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In a littoral cave system, abiotic environmental properties, such as the intensity and

spectral distribution of light, often change going from the exterior to the interior part

of the cave, filtering the light and thus creating a deep-sea irradiance setting for marine

flora. In this mini-review, we suggest that the supralittoral zone in littoral caves might

provide a sanctuary for mesophotic calcifying algae. These abiotic conditions offered

an opportunity for normally deep-water mesophotic species to expand their range due

to their competitive advantage over shallow, open-water species. Supralittoral calcifying

algae are significant for marine biodiversity but are likely to be damaged in the future

by ocean acidification. We have summarized important abiotic factors regarding algae

settlement and succession processes in the supralittoral zone of littoral caves, including

their photosynthetic pigments and habitat requirements. We describe their zonation

according to irradiance, and review previous research on epilithic algal assemblages in

littoral caves. Although we found a great deal of information on the algae of sea caves and

littoral caves, no such information was published on the algae of the supralittoral zone

of these caves. Nevertheless, some of the studies cited in this review have already set a

good conceptual and methodological basis for the ecological research of the supralittoral

algal flora of littoral caves.
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Coastal caves have different names according to their location or origin. Submerged or partly
submerged caves are termed seaside or coastal caves. Caves or crevices located within the intertidal
zone, with an opening at sea level, are littoral caves (Figure 1). Caves or crevices with an opening
below sea level and entirely filled with seawater are submarine caves. A general name for submarine
and littoral caves containing seawater is marine caves. Finally, caves associated with modern,
historic, or prehistoric use by humans are grottos (Stock et al., 1986; Waterstrat et al., 2010). In
this review, we discuss the supralittoral zone (above the intertidal zone) in littoral caves.

Littoral caves are fragile and peculiar environments listed in the EUHabitats Directive (Manconi
et al., 2011). The supralittoral zone is never, or only very rarely, entirely immersed (Gili et al., 2014).
Immersions occur only a few times a year, mainly during heavy storms with significantly high waves
creating a high degree of humidity in the cave. Norton et al. (1971) suggested that continuous high
humidity of the air assists algal settlement and success by reducing evaporation (Hauer et al., 2015).
Hence, in supralittoral caves, the upper limit of algal settlement in the cave is often considerably
above the water level (Figure 1).

Light is an important factor controlling the distribution of algae (Levring, 1947; Jerlov,
1957; Larkum et al., 1967; Hauer et al., 2015). In a study by DeNicola and Lellock (2015),
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FIGURE 1 | Colorful epilithic algae in the supralittoral zone of the

littoral cave system of Rosh HaNikra.

they explained the biomass of algal periphyton was mostly related
to the extensive canopy cover (light), sometimes more than
nutrient addition (Lowe et al., 1986; Hill and Knight, 1988; Zell
and Hubbart, 2012). “Light” refers to electromagnetic radiation
between 400 and 700 nm that is utilized in photosynthesis
(Kirk, 1983); this range is defined as PAR, photosynthetically
available radiation (Geider, 2013). As a result of absorption and
scattering in the water column, the downward irradiance, Ed,
of the light field diminishes exponentially with depth. The light
decay coefficient varies from location to location, affecting the
underwater light. To find the light decay coefficient, we use an
equation by Kirk (1983):

Ed(z) = Ed (0) e
−kdz

where Ed(z) and Ed (0) are the values of downwelling irradiance
at z m and just below the surface, respectively. Kd is the vertical
attenuation coefficient for downward irradiance and depends
on wavelength as well, and z is the water depth. In all waters,
irradiance in the red waveband (620–750 nm) diminishes quite
rapidly due to absorption by water molecules. In very clear
waters, attenuation is lowest in the blue region (450–495 nm)
and, with increasing depth, the underwater light becomes
predominantly blue (Kirk, 1983). The underwater spectral light
distribution allows algal divisions to thrive at certain water
depths.

Another way to exploit the available light is by adaptations
such as changing algal pigment composition and concentration
(Dring, 1981; Kirk, 1983; Einav, 2007; Mulec et al., 2008).
There are three chemically distinct groups of photosynthetic
pigments: the chlorophylls, the carotenoids, and the biliproteins:
phycoerythrin and phycocyanin. The photosynthetic pigments
are presented inTable 1. The green algae, Chlorophyta, specialize
in utilizing red light only present in the first few meters of the
water column (Dring, 1981); the brown algae, Phaeophyta, are
capable of using red and blue light, thriving in lower light than
the Chlorophyta; and the red algae, Rhodophyta, can utilize
the blue light and, thus, surpass the habitat range of the three
and become dominant with depth in “blue waters” or other

low-light environments (Dring, 1981). That property, namely,
the absorption spectrum of phycoerythrin, the dominant red
phycobiline (Table 1), is what is likely to allow red encrusting
algae to become dominant in the blue enriched light in
littoral caves (Figure 1). The low-light environment requires
specialized strategies in order to survive (Stambler and Dubinsky,
2007; Dubinsky and Schofield, 2010). The amount and spectral
composition of the ambient illumination changes markedly when
entering littoral caves. Under such conditions, only species
having morphological, genetic, physiological, and biochemical
adaptations can survive and successfully compete. Vinogradova
et al. (1998) found that in the deep parts of the cave, the
biodiversity of phototrophic organisms is the lowest, with a
decline in coccoid cyanobacteria and an increase in filamentous
cyanobacteria as they progress deeper into the cave (Vinogradova
et al., 1998). Similarly, Marti et al. (2004) compared the benthic
assemblages of two Mediterranean submarine caves in Spain.
They found that the algal coverage and the number of algal
species decreased toward the internal (dark) recesses of the
caves. In this study, Rhodophyta was the most common algae
found, Phaeophyta was less common, and Chlorophyta was the
rarest algal group. Mulec et al. (2008) observed epilithic algae in
Slovenian caves and discovered that Cyanobacteria prevail in the
algal community at cave entrances, colonizing into the deepest
parts of the cave. In addition, they found that in order to capture
as many available photons as possible at low irradiance, cells
synthesize increased levels of accessory photosynthetic pigments
such as Chl b, phycocyanin, and carotenoids (Table 1).

Giordano et al. (2000) agreed that algal cells living in
caves have developed environmental adaptations by using
efficiently low photon irradiance dosages, enabling them to
have a better yield of available photons. After studying algae in
Ukrainian caves, Vinogradova and Mikhailyuk (2009) concluded
that light intensity is the main factor influencing the species
distribution and zonation patterns of algal communities.
Different adaptations in both photosynthetic prokaryotes
and eukaryotic algae, predominantly from the divisions of
Chlorophyta, Streptophyta, and Xanthophyta, help the algae
successfully colonize the littoral caves (Vinogradova and
Mikhailyuk, 2009). Coombes et al. (2015) studied the algal
biogeomorphology of a marine karst cave at Puerto Princesa
in the Philippines. They discovered a clear decline of algal
abundance and diversity, as well as a decline of bio-erosion
processes caused by microorganisms at a distance into the cave.
Coombes et al. (2015) attributed these findings to light-induced
gradients, and showed that the influence of light on phototrophs
has consequences for the development of morphological features
of limestone.

Marine photosynthesis and respiration are linked to
calcification and CaCO3 dissolution, respectively, with
significant effects on the alkalinity and pH of the oceans
(Boyd et al., 2011), as can be seen by the following equation:

Ca2+(aq)+ 2HCO3−(aq) ⇋ CaCO3(s)+H2O+ CO2

Various marine animals and algae have been producing
CaCO3 at cellular sites of calcification ever since the
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TABLE 1 | Pigment distribution table of the different algal divisions.

Division Chl a Chl b Chl c Chl d Carotenes Xanthophylls Phycocyanin Phycoerythrin

Cyanophyta (Blue) + + − − + + + +

Chlorophyta (Green) + + − − + + − −

Rhodophyta (Red) + − − + + + − +

Phaeophyta (Brown) + − + − + + − −

Chrysophyta (Gold) + − + − + + − −

Euglenophyta + + − − + + − −

Charophyta + + − − + + − −

Pyrrhophyta + − + − + + − −

Data were adapted from Levring (1947) and modified by Einav (2007), additional data was gathered from Mulec et al. (2008). Chl, chlorophyll. +, present −, absent.

Cambrian era (Brownlee and Taylor, 2002). The most
abundant calcifying algae are the free-living, primarily marine,
unicellular coccolithophores (Young and Henriksen, 2003).
The coccolithophores occur in all the oceans of the world,
creating monuments such as the Cliffs of Dover and most of
the Mediterranean coastline (Lewin and Woodward, 2009;
Stewart and Morhange, 2009; Gerovasileiou and Voultsiadou,
2012). Karstic processes in limestone may lead to a formation of
littoral caves (Stock et al., 1986; Gerovasileiou and Voultsiadou,
2012). The littoral cave algal flora is dominated by coralline
algae (family Corallinaceae, Rhodophyta), algae characterized
by a hard thallus of calcareous deposits contained within
the cell walls (Cusack et al., 2015). Coralline algae play an
important role in marine ecosystems, providing reef framework,
shore protection, and carbonate sediments in shallow water
as well as being a source of food to surrounding herbivores
(Martin et al., 2013; Coombes et al., 2015; Fabricius et al.,
2015). Coralline algae contribute to the coastal carbon budget

in light of the twenty-first century ongoing process of ocean
acidification (Field et al., 2014). The coralline algae are important
to coastal biodiversity (Vinogradova et al., 1998; Mulec et al.,
2008).
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