching filaments, each of which is formed through

the divisions of its own, single, terminal, or intercalary
meristematic cell (or subepithallial initial)

Diverging in lines from a common center

TABLE 1

Glossary of relevant terms

and their definitions.

#Modified after Woelkerling et al. (1993).

species. Except for their reproductive structures and
exposed filaments, endophytic filaments of uncon-
solidated individuals are uncalcified. Unconsolidated
individuals may also exhibit, in part, the encrusting
growth form (Figure 2a).

Encrusting (Figure 3)

Individuals are essentially smooth, lacking protuber-
ances and lamellate branches, and largely or entirely
adherent to a substrate (Figure 3a-f). Individuals
sometimes appear protuberant because they are
growing over an uneven surface (Figure 3d); this ap-
pearance is not, however, an inherent morphological
trait. Intergrades are common between encrusting,
warty, and lumpy growth forms (Figure S1a) but may
also occur between encrusting, fruticose, discoid,
imbricate, layered, foliose, convoluted, columnar, and
ribbon-like growth forms (Figures S1e, S2a,c,e).

Protuberant

The following five growth forms are broadly categorized
as protuberant. A protuberance is here defined as a
cylindrical to compressed or more irregularly shaped
outgrowth that usually has a radial internal organization
(sensu Woelkerling et al., 1993).

Protuberant—Warty (Figure 4)

Individuals with protuberances that are mostly as
long as they are wide, and usually less than 3mm

in length and diameter. Protuberances mostly do not
abut and are unbranched (Figure 4a-f). Intergrades
are common between warty, lumpy, and fruticose
growth forms (Figure S1c), but may also occur be-
tween warty, discoid, layered, and columnar growth
forms (Figure S2d,e).

Protuberant—Lumpy (Figure 5)

Individuals with swollen, often crowded protuberances
that are usually less than 6 mm in length but more than
3mm in diameter. Protuberances often abut and are
rarely branched (Figure 5a—f). Intergrades may also
occur between lumpy, discoid, layered, foliose, fruti-
cose, and columnar growth forms (Figure S1c,d).

Protuberant—Fruticose (Figure 6)

Individuals with slender, terete (cylindrical) to com-
pressed protuberances that are usually more than 6 mm
in length and less than 5mm in diameter but generally
much longer than wide (Figure 6a—f). Protuberances,
often branching, may be free from one another but may
also fuse laterally to varying degrees. Intergrades may
also occur between fruticose, convoluted, columnar,
and foliose growth forms (Figure S1f).

Protuberant—Columnar (Figure 7)

Individuals with robust, vertically elaborate, column-
like protuberances 8-200mm in height and width,
generally longer than wide, producing some of the
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TABLE 2 Key references to non-geniculate coralline algal growth forms, their broader categories and their corresponding terminologies, compared with our revised system.

This study

Woelkerling et al. (1993)

Broad growth form

categories

Broad growth

Woelkerling and Woelkerling and

Irvine (1988)

Bosence (1983) —
For rhodoliths

Growth forms

Growth forms

form categories

Campbell (1992)

Johansen (1981)

Harvey (1849)

Unconsolidated Unconsolidated Unconsolidated

Unconsolidated

Unconsolidated

Parasitic corallines

Encrusting Encrusting Encrusting Encrusting Encrusting

Crustose

Thin crusts, Epiphytic

corallines

Flat incrustaceans

Warty

Protuberant

Warty

Protuberant

Warty

Protuberant

Branching

Thick crusts,

Stony branches

Lumpy Lumpy

Lumpy

Unattached corallines

Fruticose

Fruticose

Protuberant

Columnar

Columnar

Convoluted

Lamellate Discoid

Discoid

Lamellae/
Lamellate

Laminar

Leafy lobes

Imbricate

Thin crusts

Layered

Layered

Layered

Foliose

Foliose

Coalescent

Ribbon-like

Flabelliform
(fan-like)

Ribbon-like

Taeniform Ribbon-like

Ribbon corallines

(taeniform)

Arborescent

Arborescent

Arborescent
(tree-like)

FIGURE 2 Examples of specimens/species that represent the
unconsolidated growth form. (a) Macro view of typical specimens
epiphytic on Halimeda sp. (b) Magnified view of several epiphytic
specimens showing extensive, compact creeping filaments
[arrowheads]. (c, d) Magnified SEM views of compact creeping
filaments showing free ends [arrowheads]. (e, f) Vertical sections
through a host alga showing endophytic [E] unconsolidated
[arrowheads] thalli. Scale bars: (a)=10mm; (b)=500pm; (c,
d)=20pum; (e, f)=50pm. Photographs: (a, e, f) by G.W. Maneveldt;
(b—d) by I. Barbara & V. Pefa.

largest known non-geniculate individuals (Figure 7a—
f). Protuberances are often clavate (club-shaped;
Figure 7b,c) and form early in development. The
individual is comprised largely of protuberances,
sometimes with a little evidence of an encrusting
base. Protuberances may fuse to form broader ver-
tical expanses but generally do not branch laterally.
Columnar individuals have, thus far, only been re-
ported as attached to a substrate and may be highly
polymorphic (Figure 7a-f). Intergrades may also
occur between columnar and layered growth forms
(Figure S2f).

Protuberant—Convoluted (Figure 8)

Individuals with robust, often flattened protuberances
of varying heights and widths, arranged in a three-
dimensional (3-D), branched, cavitied form in which
upright lobes are produced (Figure 8a—f). The growth
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FIGURE 3 Examples of specimens/species that represent the
encrusting growth form. (a) Chamberlainium agulhense from South
Africa. (b) Phymatolithopsis roseola from South Africa. (c) Crusts
epiphytic on a Laurencia sp. from South Africa. (d) Phragmope

sp. from South Africa. Individuals may sometimes appear warty

to lumpy, but this is often due to the substrate over which they are
growing. (e) Chamberlainium tenue from South Africa. (f) Subtidal
specimen(s) from Guam. Scale bars: (a, €)=10mm; (b)=30pum;
(c)=5mm; (d)=25mm; (f)=20mm. Photographs: (a—e) by G.W.
Maneveldt; (f) by T. Schils.

form is similar to the foliose growth form but differs in
that corallines displaying the latter growth form produce
outgrowths in several different planes (see below). In
rhodoliths, these protuberances extend more or less
radially from the core of the coralline (Figure 8e,f). This
form has been reported to occur in response to grazing
(e.g., Littler & Littler, 2000, 2003, 2013; Maneveldt &
Keats, 2014). Intergrades are known to exist between
convoluted, encrusting, discoid, and fruticose growth
forms (see, e.g., Littler & Littler, 2000 p. 23; 2003, p. 19;
Figures S1f, S2b).

Lamellate

The following four growth forms are broadly catego-
rized as lamellate (lamella-like). A lamella is here de-
fined as a more or less flattened or curved outgrowth
that usually has a dorsiventral (sensu Woelkerling
et al., 1993) or isobilateral internal organization. Here,

FIGURE 4 Examples of specimens/species that represent

the warty growth form. (a) Chamberlainium occidentale from

South Africa. (b) Heydrichia cerasina from South Africa. (c) An

as yet unidentified Hapalidiales species from South Africa. (d)
Synarthrophyton papillatum from South Africa. (e) Synarthrophyton
robbenense from South Africa. (f) Subtidal rhodolith from Brazil.
Scale bars: (a—d)=10mm; (e) =20mm; (f)=15mm. Photographs:
(a—e) by G.W. Maneveldt; (f) by R. da Gama Bahia.

we have expanded on the Woelkerling et al.'s (1993)
definition of lamella to include individuals that have
an isobilateral internal organization (e.g., Tenarea tor-
tuosa, Woelkerling et al., 1985, p. 323, figuress 7—11).

Lamellate—Discoid (Figure 9)

Discoid corallines are fundamentally encrusting, but
here individuals are each comprised of unbranched,
smooth, more or less circular, thin to thick (generally >
five cells) thalli of varying sizes, or secondarily (through
secondary, intercalary meristematic activity) produce
attached, smooth, more or less circular thalli of vary-
ing sizes (Figure 9a—f). Primary (resulting from primary,
terminal meristematic activity) and secondary (resulting
from secondary, intercalary meristematic activity over
primary thalli) discs are held in place through cell adhe-
sion and may be applanate (horizontally expanded and
flattened) or curved to varying degrees (Figure 9c,e).
Discoid individuals may be attached to various sub-
strates. This growth form is reminiscent of ontogenetic
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FIGURE 5 Examples of specimens/species that represent

the lumpy growth form. (a) An as yet unidentified Hapalidiales
species from South Africa. This specimen also shows intergrading
with the warty growth form (bottom right). (b) Chamberlainium
glebosum from South Africa. (c) Roseolithon superpositum from
South Africa. (d) Chamberlainium capense from South Africa. (e)
An as yet unidentified Corallinales species from Fiji. (f) Sporolithon
indopacificum from Tanzania. Scale bars: (a, b)=20mm;
(c)=15mm; (d, f)=10mm; (e)=5mm. Photographs: (a—d), (f) by
G.W. Maneveldt; (e) by D.W. Keats.

development in non-geniculate corallines in which pri-
mary, terminal meristematic activity initially produces
more or less circular thalli. Intergrades may also exist
between discoid, imbricate, and foliose growth forms.

Lamellate—Imbricate (Figure 10)

Imbricate corallines are also fundamentally encrust-
ing and also undergo secondary growth (through sec-
ondary, intercalary meristematic activity) to produce
several to many flattened, often parallel running, over-
lapping, tightly adherent, applanate, layered lamel-
late branches arranged horizontally (Figure 10a—f).
However, unlike discoid corallines that produce thin
to thick (generally > five cells), discrete circular lamel-
late branches, imbricate corallines produce thin (gen-
erally < five cells), often extensively running, parallel,

FIGURE 6 Examples of specimens/species that represent

the fruticose growth form. (a) An as yet unidentified Corallinales
species from Japan. (b) An as yet unidentified Corallinales species
from Guam. (c) Attached form of Lithophyllum longense from
Australia. (d) An as yet unidentified Corallinales species from
Guam. (e) Rhodolith fragments from Brest, France. (f) Rhodolith
form of Lithophyllum longense from Tanzania. Scale bars: (a, b, e,
f)=10mm; (c)=20mm; (d)=50mm. Photographs: (a) by A. Kato;
(b, d) by T. Schils; (c) by J. Huisman; (e) by F. Tamega; (f) by G.W.
Maneveldt.

overlapping lamellate branches that are rarely circu-
lar. Lamellate branches give the coralline a distinctly
scaly appearance in surface view. Intergrades exist
between imbricate, encrusting, discoid, layered, and
foliose growth forms (Figures S1b, S2c).

Lamellate—Layered (Figure 11)

Individuals consisting of several to many flattened,
loosely adherent to mostly free (as opposed to tightly
adherent in imbricate forms), overlapping, compla-
nate, thin to thick (generally > five cells) layered la-
mellate branches arranged horizontally (Figure 11a—f).
Lamellate branches often give the coralline a terraced
appearance in surface view. Intergrades may also exist
between layered, foliose, and ribbon-like growth forms
(Figures S1b, S2a).
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FIGURE 7 Examples of specimens/species that represent the
columnar growth form. (a) Porolithon lobulatum from Australia. (b)
Phymatolithon ferox from South Africa. (c) An as yet unidentified
Porolithon species from Guam. (d) An as yet unidentified Porolithon
species from Fiji. (e, f) Porolithon pinnaculum from Australia.

Scale bars: (a, c)=5mm; (b)=10mm; (d, €)=50mm; (f)=30mm.
Photographs: (a, e, f) by G. Diaz-Pulido; (b) by G.W. Maneveldt; (c)
by T. Schils; (d) by D.W. Keats.

Lamellate—Foliose (Figure 12)

Individuals consisting of several to many flattened
branched, thin to thick (generally > five cells) layered la-
mellate branches arranged at various angles to one an-
other and in various planes (Figure 12a—e). Lamellate
branches may be free from one another or interwoven
and fused to varying degrees. Foliose corallines appear
similar to convoluted corallines as both growth forms
exhibit a 3-D, branched, cavitied form but differ in that
the latter growth form produces flattened protuberances
that are abutting and upright, as opposed to producing
lamellate branches that are arranged at various angles
to one another. Intergrades are also known to exist be-
tween foliose and ribbon-like growth forms.

Flabelliform

The remaining two growth forms are broadly categorized
as flabelliform. Individual thalli are characteristically

FIGURE 8 Examples of specimens/species that represent
the convoluted growth form. (a) An as yet unidentified Porolithon
species from Fiji. (b) An as yet unconfirmed Lithophyllum species
from Japan. (c) An as yet unconfirmed Lithophyllum species
from the Atlantic Iberian Peninsula. (d) An as yet unidentified
Corallinales species from the Mediterranean. (e) An as yet
unidentified rhodolith from Brest, France. (f) As yet unidentified
rhodoliths from Fiji. Scale bars: (a)=30mm; (b, ¢, €)=10mm; (d),
(f)=20mm. Photographs: (a, f) by D.W. Keats; (b) by M. Baba; (c)
by I. Barbara; (d) by L. Pezzolesi; (e) by F. Tamega.

fan-shaped, often with flat, ribbon-like branches that are
weakly calcified. Thalli are upright but can appear pros-
trate, which depends on the size of the alga, with larger
and heavier individuals often appearing prostrate.

Flabelliform—Ribbon-like (Figure 13)

Individuals flabellate (fan-shaped), lacking a distinct
holdfast and stipe, and bearing flat, taeniform (ribbon-
like), lamellate branches that are weakly calcified; gen-
erally attached to a substrate through cell adhesion or
locally by rhizoids. Individuals may appear fruticose, but
here branches are flattened (Figure 13a—f).

Flabelliform—Arborescent (Figure 14)

Individuals flabellate (fan-shaped) and tree-like, com-
posed of a distinct holdfast and stipe, and bearing flat,
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FIGURE 9 Examples of specimens/species that represent
the discoid growth form. (a) Individuals of an as yet unconfirmed
Amphithallia species from South Africa. (b) Individuals of an as
yet unconfirmed Mesophyllum species from the Atlantic Iberian
Peninsula. (c) Individuals of an as yet unconfirmed Hydrolithon
species from South Africa. (d) Chamberlainium impar from South

Africa. This species sometimes also has a warty appearance.
(e) Pneophyllum marlothii from South Africa. (f) Heydrichia

woelkerlingii from South Africa. Scale bars: (a, d)=5mm; (b, c,
f)=10mm; (e) =15mm. Photographs: (a, c—f) by G.W. Maneveldt;

(b) by I. Barbara.

taeniform (ribbon-like) to flabellate, branched lamel-
late branches that are weakly calcified (Figure 14a—f).
The presence of a holdfast and stipe distinguishes the
arborescent growth form from the ribbon-like growth

form (Figure 14a,c).

KEY TO GROWTH FORMS

1a.

1b.

Individuals not
pseudoparenchymatous,
composed partly or entirely of
free filaments, usually either
parasitic on or endophytic in
other corallines, or occurring
as thin, unistratose to
bistratose crusts

Individuals fully
pseudoparenchymatous

Unconsolidated

2a.

2b.

3a.

3b.

4a.

4b.

5a.

5b.

6a.

6b.

7a.

7b.

8a.

8b.

Individuals featureless,
consisting of smooth crusts
devoid of apparent outgrowths

Individuals not featureless,
producing outgrowths of
varying lengths/heights and
diameters/widths

Mature individuals not circular,
but of varying shapes

Mature individuals more or less
circular

(2) Individuals bearing
protuberances that are without
furrows or ridges and with

a mostly radial (filaments
diverging in lines from a
common center) internal
organization

Individuals bearing lamellate
branches in furrows or ridges
with a dorsiventral (having
dissimilar upper [dorsal] and
lower [ventral] surfaces) or
isobilateral (having identical
parts on each side of a central
axis) internal organization

Individuals bearing short
(<6mm in length) and swollen,
to slender (>6mm in length) to
compressed protuberances

Individuals with long (up to
20 cm in height), vertically
elaborate protuberances

Individuals with protuberances
that are less than 3mm in
length and diameter, are not
abutting, and are unbranched

Individuals with swollen,
slender to compressed
protuberances that are more
than 3mm in length and
diameter, are free from one
another, are often abutting, or
are laterally fused to varying
degrees

Individuals with protuberances
that are usually less than 6mm
in length, swollen and often
abutting

Individuals with protuberances
that are usually more than

6 mm in length, slender, terete
to compressed, often taper,
free from one another, abutting
or laterally fused to varying
degrees

(5) Individuals with column-like
protuberances that may be
clavate, abutting, or fused

Individuals with flattened
protuberances arranged in a
3D cavitied form

Encrusting

Discoid

Warty

Lumpy

Fruticose

Columnar

Convoluted
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9a. (4) Individuals with layered 10
lamellate branches

9b. Individuals with fan-shaped 12
lamellate branches

10a. Individuals in a 3D cavitied Foliose
form, with lamellate branches
arranged at various angles to

one another

10b. Individuals crustose, with 11
lamellate branches arranged
horizontally to one another

11a. Individuals scaly in Imbricate
appearance, with tightly

adherent lamellate branches

11b. Individuals terraced in
appearance, with loosely
adherent to free lamellate
branches

Layered

12a. (9) Individuals not stipitate, Ribbon-like

attached to a substrate by cell
adhesion or locally by rhizoids

12b. Individuals stipitate, attached Arborescent

to a substrate by a distinct
holdfast

DISCUSSION

The morphological classification system proposed
here constitutes a refinement and update of those
growth forms recognized in recent research on non-
geniculate corallines. Like Woelkerling et al. (1993),
we opted to differentiate the growth forms based
on anatomical organization; presence or absence
of outgrowths; the type, shape, length/height, di-
ameter/width, orientation and degree of adherence
of these outgrowths; and the method of attachment
to a substrate, all of which represent different de-
grees of complexity (Figure 1). The growth forms for
geniculate corallines are covered in a separate paper
(Schwoerbel et al., 2026).

Although having a rich, but somewhat convoluted
taxonomic history dating back to the first century AD
(Irvine et al., 1994, p. 11; see also Leao et al., 2024
for the chronology of important milestones in the
history of non-geniculate coralline algal taxonomy),
non-geniculate corallines only received a formal ap-
plication of a morphological classification system in
the early 1970s (see below). Prior to this, early coral-
line algal researchers (e.g., in roughly chronological
order: Ellis, Lamarck, Lamouroux, Philippi, Kitzing,
Decaisne, Harvey, Foslie, Kjellman, Heydrich, Yendo,
Lemoine, Cabioch) described coralline algal mor-
phologies subjectively, without any reference to a
standardized terminology and without giving a clear
definition of the terms used (e.g., Kitzing, 1841,
1843, 1849; Lemoine, 1913). Harvey (1849), however,
loosely categorized the non-geniculate corallines

FIGURE 10 Examples of specimens/species that represent
the imbricate growth form. (a), (b) An as yet unconfirmed
Titanoderma species from Guam. (c) Phymatolithon foveatum from
South Africa. (d) An as yet unconfirmed Mastophora species from
Guam. Under the previous system, this specimen would be an
example of a layered coralline because it has free primary thalli.
However, since the specimen has secondary lamellate branches
that are tightly adherent and overlapping, it is regarded as being
imbricate under the new system. (e) An as yet unconfirmed
Neogoniolithon species from Japan. (f) Magnified view of marginal
scrolls (lamellate branches) from an as yet identified Hapalidiales
species from South Africa. Under the previous system figures, (c)
and (f) would have been classified as encrusting. However, these
specimens produce secondary applanate, thin, overlapping layered
lamellate branches (white swirls), which we consider represent

the imbricate growth form in our new system. Scale bars: (a, c,
e)=10mm; (b)=20mm; (d)=25mm; (f)=2mm. Photographs: (a, b,
d) by T. Schils; (c, f) by G.W. Maneveldt; (e) by A. Kato.

into “flat incrustaceans” (= encrusting here), “stony
branches” (= protuberances here), and “leafy lobes”
(= lamellate branches here). Foslie (1895, 1898,
1900) “described some 428 species and infraspecific
taxa of non-geniculate corallinales during the period
1891-1909, based many of his taxa on slight differ-
ences in growth-form” (Woelkerling et al., 1993, p.
277) and only used such generalized terms as crust
like expanses or crustaceous species, branched,
and vigorously developed for more broader char-
acterizations. In many of Foslie's descriptions, the
concept of the typical form (type specimen) was ap-
plied, with specimens deviating from the typical form
given form names. Several subsequent authors (e.g.,
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FIGURE 11 Examples of specimens/species that represent
the layered growth form. (a), (b) An as yet unidentified Hapalidiales
species from South Africa. (c) An as yet unconfirmed Mastophora
species from Guam. (d) Individuals from an as yet unidentified
species from Australia. Note that individual lamellate branches

are also imbricate. Under the previous system, this specimen may
even have been classified as discoid. () An as yet unidentified
species from the Mediterranean. (f) An as yet unidentified rhodolith
from Brest, France. Scale bars: (a, b, d—f) =10mm; (c)=30mm.
Photographs: (a, b) by G.W. Maneveldt; (c) by T. Schils; (d) by G.
Diaz-Pulido; (e) by L. Le Gall; (f) by F. Tamega.

Heydrich, 1897; Lemoine, 1910, 1913; Masaki, 1968;
Suneson, 1943) followed this practice.

The Woelkerling et al. (1993) system of 10 growth
forms (as focal points) was a refinement of those
originally proposed by Bosellini and Ginsburg (1971),
Johansen (1981), Bosence (1976, 1983), Woelkerling
and Irvine (1988), and Woelkerling and Campbell (1992).
Based on rhodolith morphology, Bosellini and
Ginsburg (1971, p. 674) assigned rhodolith specimens
on a rudimentary morphological classification to five
shape classes (spheroidal, elliptical, amoeboidal,
discoidal, and flat), including several secondary sub-
classes (oval, elongated, biconvex, flat-top, and equant).
These growth forms were, however, based on a water-
energy gradient, which was later established to be
unfounded (Adey & Macintyre, 1973; Bosence, 1976).
Johansen (1981, p. 4) used a combination of morpho-
logical and ecological (habit and substrate) attributes,
which often led to confusion. Additionally, some of the

FIGURE 12 Examples of specimens/species that represent
the foliose growth form. (a), (b) An as yet unconfirmed Mastophora
species from Guam. (c) An as yet unconfirmed Mesophyllum
species from Japan. (d) Lithophyllum byssoides from the
Mediterranean. (e) An as yet unidentified rhodolith from Tanzania.
Scale bars: (a, d, €)=10mm; (b)=30mm; (c)=20mm. Photographs:
(a, b) by T. Schils; (c) by M. Baba; (d) by F. Rindi; (e) by G.W.
Maneveldt.

Johansen (1981, pp. 4, 44-55) growth forms were con-
sidered too broad, especially his separation of thin and
thick crusts into different growth forms, suggesting that
thin and thick crusts could not look similar. Woelkerling
and Irvine (1988, pp. 5-7), although recognizing four
morphological growth forms (unconsolidated, crustose,
protuberant, and taeniform), placed their growth forms
into three groups (semi-endophytic, epigenous, and
unattached) based on morphological and ecological
(habit and substrate) attributes, which similarly limited
the use of their system.

The Woelkerling and Campbell (1992, pp. 3-4)
system, based solely on morphology, comprised six
growth forms (encrusting, layered, warty, protuberant,
lumpy, coalescent) but was limited to describing only
southern Australian species of Lithophyllum so did not
recognize the range of external appearances in other
non-geniculate corallines studied to date. Examining
over 5000 populations of non-geniculate corallines
from across the world, Woelkerling et al. (1993, p.
280) expanded the Woelkerling and Campbell (1992)
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FIGURE 13 Examples of specimens/species that represent
the ribbon-like growth form. (a) Mastophora rosea from the
Philippines. (b—d) Mastophora rosea from Guam. (e, f) As yet
unconfirmed Mastophora species from Australia. Scale bars: (a,
e)=20mm; (b, d)=10mm; (c)=15mm; (f)=5mm. Photographs:
(a—d) by T. Schils; (e—f) by J. Huisman.

system to 10 growth form focal points (unconsolidated,
encrusting, warty, lumpy, fruticose, discoid, layered,
foliose, ribbon-like, and arborescent). This revised
system was compatible with that previously devised by
Bosence (1976, p. 380) of spheroidal, ellipsoidal, and
discoidal for rhodoliths, based independently on spec-
imen shape and branching density and later expanded
on by Bosence (1983, p 220; laminar, branching, co-
lumnar), but still only for rhodoliths. In this latter system,
laminar specimens comprised simple (unbranched,
featureless) crusts that may form a leafy habit, branch-
ing specimens that produced protuberances of varying
densities apically or laterally beset with very dense
intergrowing protuberances with flattened ends, and
columnar specimens that produced short, stocky, pro-
tuberances that are almost as wide as they are high.
Woelkerling et al. (1993, p. 284) argued that their sys-
tem “has the advantage of being applicable to attached
as well as unattached plants and thus is better suited
for use in taxonomic and floristic studies,” although they
acknowledged that the combined Bosence (1976, 1983)
system “is potentially more useful in ecological studies
of unattached plants.” Additionally, the Bosence (1976,

FIGURE 14 Examples of specimens/species that represent
the arborescent growth form. (a, b) Metamastophora flabellata
from Tasmania, Australia; herbarium (a) and field specimens

(b) Note the holdfast [arrow] in the herbarium specimen. (c) An

as yet unconfirmed Metamastophora species from Tasmania,
Australia. Note the approximate position of the holdfast [arrow].
(d) An as yet unconfirmed species from South Africa. (e, f) As yet
unconfirmed Metamastophora species from Australia. Scale bars:
(a, d, ) =10mm; (b)=15mm; (c, f)=20mm. Photographs: (a) by J.
Schwoerbel; (b) by M. Rose; (c) by H. Forbes; (d) by T. Schils, (e, f)
by J. Huisman.

1983) system can be used to describe multispecific rh-
odoliths, whereas the Woelkerling et al. (1993, p. 284)
system “is designed for describing individual plants
or species,” which is how taxonomic descriptions are
presented.

To promote consistency in the reporting of ecologi-
cal research and conservation management practices,
Jardim et al. (2025; see also figure, 3) proposed an
organismal typology based on six very broad mor-
phologies: attached geniculate corallines; free-living
geniculate corallines; encrusting non-geniculate cor-
allines (which lumps smooth, featureless crusts with
those that have outgrowths); free-living fragmented
non-geniculate corallines; free-living nodular, nucle-
ated non-geniculate corallines; and free-living nodular,
non-nucleated non-geniculate corallines. Under this
system, free-living geniculate (articuliths) and free-
living non-geniculate (maérl, rhodoliths) corallines were
collectively referred to as coralline algal beds. The
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proposed Jardim et al. (2025) morphological classifica-
tion system was meant to promote a unified approach
to describing broad-scale ecological research and for
inferring best practices for conservation management.
Although this morphological classification system is a
valuable high-level approach, it is less appropriate to
the finer scale descriptions proposed here.

In addition to the 10 growth forms (focal points) de-
scribed by Woelkerling et al. (1993), we propose the
reinclusion of a previous growth form, namely colum-
nar, in line with Bosence (1983), but also including large
specimens often up to 20cm in height and width, with
robust, vertically elaborate protuberances of varying
heights and widths in that growth form. Furthermore,
we added two new growth forms, convoluted and imbri-
cate, to include more recently documented specimens.
These and the other 10 preestablished growth forms
may be separated into five very broad categories: un-
consolidated, encrusting, protuberant, lamellate, and
flabelliform (Figure 1).

The unconsolidated growth form remains the only
one that is not based on a fully pseudoparenchyma-
tous construction but rather on partly to entirely free
filaments. This growth form is still largely restricted to
endophytic (e.g., Austrolithon intumescens, Harvey &
Woelkerling, 1995, p. 363, figures 5—-10; Choreonema
thuretii, Woelkerling, 1987, p. 115, figures 4, 5; Lesueuria
minderiana, Woelkerling & Ducker, 1987, p., 197, fig-
ures 7-9), parasitic (e.g., Epulo multipedes, Townsend
& Huisman, 2004, p. 290, figures 4, 6-8), and very
thin epiphytic species (e.g., Pneophyllum confervicola,
Chamberlain, 1994, p. 139, figure 62A).

Encrusting corallines are fundamentally crus-
tose, lacking protuberances and lamellate branches.
Corallines encompassing this growth form are gener-
ally smooth and featureless. Encrusting is a common
growth form of many non-geniculate corallines and ex-
ists in all orders. In Corallinales, this form includes, for
example, all Crusticorallina species (Hind et al., 2016,
p. 932); many Lithophyllum species, including the ge-
neritype L. incrustans (Hernandez-Kantun et al., 2015,
figure 4a; Woelkerling, 1983, p. 315, figure 15) and
L. atlanticum (Vieira-Pinto et al., 2014, p. 362); many
Chamberlainium species: C. agulhensis, C. cochle-
are, C. decipiens, C. natalense, and C. tenue, for ex-
ample (Puckree-Padua, Haywood, et al., 2020, pp.
471, 480; 2022, p. 180; van der Merwe et al., 2015,
pp. 473, 475; this study, Figure 3a,e); and Porolithon
onkodes and those species passing under that name,
many still undescribed (Gabrielson et al., 2018). In
Corallinapetrales, the generitype Corrallinapetra no-
vaezelandiae is encrusting (Nelson et al., 2015, p. 459,
figure 2a), whereas Co. gabrielii (Jeong et al., 2021, p.
852, figure 3a), the only other species currently in the
genus, may also be encrusting. In Hapalidiales, this
form includes, for example, some Clathromorphum
species, including the generitype Cl. compactum

(Printz, 1929, pl. 41, figure 1); several Lithothamnion
species, including its generitype Lithothamnion
muelleri (Wilks & Woelkerling, 1995, p. 555); and all
currently known Phymatolithopsis species (Jeong
et al., 2022, pp. 165, 169, figures 3a,b, 6b; Maneveldt
et al., 2024, pp. 9, 16, figures 3, 4, 40—-42; van der
Merwe & Maneveldt, 2014, pp. 178, 182, figure 75;
this study, Figure 3b). In Sporolithales, Heydrichia
groeneri (Keats & Chamberlain, 1995, p. 52, figure 1)
is entirely encrusting, whereas several species of
Sporolithon may be encrusting, including, for example,
S. crypticum, S. immotum, S. nodosum (Gabrielson
etal., 2023, p. 7, 8, 10), and S. tenue (Bahia et al., 2014,
p. 46). Geniculate corallines, however, that form exten-
sive crusts with few to no upright axes can also appear
encrusting (e.g., Brodie et al., 2013; Irvine et al., 1994;
Schwoerbel et al., 2026). Geniculate species such as
Chiharaea americana and Ch. bodegensis form exten-
sive crusts that can often be confused with encrusting
non-geniculate species (Martone et al., 2012). Rather
than being an intermediate growth form between ge-
niculate and non-geniculate corallines, such species
represent a geniculate coralline algal lineage with a
reduced number of upright axes (Martone et al., 2012)
or a lineage in which upright axes are absent because
of environmental stresses (Guy-Haim et al., 2016). In
many ecological studies from tropical and subtropical
regions (e.g., Smith et al., 2016, 2020), encrusting cor-
allines are usually referred to as CCA.

Protuberant corallines comprise by far the largest
category, including thalli that are warty, lumpy, fruti-
cose, columnar, and convoluted. The first three growth
forms are consistent with Woelkerling et al. (1993).
We consider the broad classification of protuberant to
be when a thallus surface has irregularities resulting
from secondary growth to produce outgrowths that
usually have a radial internal organization. The vari-
ous protuberant growth forms are distinguished by the
length, width, and appearance of the protuberances.
Uniformly warty corallines include Heydrichia cerasina
(Maneveldt & van der Merwe, 2012, p. 13, figures 1-3;
this study, Figure 4b), Roseolithon littorale (Min-Khant-
Kyaw et al., 2024, p. 526, figure 4), and the lectotype
of Boreolithothamnion sonderi (Gabrielson et al., 2023,
figure S1, see also Printz, 1929, pl. 4, figure 6, as
Lithothamnion sonderi). Uniformly lumpy corallines
include Roseolithon purii (Coutinho et al., 2022, p.
242, figure 62), Roseolithon superpositum (Gabrielson
et al., 2023; see also Keats et al., 2000, figures 1, 2,
as Lithothamnion superpositum; Printz, 1929, pl.
12, figure 6, as Lithothamnion superpositum), and
Sporolithon indopacificum (Maneveldt et al., 2017, p.
119, figure 3; this study, Figure 4f). Fruticose corallines
are common, especially in the genus Lithophyllum, and
include the widely distributed L. kaiseri (Hernandez-
Kantun et al., 2016, p. 625) and L. longense (Maneveldt
et al., 2019, p. 159; this study, Figure 6¢) and several
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other species thus far only reported to be fruticose,
for example, L. affine (Basso et al., 2015, p. 186), L.
kotschyanum (Basso et al., 2014, p. 712), L. subplica-
tum (Basso et al., 2015, p. 190), and L. subreduncum
(Basso et al., 2015, p. 192).

Woelkerling et al. (1993, table 1) provided a non-
exhaustive list of terms used to describe growth forms
of non-geniculate corallines, including the term co-
lumnar. Columnar, however, never was proposed as a
distinct growth form; the reason remains unclear espe-
cially since Bosence (1983) provided a clear charac-
terization of that concept, albeit only considering the
inclusion of specimens that produce short stocky pro-
tuberances that are almost as wide as they are high.
Columnar specimens are here considered to include
those specimens that are robust with vertical protuber-
ances that are several millimeters to 20cm in height and
width and that are often clavate (club-shaped). Here,
we further expand on the Bosence (1983) concept of
columnar to include the massive, mountain-like thalli
observed in several tropical species that bear broad
individual to fused vertical columns at maturity and
that are usually common in remote, oceanic reef atolls
(Jeong et al., 2023; Maneveldt & Keats, 2016). The co-
lumnar growth form appears to be genetically predeter-
mined (e.qg., Porolithon craspedium, see Printz, 1929,
pl. 69, as Lithophyllum craspedium) albeit not unique
to any one species (Jeong et al, 2023; Richards
et al., 2021). In contrast, several species represent-
ing the convoluted growth form (e.g., Neogoniolithon
acropetum, see Printz, 1929, pl. 51, as Goniolithon
acropetum; Porolithon antillarum, see Maneveldt &
Keats, 2014, figures 25, 26; Printz, 1929, pl. 68, as
Lithophyllum antillarum; Porolithon sandvicense, see
Printz, 1929, pl. 70, as Lithophyllum sandvicense) are
possibly grazer-mediated (see e.g., Littler et al., 1995;
Littler & Littler, 1999, 2000, 2003, 2013; Maneveldt &
Keats, 2014). This morphology has been reported in
tropical waters across the Caribbean and South Pacific
oceans (Littler et al., 1995; Littler & Littler, 2000, 20083,
2013; Maneveldt & Keats, 2014; Printz, 1929) and may
possibly be more widespread. Additionally, most spec-
imens of Lithophyllum byssoides typically exhibit the
convoluted growth form (Pezzolesi et al., 2017, fig-
ures 4-5) but whether the growth form is environmen-
tally mediated is unclear.

Lamellate corallines comprise the next largest cat-
egory and include those individuals that are discoid,
imbricate, layered, and foliose. Unlike protuberances
that usually have a radial internal organization, lamel-
late individuals produce secondary thalli that have a
dorsiventral or isobilateral internal organization like
that of their primary thallus organization. Although
our definition of foliose matches that of Woelkerling
et al. (1993), our concepts of discoid and layered differ
slightly. Woelkerling et al. (1993, p. 280) defined dis-
coid as “plants each consisting of an unbranched and

largely unattached disc-like lamella of varying shape.”
A species thus far characteristic of this growth form is
Synarthrophyton patena (see Printz, 1929, pl. 10, fig-
ure 1, as Lithothamnion patena). However, here we
also include species with firmly attached primary thalli
that are more or less circular, such as Chamberlainium
impar, which can sometimes also appear warty
(Puckree-Padua, Haywood, et al., 2020, figure 6; this
study, Figure 9d), Heydrichia woelkerlingii (Townsend
et al., 1994; this study, Figure 9f) and Lithophyllum hi-
bernicum (V. Pefa, pers. obs.). During our investiga-
tions, we also encountered species (e.g., Pneophyllum
marlothii, Puckree-Padua, Gabrielson, et al., 2020, fig-
ure 3; this study, Figure 9e; Pneophyllum discoideum,
Chamberlain, 1994, fig. 26, as Spongites discoideus;
Puckree-Padua, Gabrielson, et al., 2020) that are pri-
marily encrusting but that secondarily produce thick
discoid thalli, which often may even produce abutting,
swollen protuberances (equivalent to the lumpy growth
form). Such species demonstrate the high degree of
morphological variability even within a single speci-
men (see e.g., Gomes et al., 2024; Hernandez-Kantun
etal,, 2016; Kato et al., 2022; Kim et al., 2024; Pezzolesi
et al., 2017, 2019). The discoid growth form is reminis-
cent of ontogenetic development in non-geniculate cor-
allines in which primary, terminal meristematic activity
results in more or less circular thalli.

Woelkerling et al. (1993, p. 280) defined layered
as “plants consisting of several to many flattened,
lamellate branches arranged in horizontally oriented
layers. Such lamellate branches often give the plant
a terraced appearance in surface view.” Although we
have retained much of this definition for layered in the
currently proposed system, here we also have made a
distinction between the level of adherence of the sec-
ondary thalli. In the imbricate growth form, secondary
overlapping thalli are tightly adherent giving the coral-
line a scaly appearance in surface view; whereas in our
concept of layered, the overlapping secondary thalli are
loosely adherent to free, giving the coralline a terraced
appearance in surface view. Phymatolithon foveatum
(Chamberlain & Keats, 1994, p. 116, as Leptophytum
foveatum) and Phymatolithon nantuckensis (Adey
et al,, 2018, p. 41) have an imbricate growth form.
Specimens of Titanoderma frequently show the imbri-
cate growth form (e.g., Chamberlain & Irvine, 1994, pp.
99, 102, 108; Jesionek et al., 2016, figure 5a; this study,
Figure 10a,b), including Titanoderma tessellatum
(Lemoine, 1929, p. 69, pl. 1, figure 6, as Lithophyllum
[Dermatolithon] tessellatum). Phymatolithon squa-
mulosum can be both imbricate and layered (Adey
et al., 2018, p. 42), the latter growth form commonly
observed in some Lithophyllum species, including
Mediterranean L. stictiforme (Pezzolesi et al., 2019,
figure 2) and Atlantic Iberian Peninsula L. artabri-
cum (Pena & Torres, 2021, figure 1). The type spec-
imens of several other little-studied non-geniculate
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corallines also are layered, including Lithothamnion
simulans f. crispescens (Printz, 1929, pl. 8, figure 17),
Lithothamnion neglectum (Printz, 1929, pl. 9, figure 4),
and Lithothamnion mesomorphum (Printz, 1929, pl.
9, figures 7, 8), currently regarded as synonyms of
Mesophyllum crispescens, Synarthrophyton neglec-
tum, and Mesophyllum mesomorphum, respectively.
Imbricate and discoid corallines are also similar. Both
are fundamentally encrusting and both can undergo
secondary growth to produce lamellate branches.
However, unlike discoid corallines that are featureless
and produce thin to thick (generally > five cells), dis-
crete circular lamellate branches, imbricate corallines
are scaly in appearance due to their producing thin
(generally < five cells), often extensively running, par-
allel, overlapping lamellate branches that are rarely
circular.

Foliose corallines are similar to convoluted cor-
allines as both growth forms exhibit a 3-D, branched,
cavitied form but differ from the latter in that lamellate
branches are thin, simple or branched (at various an-
gles to one another, and in various planes), variously
curved, but may also be free from one another or in-
terwoven and fused to varying degrees, as opposed to
protuberances that are extensively branched, abutting
with upright lobes, and with protuberances extend-
ing more or less radially from the core in rhodoliths.
Tenarea tortuosa (Woelkerling et al., 1985, figures 1-2)
is foliose. The widely distributed and morphologi-
cally variable Lithophyllum kaiseri can also be foliose
(Hernandez-Kantun et al., 2016, figure 3). Many spec-
imens that would be classified as foliose under the
Woelkerling et al. (1993) system are instead convoluted
in our system (e.g., Lithophyllum byssoides, Pezzolesi
et al., 2017, figures 4-5).

Flabelliform individuals may be ribbon-like or arbo-
rescent. The presence of a holdfast and stipe in the
arborescent growth form is what distinguishes it from
the ribbon-like growth form, which is instead attached
to a substrate through cell adhesion or by rhizoids.
Both growth forms comprise entire individuals and/
or their lamellate branches that are fundamentally
fan-shaped (flabellate, a 1-dimentional structure) and
closely resemble geniculate corallines in appearance
(but lacking the uncalcified nodes—genicula). In the
arborescent growth form, fan-like branches are ar-
ranged at various angles to one another, giving the
coralline a multidimensional, tree-like appearance.
Ribbon-like non-geniculate corallines can also ap-
pear arborescent (tree-like), but this is because they
often comprise several thalli interwoven to give the
multidimensional, tree-like appearance. The genera
Mastophora and Tenarea include examples of the
ribbon-like growth form, whereas the currently re-
garded monospecific genera Metamastophora and
Mastophoropsis are the only known examples of the
arborescent growth form (Woelkerling et al., 1993).

It is important to note that within and between these
broad growth form categories individual specimens and
species may display more than one discrete growth
habit. For example, Porolithon gardineri (Richards
et al.,, 2021, figure 10), Porolithon lobulatum (Jeong
et al., 2023, figure 4c-h), and Porolithon pinnaculum
(Jeong et al., 2023, figure 8) show large morphological
variability within the columnar growth form. Similarly,
Lithophyllum stictiforme from the Mediterranean shows
large morphological variability within the layered growth
form (Pezzolesi et al., 2019, figure 2). Additionally, inter-
grades among the different growth forms are common,
which often makes it difficult to assign a specimen to a
discrete growth form category (Figures S1, S2). For ex-
ample, Lithophyllum incrustans rhodoliths from Ireland
represent intergrades between the encrusting and
lumpy growth forms (Hernandez-Kantun et al., 2015,
figure 4b,c) and between the convoluted and fruti-
cose growth forms (Hernandez-Kantun et al., 2015,
figure 4d).

CONCLUSIONS

Recent research necessitated the refinement of the
Woelkerling et al. (1993) growth forms classification
system to synthesize previously reported and addi-
tional growth forms that are increasingly encountered,
including those that cannot be easily assigned under
any of the previous growth forms classification systems.
Most importantly, there is clear evidence that individ-
ual coralline species frequently show changes in their
morphology through natural ontogenetic processes
(e.g., Bosellini & Ginsburg, 1971; Bosence, 1983;
Johansen, 1969) and also due to various environmen-
tal factors (e.g., Carro et al., 2014; Jardim et al., 2022;
Johansen, 1981; Maneveldt & Keats, 2008; Steneck &
Adey, 1976), often resulting in more than one growth
form, even in the same individual. Additionally, inter-
grades exist between many of the growth forms, often
making it difficult to categorize certain morphologies
perfectly into any one of the growth forms in the clas-
sification system here proposed; with time, even this
system will require refinement. Other classification
schemes for macroalgae using anatomical, morphol-
ogy, and physiological traits (e.g., Littler et al., 1983;
Steneck & Dethier, 1994) have proved very useful for
gaining a better understanding of the ecological func-
tioning of benthic marine ecosystems, although the link
between form and function in coralline algae still needs
to be critically evaluated (e.g., see Mauffrey et al., 2020,
for a critique of form-based grouping schemes). We
hope that this paper will facilitate not only taxonomic
descriptions of non-geniculate corallines, but also sup-
port ecological studies given the difficulty in identifying
species using external characters only. It is important
to note, however, that these classification systems
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reveal the (human) need to compensate for human
cognitive limitations (Jardim et al., 2025) but in no way
represent the full diversity of developmental and en-
vironmentally driven possibilities that exist naturally in
the coralline algae.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. Examples of specimens/species that
demonstrate intergrading growth forms. (a) Heydrichia
woelkerlingii  thalli from South Africa displaying
intergrades between encrusting, warty and lumpy
growth forms. (b) An as yet unconfirmed Neogoniolithon
species from Japan displaying intergrades between
imbricate, layered, and foliose growth forms. (c)
Lithophyllum okamurae rhodoliths from Japan
displaying intergrades between warty, lumpy, and
fruticose growth forms. (d) Phymatolithopsis prolixa
from South Africa displaying intergrades between
warty, lumpy, and columnar growth forms. (e) An
unconfirmed species of Lithothamnion from Australia,
similar to Lithothamnion proliferum, displaying an
intergrade between encrusting and columnar growth
forms. (f) An as yet unidentified rhodolith from Brest,
France displaying an intergrade between fruticose and
convoluted growth forms. Scale bars: (a) =50mm; (b)-
(f) =20mm. Photographs: (a), (d) by G.W. Maneveldt;
(b) by A. Kato; (c) by M. Baba; (e) by J. Huisman; (f) by
F. Tamega.
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Figure S2. Examples of specimens/species that
demonstrate intergrading growth forms. (a) An as yet
unidentified Hapalidiales species from South Africa
displaying intergrades between encrusting, layered,
and foliose growth forms. (b) An as yet unconfirmed
Lithophyllum species from Japan displaying an
intergrade between discoid and convoluted growth
forms. (c) An as yet unidentified coralline from Peru
displaying intergrades between encrusting, imbricate,
and layered growth forms. (d) Pneophyllum marlothii
from South Africa displaying intergrades between
discoid and warty growth forms. (€) Chamberlainium
impar from South Africa displaying intergrades between
encrusting, warty, and columnar growth forms. (f)
Porolithon lobulatum specimens from Australia
displaying a layered columnar growth form. Scale
bars: (a) =10mm; (b), (d), (€) =15mm; (c) =40 mm); (f)

=75mm. Photographs: (a), (d), (e) by G.W. Maneveldt;
(b) by M. Baba. (c) by M. Calderon; (f) by G. Diaz-Pulido.
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