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A MARINE KARST ECOSYSTEM IN NEED OF SOME LOVE
Daniel F.R. Cleary1C, Yusheng M. Huang2, Nicole, J. de Voogd3,4C

ABSTRACT: Here we describe a shallow-water karst ecosystem observed along the coast of Taiwan’s Orchid Island, 
consisting of extensive networks of caves, canyons, and pools. Measurements at various locations in two pools re-
vealed marked gradients in nutrients, temperature, and salinity, indicative of submarine, relatively nutrient-rich, and 
terrestrially-derived groundwater discharge into the coastal marine environment. Within these pools, dead coral for-
mations dominated at land-adjacent locations, whereas mid- and sea-adjacent locations housed assemblages of cor-
als, algae, and sponges. Several caves were found to house a rich variety of sponges, including 17 species that are 
potentially new to science. The sponge fauna included sclerosponges, which are hard, coral-like, atypical sponges 
that combine calcareous and siliceous skeletal parts. Other notable species included the recently described Vetulina 
incrustans and potentially new species belonging to the lithistid family, Theonellidae. Additionally, the caves housed 
red macroalgae and ahermatypic corals. The singular ecosystem currently receives no formal protection, and parts of 
it are adjacent to a nuclear storage waste facility. Overall, our study revealed that the cave and pool system houses a 
complex and diverse marine community of uncommon organisms, including a large number of potentially new species, 
highlighting its ecological significance.

INTRODUCTION     
There is a Dutch expression, “onbekend maakt onbemind,” which translates to “unknown makes unloved.” The un-

known is unloved, ignored. This sentiment is particularly pertinent to nature conservation. With the loss of habitats or 
ecosystems, many smaller, obscure species may be lost forever without us ever having known that they existed (Boehm 
and Cronk, 2021). In some instances, whole habitats or ecosystems may be unknown, ignored, and placed at risk. In 
the present study, we discuss one such ecosystem: a shallow-water marine karst ecosystem located along the coast 
of Orchid Island, Taiwan. Although there have been several studies of the coral reefs surrounding Orchid Island (Chao, 
2002; Chao and Lee, 2002; Chen et al., 2002; Kao et al., 2007; Lee, 1980; Lee and Lee, 1981; Reigle, 1963; Yu, 1985), 
the pool and cave systems have, thus far, been largely ignored, at least from a scientific perspective.

Marine karst areas, which consist of pools, crevices, and caves, are unique habitats that are both fascinating and 
scientifically important. They are known for their diverse communities of organisms, including algae, sponges, other 
invertebrates, and vertebrates, as well as for their stunning geological features, which often include intricate rock forma-
tions. The areas are also popular destinations for diving and ecotourism and have been the focus of scientific studies 
(Sket, 1996; Harmelin, 1997). Located along rocky, karst coastlines, shallow water caves are exposed during low tide 
and covered by seawater during high tide. They support distinct and diverse communities of organisms adapted to 
survive in environments subject to marked fluctuations in temperature, light levels, and salinity (Sket, 1996; Meroz-Fine 
et al., 2005). One of the most interesting aspects of these systems is the way in which different species have adapted 
to the challenges posed by such environments. For example, certain species inhabiting caves may have evolved to 
survive in complete darkness, while others developed the ability to photosynthesize at very low light levels (Bibiloni et 
al., 1989; Radolović et al., 2015; Mayer et al., 2016; Tzabari et al., 2018). Species of invertebrates inhabiting these eco-
systems often have to adapt to rapid changes in temperature and salinity, as well as the limited resources available in 
cave environments. Caves can also contain taxa otherwise restricted to deep-sea environments, as exemplified by the 
discoveries of carnivorous and glass sponges in several Mediterranean caves (Bakran Petricioli et al., 2007; Vacelet, 
1996; Vacelet et al., 1994). Another reason why marine karst ecosystems are of such interest is the potential they have 
for discovering rare and previously undescribed species, including large numbers of endemics (Manconi and Serusi, 
2008; Iliffe and Kornicker, 2009; Gerovasileiou et al., 2015). 

Sponges are among the most abundant and diverse organisms that inhabit marine karst ecosystems. They are 
crucial components of these ecosystems, providing habitat and food for other cave-dwelling species (Gerovasileiou 
et al., 2016; Pisera and Gerovasileiou, 2021). Gerovasileiou and Voultsiadou (2012) conducted an exhaustive litera-
ture review of 133 publications and 185 caves, spanning more than 60 years of research. They recorded 311 sponge 
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species, representing almost half of the total sponge 
species across the Mediterranean, which is considered 
a biodiversity hotspot. Additionally, sponges are known 
to play important roles in the cycling of nutrients and 
energy in these environments (Slattery et al., 2013; 
Maldonado, 2016). Beyond the previously mentioned 
Mediterranean studies, recent research has identified 
new species of sponges from karst systems in Japan 
and Polynesia (Schuster et al., 2021; Ise et al., 2023).

In this study, we describe a shallow-water, marine 
karst pool and cave system located on Orchid Island, 
Taiwan. We describe the environmental conditions in 
two pools and provide a preliminary list of sponge spe-
cies sampled from several locations along the coast 
(Table 1), which included 17 potentially novel species. 
In a companion study, we described the prokaryotic 
communities associated with sponges from cave, pool, 
and proximate coral reef habitats (Cleary et al. 2024). 
This is the first study to describe the environmental 
conditions of the system.

METHODS
Orchid Island (also known as Lanyu Island; Fig. 1) is 

located 98 km off the Southeast coast of Taiwan at the 
edge of the Asian and Philippine Sea tectonic plates. In 
contrast to the island of Taiwan itself, Orchid Island lies 
on the Philippine Sea plate (Inoue et al., 2011). A karst 

ecosystem comprising an intricate network of pools, caves, and canyons surrounds parts of the island. It is partially sep-
arated from the mainland by a drab gray concrete wall (Fig. 2a). The caves are subject to daily ebb and flow in addition 
to periodic severe storm events, including frequent typhoons, with considerable wave energy (pers. obs. Daniel Cleary). 
The karst ecosystem differed from previous karst systems we had visited (Becking et al., 2013; Cleary and Polónia, 2018, 
2020; Cleary and Gomes, 2019; Cleary et al., 2016, 2020; Ferreira et al., 2020) and typical karst coasts as described in 
Paskoff (2005) and van Hengstum et al. (2019). The shallow caves we observed presented a unique opportunity to easily 
study cave flora and fauna in a highly dynamic marine environment. The caves and pools were studied using snorkeling 
and SCUBA diving. Organisms were sampled from pools and caves, and the samples were preserved in 96 % ethanol, 
with a focus on sponges, and subsequently sent to the Naturalis Biodiversity Center in the Netherlands. The sponges 
were identified by Nicole de Voogd using classical morphological characters and DNA barcodes. Voucher specimens 
have been deposited in the sponge collection of Naturalis Biodiversity Center (as RMNH POR#). 

In addition to sampling the flora and fauna, environmental variables were measured. Concentrations of ammonia, 
nitrite, nitrate, phosphate, and salinity were measured at three locations within the Yayo tidal pool: land-adjacent, mid-
pool, and open sea-adjacent (the portion of the pool closest to the sea), as well as at a nearby open-sea coral reef eco-
system. The distance between the land-adjacent and open sea-adjacent locations in the Yayo pool was approximately 
54 m. The pool itself was separated from the open sea by a shallow water, cave system that consisted of an intricate 
network of smaller and larger caves with differing degrees of illumination in addition to extensive canyon-like structures 
(Fig. 2a). Three replicate water samples were collected from each location in the pool and the coral reef using Niskin 
bottles on October 10, 2018. For each sample, 50 ml of water was filtered using a sterile 0.20 µm PES filter. The filters 
were stored in sterile 10 mL Falcon tubes and frozen at –20 °C. Using these samples, dissolved inorganic nitrogen 
([NH4]

+, NO–, and DIN), [PO4]
 3–, and salinity were measured at the Royal Netherlands Institute for Sea Research 

(NIOZ), the Netherlands, using an AxFlow Bran+Luebbe Traacs800 auto-analyzer. Time series of temperature, pH, and 
oxidation reduction potential (ORP with units mV) were measured in two pools (Yayo tidal pool and Secret of Iraralay 
pool) at land-adjacent and sea-adjacent locations within each pool. The measurements were taken using a T7-1 reef 
datalogger (DASCOR, Inc., Oceanside, CA, USA) from July 28 to August 11, 2019 at the Yayo (Latitude:22.0076179, 
Longitude:121.5946121) and the Secret of Iraralay (22.0813281, 121.5225911) pools. In addition to these two sites, 
sponges were also sampled from Lady’s Rock cave (22.0835444, 121.5258043), Longman Harbour (22.0043515, 
121.5799323), Yayo pool 2 (22.0080886, 121.5946905), Shells and pool (22.0750278, 121.5680538), Jikarahem pool 
(22.0817145, 121.5113184), and Jitalan Talan (22.0800747, 121.5595633). A playlist of drone videos of Orchid Island 

Fig. 1. Map of research area showing location of Orchid Island with 
respect to Taiwan and sites where environmental variables were mea-
sured in pools (inset).
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and underwater videos of caves is available at: https://tinyurl.com/5jmnrzca (accessed April 18, 2024).

RESULTS
There were pronounced gradients in several environmental parameters within the pools (Figs. 3 and 4). Concentra-

tions of nitrate and phosphate declined precipitously from the land-adjacent location of Yayo tidal pool to the mid-pool 
and open sea-adjacent locations and reached lowest levels in the open sea, coral reef location (Fig. 3). Concentrations 
of ammonia and nitrite initially increased from the land-adjacent to the mid- and sea-adjacent locations in the pools. 
However, they were lowest at the coral reef location. Salinity increased from the land-adjacent location to the mid-
pool and open sea-adjacent locations, and was highest in the open sea and coral reef locations. The land-adjacent 
locations of both the Yayo and Secret of Iraralay pools were characterized by lower temperatures and pH values and 
markedly higher fluctuations in both parameters than the open sea-adjacent locations (Fig. 4). The oxidation-reduction 
potentials were consistently higher (less negative) at the open sea-adjacent sites of both pools. Our results suggest 

Fig. 2. Bird’s-eye view image made by a drone of the karst ecosystem and the Yayo tidal pools. The photograph was taken by JKZ Cleary 
on July 31, 2019, next to the Orchid Island nuclear waste station. b. Photograph taken at the cave entrance of a large karst pool (Yayo tidal 
pool). The photograph was taken by NJ de Voogd on July 29, 2019.

Fig. 3. Concentrations of ammonium, nitrite, nitrate, phosphate, 
and salinity sampled at land-adjacent (Ln), mid-pool (Md), and 
open sea-adjacent (Op) sites in the large Yayo pool and a proximate 
coral reef (Rf) site.

Fig. 4. Temperature, pH, and oxidation reduction potential 
(measured in mV) sampled in the Yayo and Secret of Iraralay 
pools at land-adjacent and open sea-adjacent sites during 
July and August, 2019.
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that the groundwater discharge entering the marine 
environment is relatively nutrient-rich and charac-
terized by lower temperatures and pH values.

The change in environmental parameters along 
the land-to-sea gradient was also visually evident 
within the pools, with dead coral formations dom-
inating near the land, including small caves and 
crevices with sparse algal and invertebrate encrus-
tations. These were somewhat abruptly replaced 
by diverse assemblages of hard and soft corals, al-
gae, and sponges in the mid-pool and sea-adjacent 
locations. These, in turn, were replaced by dense 
incrustations of sponges and other organisms as 
light levels declined upon entering the caves, which 
separated the pools from the open sea.

Initial investigations of the caves (Fig. 2b) re-
vealed an exceptionally rich flora and fauna, char-
acterized by dense and diverse assemblages of 
sponges covering parts of the cave walls (Fig. 5). 
Videos of the cave fauna are available as a play-
list: https://tinyurl.com/5jmnrzca (accessed April 
18, 2024). Subsequent taxonomic analysis re-
vealed that many of these sponges are potentially 
new to science. Thus far, a total of 17 potentially 
novel species have been identified, including spe-
cies in the lithistid sponge genera Scleritoderma 
and Neophrissospongia, as well as demospong-
es in the genera Svenzea and Acanthotetilla, and 
several calcareous sponges. Important structural 
components of the sponge fauna were two species 
of sclerosponges (Astrosclera willeyana and Acan-
thochaetetes wellsi). Unlike most sponges, sclero-
sponges (Fig. 6) are hard, coral-like, and consist of 
a thin layer of living tissue surrounding an aragonite 
or calcite mass that encloses small siliceous spic-
ules (Hartman, 1983; Willenz and Hartman, 1989; 
Asami et al., 2020; Grottoli et al., 2020). Sclero-
sponges are primarily restricted to deep-water hab-
itats, although they have been found in shallower 

waters in several locations worldwide (Karlińska-Batres and Wörheide, 2015). Sclerosponges were common reef-build-
ing organisms during the late Palaeozoic and Mesozoic eras. Certain modern sclerosponges are morphologically simi-
lar to these now-extinct species; thus, they are often considered living fossils (Basile et al., 1984; Vacelet, 1985; Asami 
et al., 2021). Modern sclerosponges are both slow-growing and long-lived (up to a thousand years) and can contribute 
to reef-building; they are also used as proxies for paleoceanographic reconstruction (Lang et al., 1975; Asami et al., 
2020; Macartney et al., 2020). The morphology of A. wellsi in the caves of Orchid Island differed substantially from that 
observed from Saipan, Palau, and the Marshall Islands (Hartman and Goreau, 1975; Ogawa et al., 1993; Quinn and 
Kojis, 1999; Grottoli et al., 2006). Instead of the typical, half-spherical growth form, the specimens in the Orchid Island 
caves often formed large spikes (Fig. 6). 

In our study area, sclerosponge formations extended from semi-dark cave habitats to canyon-like structures, encom-
passing a diverse array of sponge species. Sclerosponges have also been observed at Kume Island and the Ryukyu 
Islands (Japan), and we suspect that similar cave systems exist in nearby cave systems in Japan and the Philippines. In 
addition to sclerosponges, the caves housed several species of lithistids, an ancient group of sponges that have been 
the subject of chemical investigation for their pharmaceutical properties (Bewley and Faulkner, 1998; Kogawa et al., 
2022; Holland et al., 2023). The lithistid species included several potentially new species belonging to the lithistid family 
Theonellidae, including potentially novel Theonella species and a Manihinea species. The potentially novel Manihinea 
species is particularly conspicuous, with a bright red color. Only two Manihinea species have been described thus 

Fig. 5. A. Dense aggregations of potentially new sponge species and scle-
rosponges. Photograph taken by NJ de Voogd at Longman Harbour, Orchid 
Island, Taiwan, on July 30, 2019. B. Several sponge species growing on a 
cave wall. Photograph taken by NJ de Voogd at Lady’s Rock cave, Orchid 
Island, Taiwan, on July 27, 2019. C. Potentially new species of Manihinea. 
Photograph taken by NJ de Voogd in a cavern close to the Orchid Island 
nuclear waste facility, Taiwan, on August 13, 2018. D. Image showing a 
specimen of the sponge species Vetulina incrustans. Photograph taken by 
NJ de Voogd at the Orchid Island Shell and Pool, Taiwan, on August 1, 
2019. E. Image of Acanthochaetetes wellsi overgrowing a potentially new 
species of Neophrissospongia. Photograph taken by NJ de Voogd at the 
Orchid Island Shell and Pool, Taiwan, on the 1st of August 2019. Image of 
Astrosclera willeyana taken by NJ de Voogd at Lady’s Rock cave, Orchid 
Island, Taiwan, on July 27, 2019.
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far, and both were collected from 
mesophotic depths. Manihinea 
lynbeazleyae Fromont and Pisera, 
2011, was collected in Western 
Australia at a depth of 194–203 
m, and Manihinea conferta Pulit-
zer-Finali, 1993, was collected in 
Kenya at a depth of 90–100 m. 
Although the colour of M. conferta 
is not given, M. lynbeazleyae has 
a similar color, namely bright or-
ange-red. Other interesting spe-
cies included Vetulina incrustans, 
recently described from speci-
mens collected deep inside crev-
ices at a depth of 7–12 m in the 
Philippines (Schuster et al., 2018). 
The genus Vetulina is the sole 
living representative of a once-di-
verse Mesozoic sponge group, 
representing a relict species that 

originated from the Tethys Sea (Schuster et al., 2018).
The cave systems represent a unique and potentially valuable habitat. Thus far, we have identified six pools with ad-

jacent cave and canyon systems, as well as a cave located in slightly deeper water further from the coast. In addition to 
sponges, algae and ahermatypic corals were also observed inside the caves. Coral reefs, interspersed with sand flats, 
were observed in relative proximity to the caves. The coral reefs consisted of typical scleractinian and sponge species 
among the other normal denizens of coral reefs. The shallow-water caves and pools observed in their present form are 
part of a large network of rock formations that exist at the land-sea interface.

DISCUSSION
Much of the shallow water karst ecosystem of Orchid Island remains to be fully explored, and the darker recesses 

may, in their own right, represent a unique and hitherto unexplored cave system along a freshwater-to-saline gradient. 
At present, it is important to categorize and identify the extent of the entire system further, in addition to collecting and 
identifying potentially novel species. Given the unique nature of this ecosystem, ensuring its future protection is crucial. 
Intertidal cave systems face numerous threats due to their location along coastlines (Nepote et al., 2017; Montefalcone 
et al., 2018). Disturbances affecting coastal habitats, in general, also pose a threat to intertidal cave systems. These 
include chemical pollutants such as pesticides and heavy metals, as well as plastic waste and sewage. Similar marine 

Fig. 6. Photograph of a sclerosponge (Acanthochaetetes wellsi) 
taken in a cavern close to the Orchid Island nuclear waste facility 
by DFR Cleary on October 10, 2018. 

Fig. 8. Photograph showing the karst ecosystem bordering the nuclear dump site at the south-
ern tip of Orchid Island, taken by JKZ Cleary on July 31, 2019. The island of Hsiao Lanyu can 
be seen in the distance.

Fig. 7. Photograph showing the Yayo tidal pool in the vicinity of the 
nuclear dump site, taken by DFR Cleary on October 9, 2018.
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cave habitats in the Mediterranean are considered endangered and are protected by the European and Mediterranean 
legislative framework due to their unique biological wealth (Giakoumi et al., 2013).

Habitat destruction (e.g., loss of adjacent coral reefs, seagrass fields, mangrove or coastal forests) can indirectly 
or directly affect cave systems. Tourism, in turn, may pose a direct threat when unwary tourists inadvertently destroy 
slow-growing cave species. The pool and cave systems of Orchid Island currently receive no formal protection, while 
the pools are frequented by large groups of tourists. Furthermore, the two most prominent pools (Fig. 7) and their adja-
cent cave systems lie directly adjacent to a nuclear storage facility (Fig. 8). Nuclear waste was brought to Orchid Island 
from 1982 to 1996 and currently amounts to 97,671 barrels. The indigenous inhabitants of Orchid Island were also 
initially unaware of the storage facility (Huang et al., 2013). An important component of protecting the karst ecosystem 
will be to ensure it is shielded from nuclear leakage and other potentially harmful effluents emanating from the island. 
Perhaps if the unique nature and beauty of Orchid Island’s karst ecosystem had been known at the time, this would 
have dissuaded the Taiwanese authorities from storing almost 100,000 barrels of nuclear waste at its edge.
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