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Demographic census

confirms a stable population

of the critically-endangered
caryophyllid coral Polycyathus
chaishanensis (Scleractinia;
Caryophyllidae) in the Datan Algal
Reef, Taiwan
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Polycyathus chaishanensis is a symbiotic caryophyllid coral described from a single population in a
tidal pool off Chaishan, Kaohsiung, Taiwan. Due to its rarity, P. chaishanensis was declared a critically-
endangered species under the Taiwan Wildlife Protection Act. In May 2017, a P. chaishanensis colony
was discovered in the intertidal area of the Datan Algal Reef, Taoyuan, Taiwan. To determine whether
this is a stable population in the algal reef, a demographic census—including data on occurrence,
distribution, and colony size—was carried out in the algal reef in southern Taoyuan. Intertidal censuses
and sediment collections were conducted at five different sections—Baiyu, Datan G1, Datan G2,
Yongxing, and Yongan algal reefs—during the monthly spring low tide from July 2018 to January

2019. In total, 84 colonies—23 in Datan G1 and 61 in Datan G2—were recorded from a tidal range

of - 160 to - 250 cm, according to the Taiwan Vertical Datum 2001 compiled by the Central Weather
Bureau. No P. chaishanensis was found in Baiyu, Yongxing, orYongan. The P. chaishanensis colony
sizes ranged from 2.55 to 81.5 cm in diameter, with the larger P. chaishanensis present in the lower
intertidal zone. Sediment was extremely high, with monthly site averages ranging from 3,818.26 to
29,166.88 mg cm~2 day, and there was a significant difference between sites and months, both of
which affected the distribution of P. chaishanensis in the algal reef. Our study confirms the existence of
a second population of P. chaishanensis in Taiwan, highlighting the importance of the Datan Algal Reef
for the survival and protection of this critically-endangered caryophyllid coral and why it is so urgent
that the reef should be conserved.

Polycyathus chaishanensis is a caryophylliid coral described from the coast of Chaishan, Kaohsiung, Taiwan'. The
other known Polycyathus species are found in the Pacific and Atlantic Oceans from the sublittoral zone (> 12 m)
to depths greater than 400 m*=5; P. chaishanensis, however, was discovered from a single population composed of
fewer than 50 small encrusting colonies in a tidal pool (<3 m) during high tide, which represents the shallowest
Polycyathus recorded so far. This makes Polycyathus, including P. chaishanensis, a model genus for understanding
the evolution of scleractinian corals, such as whether Polycyathus evolved from shallow to deep waters or vice
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versa. P. chaishanensis is the only one of the 22 known Polycyathus species® associated with the Symbiodiniaceae
algae Cladocopium C1'. P. chaishanensis was declared a critically-endangered coral species in May 2017, and is
now protected by the Taiwanese Wildlife Act (TWA)’.

Apart from the taxonomic description, little is known about the baseline ecology or environment of P. chais-
hanensis. Reconnaissance surveys of the holotype locality in Chaishan showed that its environment is different
from those of other tropical reef-building corals, which usually include clean water and relatively low sedimen-
tation rates®. For example, the normal sedimentation rate of a healthy coral reef is around 10 mg cm™ day ™!
maximum’. Values above such a rate would cause some degree of reef degradation, and above 50 mg cm™* day™!
would have catastrophic consequences!’. The Chaishan coast is a sandy beach mixed with various sizes of carbo-
naceous rocks, which originated from nearby coastal hills made by an uplifted Pleistocene reef developed about
0.4-0.6 Mya'!. The rock pool is highly turbid and the water column contains a high concentration of sand and
particles formed by erosion, waves, and tide, which may have deterred most other scleractinians, even when a
hard substratum is available!. P. chaishanensis was found on well-lifted reefs dominated by green and crustose
coralline algae (CCA), suggesting that P. chaishanensis may prefer marginal habitats like this sandy rock pool.

In May 2017, a single colony of P. chaishanensis was discovered in the intertidal area of the Datan Algal Reef,
Taoyuan, Taiwan'? (Fig. 1a). This algal reef is unique to northwestern Taiwan, and is the only other habitat for
P. chaishanensis in Taiwan. The algal reef is mainly made up of CCA (Fig. 1b), which occupies the intertidal flat
towards the upper sublittoral zones along the 27-km coast of Taoyuan City; it represents the first monumental
biotic reef in the western coast of Taiwan that also contains sandy and/or muddy habitats'>!%. The porous algal
reefs grow continuously (Fig. 1¢,d), are disrupted by sand flats (Fig. le), or are mixed with cobbles (Fig. 1f,g),
and host relatively high benthic diversity and biomass, such as crustaceans, polychaetes, and sipunculans'®. The
Taoyuan algal reef was thus proposed to be a “stepping stone” to connect reef-associated species between tropical
coral reefs and non-reefal coral communities in the Taiwan Strait">.

To confirm whether there is a stable population of P. chaishanensis in the algal reef, we conducted a demo-
graphic census—surveying the occurrence, distribution, and colony size of P. chaishanensis—and measured the
sedimentation rate on the algal reef in southern Taoyuan. Although the algal reef has historically extended 27 km
along the coast off of Taoyuan City, 75% of the reef in northern Taoyuan has been degraded due to industrial
pollution and habitat destruction'?; the remaining 25% in the south includes the Baiyu, Datan, Yongxing, and
Yongan reefs and are in better condition'é. Nevertheless, development and construction of the industrial port and
liquefied natural gas receiving and storage terminal continuously threaten the survival and integrity of the algal
reef ecosystem'”. Hence, action is urgently needed to conserve the algal reef in southern Taoyuan'2 Confirming
the population status of the critically-endangered species P. chaishanensis can help boost conservation efforts
and prevent the local destruction of the algal reef in southern Taoyuan.

Results

Eighty-four colonies of P. chaishanensis were recorded in this study. Among these, 21 were discovered 68.83 to
313.71 m from the shore in Datan G1, and 63 between 168.68 and 315.2 m in Datan G2. No P. chaishanensis
colonies were recorded from the same range in the reefs in Baiyu, Yongxing, or Yongan after monthly surveys at
low tide between July 2017 and February 2019. P. chaishanensis in Datan G1 was located significantly closer to
the shore than those in Datan G2 (Mann-Whitney Test, p < 0.05, Fig. 2a).

Polycyathus chaishanensis colony sizes in the Datan Algal Reef ranged from 2.55 to 81.5 cm in diameter, with
amean of 17.97 cm. The mean colony size of P. chaishanensis in Datan G1 (14.786 +1.450 cm, n=21) (mean + SE)
was not significantly different from that of Datan G2 (19.035+ 1.818, n=63) (Student ¢-test=— 1.098, p=0.279,
Fig. 2b). Although there were several large colonies (> 50 cm) recorded in Datan G2, the size frequency was
not significantly different between these two sites (X*-test=4.894, p =0.558, Fig. 3a). However, linear regression
showed a significant correlation between colony size and distance to the shore, suggesting that the larger P
chaishanensis tended to occur at lower intertidal areas (F(; 3,)=9.684, p <0.05, R?=0.106, Fig. 3b).

Throughout the study period, the sedimentation rate (mud and sand) in individual traps ranged from 1,416.56
t0 36,592.10 mg cm™* day™! (see Supplementary Table S1 online), while monthly site averages ranged from
3,818.26 to 29,166.88 mg cm 2 day™! (Fig. 4a). The best-fitting model (GLMM) to account for the variation in
the mud ratio was the full model, which included site and month (AICc=156.27, df=31) as opposed to month
(AICc=171.74, df=8) or site (AICc=172.12, df=7) alone. The sedimentation rate was significantly different
across sites (F=7.873, p<0.001) and months (F=7.321, p <0.001, Table 1), and there was no significant interac-
tion between site and month (F=1.418, p=0.159). Sedimentation rate was significantly correlated with wind
speed (Fig. 5a).

The mud ratio was applied to reveal the spatial and temporal contributions of mud and sand to the total sedi-
ment, calculated as the weight of mud vs weight of total sediment. The lowest and highest mean mud ratios were
found in Baiyu in August (2.57%) and Yongan in November (34.09%), respectively (Fig. 4b). The best-fitting
model to account for the variation in mud ratios was the full model (AICc=118.32, df=31) as opposed to month
(AICc=128.65, df=8) or site (AICc=183.4, df="7) alone. The mud ratios were highly significantly different across
the months (F=22.818, p<0.001), but not among sites (F=3.262, p=0.018) or the interaction between site and
month (F=2.008, p=0.024) (Table 1). The mud ratio at each site in November was 2.92-4.43-fold higher than
the average mud ratio for the other months (Fig. 4b). The mud ratio was not affected by wind speed during the
study period (Fig. 5b).
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Figure 1. Algal reefs off the coast of southern Taoyuan, Taiwan. Map showing the study sites, including Baiyu,
Datan G1, Datan G2, Yongxing, and Yongan (a). The Datan Power Plant (DPP) and planned construction range
of the receiving port, embankment (dot lines), and liquefied natural gas (LNG) terminal are indicated. The algal
reef is mainly composed of CCA (b), with porous algal reefs growing continuously (c,d), disrupted by sand flats
(e), or mixed with cobbles (f,g). White line in (b) =1 cm.
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Figure 2. Box-plot of Polycyathus chaishanensis distance to the shore in the intertidal zone of Datan G1 and
Datan G2 (a) and box-plot of P. chaishanensis colony sizes in Datan G1 and Datan G2 (b).

Discussion

Baseline ecology and environmental data are urgently needed to accurately illustrate the conservation status of
P. chaishanensis and predict how further development of a liquefied natural gas receiving terminal will affect this
status'”. Our demographic census confirmed the occurrence of P. chaishanensis in the Datan Algal Reef, southern
Taoyuan, Taiwan. Both the number of coral colonies (84 in total) and colony size indicate that P. chaishanensis
forms a stable population in the Datan Algal Reef, reiterating the necessity for conservation action.

Our study confirmed the previous finding that P. chaishanensis mostly inhabits shallow waters'. All Poly-
cyathus species, except P. chaishanensis and P. fulvus'®, are azooxanthellate, and P. fulvus (30-50 m), as well
as all Polycyathus species except P. chaishanensis, are found in deep waters; e.g., P. mullerae contributes to the
formation of the mesophotic reef at 55 m deep in the Mediterranean'®. P. mayae and P. senegalensis are found at
127-309 and 12-143 m deep, respectively, in the Gulf of Mexico®. In Colombia, both species are recorded from
75-217 and 73-152 m deep, respectively*. At the holotype locality in Chaishan, Kaohsiung, P. chaishanensis is
distributed in an intertidal pool estimated to be less than 300 cm deep during high tide and — 50 cm during low
tide, according to the Taiwan Vertical Datum 2001 (TWVD 2001). P. chaishanensis was found at a similar tidal
level in the Datan Algal Reef (below — 160 cm), confirming that P. chaishanensis can adapt to a shallow-water
environment with high turbidity and a water column with a high concentration of sand and particles due to
erosion, waves, and tide'.

We hypothesized that, unlike other Polycyathus species, P. chaishanensis has adapted to shallow tidal pools or
the intertidal area and is symbiotic with the Symbiodiniaceae Cladocopium (C1). Corals in disturbed environ-
ments tend to associate with stress-tolerant symbionts in the genus Durusdinium and some Cladocopium species
(C3 and C15). In contrast, corals from highly sedimented environments in Hong Kong and Singapore were also
found to associate with Cladocopium C1?**'. The reason it associates with Cladocopium Cl—even in environ-
ments with high sediment—is that, although stress tolerant, Durusdinium sp. is considered a selfish genus that
does not provide efficient nutrient translocation to its coral host. However, Baker et al.?? showed that Cladocopium
sp. might be involved in efficient nitrogen assimilation and carbon translocation to the hosts. On the other hand,
high turbidity might provide protection from light stress (elevated levels of irradiance), thereby reducing the
impact of thermal bleaching events?®*. Highly turbid environments might also help corals obtain nutrients in
the form of suspended particulate matter, thereby making the coral less dependent on the symbiont (irrespective
of the type of symbiont) for its energy requirements and allowing it to exist in shallow and turbid environments.

Polycyathus chaishanensis in the Datan Algal Reef was distributed in the lower intertidal zone, and larger
colonies were found towards the sublittoral zone. It was suggested that two abiotic gradients—disturbances from
wave damage and light availability—determine the distribution and growth of reef-building corals in tropical
waters®*?° and species diversity in the rocky intertidal zone?*?. Similar abiotic factors plus substratum availability
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Figure 3. Colony size frequency of Polycyathus chaishanensis in Datan G1 and Datan G2 (a) and linear
regression of the colony size (cm) with the distance to the shore. The open and closed dots indicate the colonies
measured in Datan G1 and Datan G2, respectively (b).

can explain the distribution pattern of P. chaishanensis in the Datan Algal Reef. The algal reef stretches along
the intertidal sand flat towards the sublittoral zone along the Taoyuan coast, and the Datan Algal Reef its best-
developed section' (Fig. 1). High sedimentation rate caused by strong winds and waves could easily bury the
reefs in the upper intertidal zone. Thus, even if new P. chaishanensis juveniles could settle, they would also be
buried. By contrast, in the lower intertidal zone, particularly in Datan G1 and Datan G2, the algal reef structure
is more continuous and not interrupted by sand or cobbles (Fig. 1¢,d), and small grooves or caves on the porous
algal reef provide shelter for P. chaishanensis to be submerged underwater during low tide. In addition, the
monthly spring low tide occurs at midnight, early morning, late afternoon, or after sunset along the Taoyuan
coast, suggesting that P. chaishanensis prefers tidal zones less affected by desiccation from sun exposure (see Sup-
plementary Fig. S1 online). These scenarios were also found to support several stress-tolerant scleractinian coral
species at a similar tidal range— Porites sp., Goniopora sp., Pseudosiderastrea tayami, and Oulastrea crispata™.
The sedimentation rate was significantly correlated with wind speed on the intertidal algal reef in Taoy-
uan. Coral communities in the fringing reefs of Magnetic Island, northeastern Australia are also influenced by
wind regimes, and the height of locally produced, short-period wind waves control the magnitude of near-bed
suspended sediment concentrations?. The sedimentation rate’ in a healthy coral reef is around 10 mg cm™
day™!, and the rate in the worst case scenario of coral degradation'’ is estimated to be above 50 mg cm™ day ™.
Although sedimentation rates vary depending on the method and the sediment collected by sediment traps
seems to be around 1/3 of in nature habitats?’, the sedimentation rate in the algal reef ranges from 3,818.26 to
29,166.88 mg cm > day ! and is over 300-fold the minimum in a coral reef. Hence, it is clear that, except for P
chaishanensis and a handful of stress-tolerant species, no corals can survive in an environment with so much
sediment or build a coral-dominant reef structure. In contrast, crustose coralline algae (CCA) might be more
tolerant to sand scouring or burial in a high sediment environment***!. A study using the CCA collected at
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Figure 4. Daily average dry weight (mg, mean * SE) of total sediment per cm? (a) and monthly mud ratio
(mean + SE) (b) at five studied sites from July to December, 2018. All three sediment traps placed in Datan G1
were lost in September due to strong waves.

rocky sites along the northwestern coast of the USA showed that CCA can survive lengthy anoxic burial for three
months with only slightly discoloration®?. A similar experimental approach can be conducted to examine how
long CCA can survive in the Datan Algal Reef under sand scouring or burial conditions. Furthermore, it is vital
to understand how burial conditions affect the growth rate of CCA, the fundamental reef builder in the algal reef.

In conclusion, our study confirms the existence of a second population of P. chaishanensis in Taiwan in the
Datan Algal Reef, which has proven to be an unprecedented ecosystem not only for Taiwan, but around the
world!?*%, The P. chaishanensis population in Datan is the only existing healthy and stable population in Taiwan,
since the holotype locality of P. chaishanensis, Chaishan, was destroyed by coastal development in Kaohsiung™.
In addition, the recent discovery of an unexpected large colony of P. chaishanensis (110 cm long and 80 cm wide)
at the — 250 cm tidal level in Datan G2 confirms the urgent need for conservation action®, including measures
that allow the public to participate in decisions involving energy-related construction issues and better advising
around the government’s policy decisions®. Unfortunately, the Datan Algal Reef is currently facing destruction
from the development and construction of liquefied natural gas (LNG) receiving and storage terminals and
ports'’, which also severely threaten the survival of the merely extant local population of P. chaishanensis. For
example, there are at least seven colonies of P. chaishanensis located within 200 m of the scheduled trestle bridge
in the LNG terminal in Datan G1, with the closest one being only 52 m away (see Supplementary Table S2, Fig. S2
online). The Datan Algal Reef has been designated a Hope Spot by the marine conservation NGO Mission Blue®,
and the overall strength, willingness to pay (WTP), for protecting the algal reef is higher than for the gas receiv-
ing station in Taiwan®®; nonetheless, both the Datan Algal Reef and P. chaishanensis face regional extinction if
serious conservation action is not taken against coastal development.
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‘ df ‘ Sum of squares | Mean square ‘ F ‘ P
Sedimentation rate
Site 4 8.604 2.151 7.873 <0.0001
Month 5 10.000 2.000 7.321 <0.0001
Site x month 19 7.360 0.387 1418 0.159
Mud ratio
Site 4 2.386 0.597 3.262 0.018
Month 5 21.769 4.354 23.818 <0.0001
Site x month 19 6.975 0.367 2.008 0.024

Table 1. The separated ANOVA results for sedimentation rate and mud ratio based on the best fitting
generalized linear mixed model (GLMM): mud ratio ~ site x month. Significant effects (p <0.01) shown in
bold.
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Figure 5. Linear regression of the sedimentation rate (a) and mud ratio (b) with wind speed. Each dot
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Methods

Field surveys were conducted monthly during the spring low tide from June 2017 to February 2019 in the south-
ern sections of the Taoyuan algal reef, including Baiyu, Datan, Yongxing, and Yongan (Fig. 1a). These sections
were chosen based on the townships nearby. The Datan Algal Reef was divided into two subsections, Datan G1
and Datan G2, based on an environmental impact assessment report for the construction of a liquefied natural
gas terminal/storage project by the Taiwan Chinese Petrol Corporation (CPC), which provides fuel to the nearby
Datan liquefied natural gas (LNG) power plant (Fig. 1a). The algal reef, predominantly built by stacks of crustose
coralline algae, occupies the intertidal sand flats during low tide and extends towards the sublittoral zone at five
meters deep'>!%. When exposed to the air during the low tide, the reef can be classified as a continuous and porous
structure (Fig. 1b,c), disrupted by sand flats (Fig. 1d) or mixed with cobbles (Fig. 1e,f).

Due to turbid waters, it was not possible to use SCUBA or snorkeling to survey P. chaishanensis occurrence
or measure its colony sizes. Thus, we conducted intertidal reef walking on each algal reef section and subsection
parallel to the coastline during monthly spring low tides. Preliminary surveys indicated that P. chaishanensis
did not occur at tidal heights greater than — 160 cm, according to the Taiwan Vertical Datum 2001 (TWVD)
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compiled by the Central Weather Bureau. This — 160 cm tidal level is also the most common monthly low tide
level, except during the extreme spring tides at the end of the year. We therefore conducted the surveys at the
— 160 to — 250 cm tidal range. P. chaishanensis was identified in situ, and the colony locality was recorded by a
GPSMAP 64st and mapped onto Google Earth to measure the horizontal distance to the scheduled trestle bridge
of the LNG terminal (see Supplementary Fig. S2, Table S2 online). Colony size was determined by measuring the
maximum length (L) and maximum width (W), which is perpendicular to the length, with the formula (L + W)/2.

Two indices—the distribution pattern, in terms of the distance of each colony to the shore, and the colony size
frequency distribution—were utilized to compare the characteristics of P. chaishanensis found in different algal
reef sections. To examine the impact of sedimentation on the occurrence and distribution of P. chaishanensis
in different algal reef sections, sediment at each site was collected using PVC cylindrical sediment traps (5 cm
in diameter and 16 cm in depth, with metal mesh in the opening mouth) modified from the design described
in English (1997)%. Each sediment trap was attached with a star picket for deploying the trap and maintain-
ing it around 30-40 cm above the bottom. Three sediment trap replicates were deployed at the — 160 cm tide
level at low tide in each reef section for 48 h to cover two full tidal cycles during the monthly spring tide period
from July to December, 2018. Sediment from each trap was rinsed with distilled water to remove salts, filtered
through a 100 um filter, and air dried in an oven at 60 °C for 48 h before weight measurement. Sediment larger
than 100 um in diameter was defined as “sand,” while the rest (smaller than 100 pm) was defined as “mud.” The
mud ratio—weight of mud divided by weight of total sediment (mud plus sand)—was calculated to examine the
contribution of sand and mud to water quality across the five algal reef sections.

The distribution pattern, in terms of the distance of each colony to the shore, between Datan G1 and Datan
G2 populations was compared using the Mann-Whitney test. To test for significant difference in P. chaishanensis
colony sizes between the two populations, colony size was first converted into size class with a 10-cm interval,
then Pearson’s chi-square test was applied. Yate’s continuity correlation®® was also applied due to the presence
of size classes with fewer than five individuals. A Student’s t-test was used to test for significant difference in
mean colony size between the two populations. Normality and homogeneity of variance were tested using the
Shapiro-Wilk test*” and Levene’s test®, and log (x + 1) data transformation was applied when necessary.

A generalized linear mixed model (GLMM) was used to explore the spatial and temporal variation in the dry
weight of sediment and mud ratio in sediment traps, separately. The full model included fixed effects of the site
(five levels: Baiyu, Datan G1, Datan G2, Yongxing, and Yongan) and month (six levels: from June to December).
We then compared three alternative models—(i) mud ratio ~ Site, (ii) mud ratio ~ Month, (iii) mud ratio ~ Site x
Month—using Akaike information criterion (AIC). In all cases, we included sediment traps as a random effect
(~1|Trap) to account for intra-site differences of mud ration in the sediment trap level. Kruskal-Wallis test was
used to determine the spatial variation of the mud ratio for each month and temporal variation within each site.
The Ime4 (v. 1.1.19) and ImerTest (v. 3.1.0) packages in R-3.4.4 were applied*’.

Data availability

All additional data from the research are provided in “Supplementary Information”

Received: 17 September 2019; Accepted: 14 May 2020
Published online: 29 June 2020

References
1. Lin, M.-E, Kitahara, M., Tachikawa, H., Keshavmurthy, S. & Chen, C. A. A new unusual shallow-water species, Polycyathus chais-
hanensis sp. nov. (Scleractinia: Caryophylliidae), from Chaishan, Kaohsiung, Taiwan. Zool. Stud. 51, 213-221 (2012).
2. Cairns, S. D. Species richness of recent Scleractinia. Atoll Res. Bull. 459, 1-46 (1999).
3. Cairns, S. D. A revision of the shallow-water Azooxanthellate Scleractinia of the western Atlantic. Stud. Nat. Hist. Carib. Reg. 75,
1-240 (2000).
4. Reyes, J., Santodomingo, N. & Cairns, S. D. Caryophylliidae (Scleractinia) from the Colombian Caribbean. Zootaxa 2262, 1-39
(2009).
5. Etnoyer, P.]. & Cairns, S. D. Deep-sea coral taxa in the U. S. Gulf of Mexico: Depth and geographical distribution. In NOAA Deep-
Sea Coral Data https://deepseacoraldata.noaa.gov/library/2017-state-of-deep-sea-corals-report (2017).
6. Hoeksema, B. W. & Cairns, S. World List of Scleractinia. Polycyathus Duncan, 1876. World Register of Marine Species. https://www.
marinespecies.org/aphia.php?p=taxdetails&id=135098. Accessed 22 Mar 2020.
7. Shao, K. T. TaiBNET: Polycyathus chaishanensis. Catalogue of Life in Taiwan. https://taibnet.sinica.edu.tw/chi/taibnet_species_detai
L.php?name_code=430204. Accessed 22 Mar 2020.
8. NOAA. In what types of water do corals live? In National Ocean Service Website. https://oceanservice.noaa.gov/facts/coralwater
s.html. Accessed 22 Mar 2020.
9. Rogers, C. S. Responses of coral reefs and reef organisms to sedimentation. Mar. Ecol. Prog. Ser. 62, 185-202 (1990).
10. Brown, B. E. Disturbances to reefs in recent times. In Life and Death of Coral Reefs (ed. Birkeland, C.) 354-379 (Chapman and
Hall, London, 1997).
11. Gong, S.-Y.,, Wang, S.-W. & Lee, T.-Y. Pleistocene coral reefs associated with claystones, southwestern Taiwan. Coral Reefs 17,
215-222 (1998).
12. Liou, C.-Y,, Yang, S.-Y. & Chen, C. A. Unprecedented calcareous algal reefs in northern Taiwan merit high conservation priority.
Coral Reefs 36, 1253 (2017).
13. Liou, C.-Y. Saving the Algae Reefs in Taiwan (Endemic Species Research Institute, Council of Agriculture, Executive Yuan, Taiwan,
2012) (in Chinese).
14. Chen, C. A. et al. Ecological and socioeconomic studies of southern Taoyuan algal reef in Taiwan (Bureau of Forest, Council of
Agriculture, Executive Yuan, Taiwan, 2019) (in Chinese).
15. Chen, C. A. The migration of global marine creature—The stepping-stone for the migration pathway in the Taiwan Strait. Sci. Mon.
573, 692-699 (2017) (in Chinese).
16. Lin, H-J. et al. Biodiversity of the algal reefs in Taoyuan. J. Wetland 2, 1-24 (2013) (English abstract with Chinese).
17. Silver, A. Taiwanese scientists fight construction of a new port they say would damage a unique reef. Science. https://www.scien
cemag.org/news/2018/11/taiwanese-scientists-fight-construction-new-port-they-say-would-damage-unique-reef (2018).

SCIENTIFIC REPORTS |

(2020) 10:10585 | https://doi.org/10.1038/s41598-020-67653-8


https://deepseacoraldata.noaa.gov/library/2017-state-of-deep-sea-corals-report
http://www.marinespecies.org/aphia.php?p=taxdetails&id=135098
http://www.marinespecies.org/aphia.php?p=taxdetails&id=135098
https://taibnet.sinica.edu.tw/chi/taibnet_species_detail.php?name_code=430204
https://taibnet.sinica.edu.tw/chi/taibnet_species_detail.php?name_code=430204
https://oceanservice.noaa.gov/facts/coralwaters.html
https://oceanservice.noaa.gov/facts/coralwaters.html
https://www.sciencemag.org/news/2018/11/taiwanese-scientists-fight-construction-new-port-they-say-would-damage-unique-reef
https://www.sciencemag.org/news/2018/11/taiwanese-scientists-fight-construction-new-port-they-say-would-damage-unique-reef

www.nature.com/scientificreports/

18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34,

35.
36.
37.
38.
. Shapiro, S. S. & Wilk, M. B. An analysis of variance test for normality (complete samples). Biometrika 52, 591-611 (1965).
40.

41.

Wijsman-Best, M. A new species of Polycyathus Duncan, 1876, from New Caledonia and a new record of Polycyathus senegalensis
Chevalier, 1966 (Madreporaria). Beaufortia 227, 79-84 (1970).

Corriero, G. et al. A Mediterranean mesophotic coral reef built by non-symbiotic scleractinians. Sci. Rep. 9, 3601 (2019).

Wong, J. C. Y., Thompson, P, Xie, ]. Y., Qiu, J.-W. & Baker, D. M. Symbiodinium clade C generality among common scleractinian
corals in subtropical Hong Kong. Reg. Stud. Mar. Sci. 8, 439-444 (2016).

Tanzil, J. T. L. et al. A preliminary characterisation of Symbiodnium diversity in some common corals from Singapore. Cosmos. 12,
15-27 (2016).

Baker, D. M., Andras, J. P, Jordan-Garza, A. G. & Fogel, M. L. Nitrate competition in a coral symbiosis varies with temperature
among Symbiodinium clades. ISME ] 7, 1248-1251 (2013).

Guest, J. R. et al. Coral community response to bleaching on a highly disturbed reef. Sci. Rep. 6, 20717 (2016).

Huston, M. Patterns of species diversity in relation to depth at Discovery Bay, Jamaica. Bull. Mar. Sci. 37, 928-935 (1985).
Huston, M. Variation in coral growth rates with depth at Discovery Bay, Jamaica. Coral Reefs 4, 19-25 (1985).

Menge, B. A. Organization of the New England rocky intertidal community: Role of predation, competition, and environmental
heterogeneity. Ecol. Monogr. 46, 355-393 (1976).

Lubchenco, J. & Menge, B. A. Community development and persistence in a low rocky intertidal zone. Ecol. Monogr. 48, 67-94
(1978).

Larcombe, P, Ridd, P. V,, Prytz, A. & Wilson, B. Factors controlling suspended sediment on inner-shelf coral reefs, Townsville,
Australia. Coral Reefs 14, 163-171 (1995).

Latrille, F. X., Tebbett, S. B. & Bellwood, D. R. Quantifying sediment dynamics on an inshore coral reef: Putting algal turfs in
perspective. Mar. Pollut. Bull. 141, 404-415.

Steneck, R. S. The ecology of coralline algal crusts: Convergent patterns and adaptive strategies. Annu. Rev. Ecol. Syst. 17,273-303
(1986).

Littler, M. M. & Littler, D. S. The nature of crustose coralline algae and their interaction on reefs. Smithson. Contrib. Mar. Sci. 39,
199-212 (2013).

D’Antonio, C. M. Role of sand in the domination of hard substrata by the intertidal alga Rhodomela larix. Mar. Ecol. Prog. Ser. 27,
263-275 (1986).

Mission Blue. Nomination of Datan Algal Reef as the hope spot of global marine protected area network. https://hopespots.missi
on-blue.org/info?hs_id=134 (2019).

Chen, C. A. Why it is necessary to preserve the Datan Algal Reef? A lesson learned from the locally extinction of the original
population of Polycyathus chaishanensis. E-paper in Taiwan Environmental Information Center. https://e-info.org.tw/node/21246
1 (2018) (in Chinese).

Kuo, C.-Y. et al. Lonely giant on the sand: unexpected massive Taiwanese coral, Polycyathus chaishanensis in the Datan Algal Reef
demands a conservation focus. Galaxea 21, 11-12 (2019).

Chen, Y.-],, Hsu, S.-M,, Liao, S.-Y., Chen, T.-C. & Tseng, W.-C. Natural gas or algal reef: Survey-based valuations of pro-gas and
pro-reef groups specifically for policy advising. Energies 12(24), 4682 (2019).

English, S., Wilkinson, C., & Baker, V. Survey Manual for Tropical Marine Resources. 2nd edn. (Australian Institute of Marine Sci-
ence (AIMS), Townsville, 1997).

Yates, F. Contingency table involving small numbers and the x?* test. Suppl J. R. Stat. Soc. 1, 217-235 (1934).

Levene, H. Robust Tests for Equality of Variances in Contribution to Probability and Statistics: Essays in Honor of Harold Hotelling
(eds. Olkin, I., Ghurye, S. G., Hoeffding, W., Madow, W. G. & Mann, H. B.) 278-292 (Stanford University Press, Stanford, 1960).
R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, Vienna, 2018).
https://www.R-project.org/.

Acknowledgements

Many thanks to the project members, students, and volunteers for their assistance with the fieldwork. We would
like to thank Shaolun Liu for providing coralline algal literature and comments, and Noah Last of Third Draft
Editing for his English language editing. This study was supported by funding from the Forest Bureau, Council
of Agriculture, Executive Yuan, Taiwan and Biodiversity Research Center, Academia Sinica to C.A.C.

Author contributions

C.-Y. K.: conducted field work, analyzed the results, prepared figures and tables, wrote manuscript. S. K.: con-
ducted field work, wrote manuscript. A. C.: conducted field work, analyzed the results, prepared figures and
tables. Y.-Y. H: conduct field work, analyzed the results. S.-Y. Y: conduct field work, analyzed the results. Y.-C.
C: conduct field work, analyzed the results. C. A. C: design research, conducted field work, wrote manuscript
and oversaw manuscript preparation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67653-8.

Correspondence and requests for materials should be addressed to C.A.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:10585 | https://doi.org/10.1038/s41598-020-67653-8


https://hopespots.mission-blue.org/info?hs_id=134
https://hopespots.mission-blue.org/info?hs_id=134
https://e-info.org.tw/node/212461
https://e-info.org.tw/node/212461
https://www.R-project.org/
https://doi.org/10.1038/s41598-020-67653-8
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS|  (2020) 10:10585 | https://doi.org/10.1038/s41598-020-67653-8


http://creativecommons.org/licenses/by/4.0/

	Demographic census confirms a stable population of the critically-endangered caryophyllid coral Polycyathus chaishanensis (Scleractinia; Caryophyllidae) in the Datan Algal Reef, Taiwan
	Anchor 2
	Anchor 3
	Results
	Discussion
	Methods
	References
	Acknowledgements


