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Abstract 
Hsiaoliuchiu, a coral reef island located off southern Taiwan, was 

characterized by high coral cover in the 1970s but shifted from a coral- to an 
algal-dominated system 20 years ago. That being said, there is little 
information on the ecology of the coral reefs around Hsiaoliuchiu, nor do we 
know what drove this dramatic decline in live coral cover. In this study, 
comprehensive benthic community surveys were carried out at 36 sites around 
Hsiaoliuchiu between 2010 and 2012, and four of these sites were surveyed in 
greater detail to understand depth-related differences in benthic structure (to 
30 m). Turf algae dominated the benthic communities at most sites around the 
island (% cover ranging from 35 to 81%). However, at Houshi fringing reef, 
which was located at the southeastern side of the island, hard coral cover was 
still 23.8 to 54.2%. At this site, encrusting Montipora spp. colonies dominated 
the shallows, while plating and massive corals were most common on the 
deeper reefs. Also, at Houshi fringing reef, coral cover increased with depth, 
while cover of macroalgae and turf algae were relatively rarer in deeper 
waters. Based on these data, we recommend that Houshi fringing reef be 
legally designated as a marine protected area in order to conserve these 
remaining coral communities of Hsiaoliuchiu. 
 
Key words: algae, coral, coral reef ecology, marine protected area,  
          phase shift, upwelling 
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Introduction 
Coral reefs are amongst the most 

ecologically and economically important 
ecosystems in the world; unfortunately, 
they are also amongst the most threatened 
(Pandolfi et al., 2003; Wilkinson, 2008), 
and the costs to restore coral reefs are 
higher than for all other ecosystems (De 
Groot et al., 2013). Both natural and 
anthropogenic disturbances (Hughes, 
1994; Hughes and Connell, 1999; 
Knowlton, 2001; Bellwood et al., 2004; 
Knowlton and Jackson, 2008), such as 
overfishing, eutrophication, and coastal 
development (associated with increased 
sediment loads, amongst other issues), are 
predominantly responsible for global 
declines in coral reef health.  

Anthropogenic disturbances can 
cause phase shifts in which hard 
coral-dominated communities transition to 
algal-dominated ones (Done, 1992; 
Hughes, 1994; Connell, 1997; Gardner et 
al., 2003). For example, chronic 
overfishing of reef herbivores can lead to 
algal overgrowth, and these algae can then 
out-compete corals for reef substrate 
(Hughes, 1994). Concurrently, coastal 
development may also increase turbidity 
and nutrient levels in the surrounding 
waters, suffocating corals and limiting the 
ability of coral larvae to recruit to the 
reefs (Gilmour, 1999; Malcolm et al., 
2003). The eutrophication associated with 
such development also causes accelerated 
algal growth, resulting in the reefs 

ultimately becoming dominated by turf or 
macroalgae (McCook, 1999). Furthermore, 
as a result of rising seawater temperature 
caused by global climate change, corals 
are currently disappearing at an alarming 
rate (Hughes et al., 2010), and coral 
disease prevalence is at an all-time high. 
At some locations, coral reef ecosystems 
are more prolific further offshore, as well 
as in deeper waters, due to the better 
water quality and cooler temperatures 
associated with such environments (Bak 
and Nieuwland, 1995; Bak et al., 2005; 
Menza et al., 2008; Sommer et al., 2011).  

 One means of mitigating the effects 
of anthropogenic disturbances on coral 
reefs is the formation of marine protected 
areas (MPA). In the course of establishing 
conservation areas, it is critical to identify 
the capacity for resistance and resilience 
of the existing coral reefs systems to 
environmental change (West and Salm, 
2003). Additionally, determining the 
benthic community composition also 
provides a baseline against which future 
changes in the biota and habitat quality 
can be quantified (Kuo et al., 2012; 
Grizzle et al., 2015). This documentation 
of biodiversity is an important factor in 
the designation of MPAs since marine 
reserves are only useful when they can be 
proven to serve as spatial and temporal 
shelters for buffering the harmful effects 
of anthropogenic disturbance (Allison et 
al., 1998). 
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  Hsiaoliuchiu, which is located 
about 14 km from the southwestern coast 
of mainland Taiwan, is the country’s only 
coral reef island. Surveys carried out in 
1970s (Yang et al., 1975; Randall and 
Cheng, 1977) revealed that coral cover 
ranged from 50-80%, with a high 
diversity of scleractinian corals and 
various, huge coral colonies (e.g., tabulate 
Acropora spp). Randall and Cheng (1977) 
indicated that the coral communities at 
Hsiaoliuchiu were diverse and thriving, 
and that the overall coral reef was more 
structurally developed and complex than 
elsewhere in Taiwan. Since then, there has 
been no detailed study of the coral reef 
ecology of Hsiaoliuchiu, nor do we know 
how/if these reefs have been affected by 
local activities and global climate change.  

 We do know that, for the past two 
decades, the reefs surrounding 
Hsiaoliuchiu have been adversely affected 
by various anthropogenic and natural 
factors. Over-fishing has caused a 
significant reduction in herbivorous fish 
and invertebrate biomass (T.-Y. Fan, 
personal observation). As there is no 
sewage system on the island, most 
domestic waste is discharged directly into 
the sea, which has resulted in 
eutrophication and numerous algal blooms. 
Due to these combined stressors, the hard 
coral cover around the island has reduced 

greatly. Results of a “Reef Check” 
conducted in 2009 found that hard coral 
cover at Hsiaoliuchiu was the lowest 
(15%) in Taiwan and indicated that these 
reefs have been severely damaged (Dai, 
2010). However, data on coral reef 
ecosystems around Hsiaoliuchiu are still 
limited; only a small number of reefs were 
surveyed in 2009, and we have very 
limited knowledge on the benthic 
community structure of Hsiaoliuchiu’s 
coral reefs (Fan, 2011). An updated, 
accurate, and complete report of 
community structure is the foundation of a 
suitable management plan needed for the 
conservation of coral reefs (Grizzle et al., 
2015). As such, to provide information for 
guiding coral reef conservation and 
management at Hsiaoliuchiu, we sought to 
1) document the current benthic 
community composition, 2) assess the 
overall health of existing coral reef 
ecosystem, and 3) determine the influence 
of depth and temperature on coral cover 
and composition around Hsiaoliuchiu. We 
hypothesized that reefs farther away from 
the island’s main population center on the 
south coast would be characterized by 
higher hard coral cover. We also predicted 
that coral cover would be higher at greater 
depths due to the less anthropogenic 
disturbances. 
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Fig. 1. Map of Hsiaoliuchiu featuring study sites. (A) Surveys were carried 
out at 36 sites around Hsiaoliuchiu. Additional surveys were carried out 
at four sites- Lobster Cave (LC), Houshi fringing reef (HSFR), Shanbay 
Bay (SBB), and Hanban Bay (HBB)- to determine benthic cover 
variation across depths. Map of the location of the 17 study sites 
surveyed between June and August 2011 (B). Map of the location of the 
19 study sites surveyed between November 2011 and February 2012 (C). 
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Materials and Methods  
Study sites 
 We surveyed 36 sites to characterize 
the benthic cover around Hsiaoliuchiu 
(22°20’ N, 120°22’ E, Figure 1). In 
addition, we also chose four locations 
amongst these survey sites to further 
investigate the impacts of depth and 
temperature on the benthic communities. 
Initial surveys were carried out across 17 
study sites (June-August 2011) that were 
evenly distributed around the island, while 
the second set of surveys was carried out 
on 19 locations (November 
2011-February 2012); the latter were 
mainly on the eastern and southern sides 
of Hsiaoliuchiu (Figure 1) since our 
preliminary surveys revealed that these 
sides featured much higher coral cover 
and diversity coral reef communities. 

Based on results from our initial 
surveys, we further examined four 
locations with a distinct history of 
environmental and anthropogenic impacts. 
Located at the east of the island, Lobster 
Cave (LC; 22°20’891”N, 120°23’444”E) 
abuts a heavily populated area, with 
housing located right on the coast; sewage 
runoff is therefore a potential problem at 
this site. Houshi fringing reef (HSFR; 
22°19’547”N, 120°22’137”E), the largest 
and deepest reef area (Yang et al., 1975), 
which is located in the south, is the 
farthest from major population areas. It 
was therefore hypothesized to be 
characterized by higher live hard coral 

cover. Hanban Bay (HBB; 22°19’730”N, 
120°21’161”E), located off the west coast 
of the island, is a key tourist spot with a 
history of coral harvesting. Lastly, 
Shanban Bay (SBB; 22°21’048”N, 
120°21’834”E) is located on the west 
coast near marine cage fish cultures (Jan 
et al., 2014).  
 
Benthic cover and abiotic data acquisition 
 We deployed three, 10-m transects at 
each site. The transect tapes were 
positioned parallel to depth contours 
between 5-8 m. We used a Canon G15 
camera to photograph the benthos within a 
0.35 m x 0.35 m quadrat, resulting in a 
total of 30 images per transect. We 
constructed the quadrats according to 
Tkachenko et al. (2007). The base frame 
(0.35 m x 0.35 m) of the quadrat had 
0.4-m rods that were attached at each of 
the four corners, which joined to a smaller 
square frame above the base transect to fit 
the camera lens. This set-up ensured that 
each quadrat was the same size and that 
the camera was the same distance from 
the quadrat (0.4 m).  
 We investigated the impact of depth 
and temperature on the benthic 
community of four locations: LC, HSFR, 
HBB, and SBB. Due to unforeseen 
circumstances (namely typhoons and 
unstable surf conditions), surveys were 
conducted at different times. We 
conducted photo surveys for LC and SBB 
in November 2010, while surveys for 
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HBB and HSFR were performed in April 
and August 2011, respectively. At the four 
locations, five 10-m transects were 
deployed 10-m apart and parallel to the 
shoreline at each depth. A total of 30 
photos were taken along each transect to 
compare the benthic community at 
different depths. We started the survey 
started at 5 m depth and deployed 10-m 
transects at 5-m intervals (ensuring that 
there were at least 10 m separation 
between transects) until 30 m (5, 10, 15, 
20, 25, and 30 m). If the reefs did not 
extend to 30 m, surveys were instead 
conducted until the deepest 5-m increment. 
Seawater temperature was recorded at 
10-min intervals using HOBO 
temperature recorders (Onset® MA, USA) 
at 5 m at each of the four locations from 
October 2010-May 2012. In addition, 
temperatures were recorded at 12, 20 and 
30 m at HSFR from March-September 
2012. The HOBO recorders were set to 
monitor and record the surrounding water 
temperature every 10 mins. 
 
Data analysis 
 We used Coral Point Count with 
Excel extensions (Kohler and Gill, 2006) 
to analyze all survey images by randomly 
selecting fifty points within the quadrat 
and matching the points to a code that 
indicated the coral morphology, coral 
genus, and substrate type. The benthos 
was categorized as hard corals, soft corals, 
macroalgae, turf algae or other. In terms 

of hard corals, it was further subdivided 
into several different growth forms and 
genera as described in Table 1: 1) 
branching Acropora spp., 2) branching 
Pocillopora spp., 3) massive and 
encrusting species, 4) foliaceous and 
plating species, 5) encrusting Montipora 
spp., and 6) “other.” We used 
one-way-ANOVA (Minitab ver. 14) on 
normalized and transformed data, 
followed by post-hoc Tukey’s honestly 
significant difference (HSD) tests to 
determine the effect of depth on the 
benthic composition for each of four 
locations (LC, HSFR, HBB, and SBB; 
p<0.05). 
 
Results 
Benthic cover 
 Turf algae dominated the benthos 
around Hsiaoliuchiu (35-81%; Figure 2), 
with site 21 having the highest turf algal 
cover (>80%). The cover of macroalgae 
(<23%) was lower than that of turf algae 
at all sites. Hard coral cover was higher 
(21-45%) along the eastern and southern 
coasts (sites 1-4 and 20-31), with highest 
cover at sites 3 (45%) and 25 (44%). The 
lowest hard coral cover was documented 
along the western and northern coasts 
(Figure 2). Sites 17 and 18, which were 
located on the east coast, had the highest 
soft coral cover (up to 42%; Figure 2). 
The cover of hard corals was higher than 
soft corals at most of the sites (excepting 
17 and 18). 



 
 

 68  

Platax 14: 62-81, 2017 

 

Ta
bl

e 
1.

 C
la

ss
ifi

ca
tio

ns
 o

f h
ar

d 
co

ra
ls

 a
t t

he
 fo

ur
 lo

ca
tio

ns
 a

t w
hi

ch
 d

ep
th

 v
ar

ia
tio

n 
in

 th
e 

be
nt

hi
c 

co
m

m
un

ity
 st

ru
ct

ur
e 

w
as

 
ex

am
in

ed
. B

r=
 b

ra
nc

hi
ng

, M
=m

as
si

ve
, E

C
= 

en
cr

us
tin

g,
 a

nd
 F

=f
ol

ia
ce

ou
s. 

 



 
 

 69  

Platax 14: 62-81, 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2. Benthic cover data from Hsiaoliuchiu. Benthic cover data from the 17 
Hsiaoliuchiu sites surveyed between June and August 2011 (sites 1-17) and 
the 19 sites surveyed between November 2011 and February 2012 (sites 
18-36). N=3/site. 
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Fig. 3. Depth effects on benthic community structure. Variation (mean± standard 
error [SE]) in benthic community structure at 3-6 depths at four locations: 
Lobster Cave (LC), Houshi fringing reef (HSFR), Hanban Bay (HBB), and 
Sanban Bay (SBB). Error bars represent standard deviation. N=5/depth. 
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 Fig. 4. Seasonal variation in monthly mean seawater temperature at four study 

sites around Hsiaoliuchiu, Taiwan: Lobster Cave=LC, Houshi fringing 
reef=HSFR, Sanban Bay=SBB, and Hanban Bay=HBB. Error bars represent 
standard deviation. 
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Benthic cover variation across depths 
 Turf algae was prevalent at LC, 
HSFR, HBB, and SBB, with cover of 50% 
or higher at all depths; the exception was 
HSFR at 30 m (Figure 3). At LC, the 
cover of turf algae at 5 m depth was the 
highest (86%), and it was almost double 
that of the other depths (Table 2). There 
was also a significant difference in 
macroalgal and soft coral cover across 
depths at LC (Table 2). Less than 10% of 
this site was covered by macroalgae, and 
while the soft coral cover was low (3%) at 
5 m, there was an increase from 10 m and 
deeper (30-40%; Figure 3). Hard coral 
cover was low at all depths (4-8%) and 
did not vary between them (Table 2). 
 At HSFR there was a significant 
difference in all functional groupings of 
taxa across depths (Table 2). Hard coral 
cover was lowest (19%) at 10 m but 
increased with depth (Figure 3). Highest 
hard coral cover was documented at 30 m 
(54%), followed by 5 m (40%). Although 
soft coral cover was low (0.4-9%; Figure 
3), it did vary across depths (Table 2). 
Finally, the cover of macroalgae 
decreased significantly as the water depth 
increased from 10 m (18%; the maximum) 
to 30 m (1%; Figure 3 and Table 2).  

Depth had no significant effect on 
the benthic cover at HBB (Table 2). At all 
depths, hard coral, macroalgal, and turf 
algal cover were 8-15%, 4-8%, and 6-7%, 
respectively (Figure 3). At SBB the cover 
of macroalgae (5%) and turf algae (84%) 

was significantly higher at 5 m than at 
other depths (Table 2 and Figure 3). The 
cover of hard corals (4-8%) and soft 
corals (<1%) was low.  
 Encrusting montiporids, such as 
Montipora aequituberculata, were 
significantly more dominant at 5 m at 
HSFR (Table 3). The plating coral growth 
form (e.g., Montipora spp., Turbinaria 
spp., Echinophyllia spp., Merulina spp., 
Mycedium spp., and Pachyseris spp.) 
dominated the coral cover at 30 m (Table 
3). We observed an approximately 2-fold 
increase in the cover of massive and 
encrusting coral growth forms at depths 
between 20-30 m as compared to the 
shallower waters (<20 m; Table 3).  
 
Seawater temperature 

The seasonal variation of seawater 
temperature at 5 m was similar over both 
space (across the four sites) and time 
(across different seasons; Figure 4). 
However, the monthly mean seawater 
temperature at LC and HSFR was lower 
than at SBB and HBB between 
March-September 2011 and April-May 
2012. We observed a high temperature 
fluctuation, especially during the summer, 
at HSFR at various depths (Figure 5), with 
a higher fluctuation in deeper waters ( e.g. 
26.1-28.0°C at 12 m, 23.7-27.8°C at 20 m, 
and 21.8-27.5°C at 30m during 1 to 7 AM 
on 25 June 2012). 
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 Fig. 5. Temperature variation at different depths – 12m, 20m and 30m at Houshi 

Fringing Reef (HSFR). 
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Discussion 
 Our survey revealed spatial 
differences in the benthic community 
structure of reefs of the coral reef island 
of Hsiaoliuchiu. Of note, the coral reefs 
around the northern and western sides of 
the island were seriously degraded and 
mostly overgrown by turf algae. Soft 
corals were abundant in eastern 
Hsiaoliuchiu, whereas some sites in the 
southeastern region maintained relatively 
high coral cover. The coral community 
varied across depths at these higher coral 
cover sites.  
 
Phase shift 
 The coral cover around Hsiaoliuchiu 
was typically < 20%, and turf algae 
dominated all surveyed sites. Yang et al. 
(1975) noted that the coral community 
along the west coast of Hsiaoliuchiu was 
more developed than that of the east coast, 
while Randall and Cheng (1977) reported 
that coral cover was between 50 and 80% 
in the shallow reef and 20-40% in the 
deeper reef. However, we could not find 
the high coral cover described in these 
older works; instead, an algal-dominated 
system was documented. The possible 
reasons for this coral-to-algae phase shift 
are coral harvesting, overfishing, 
eutrophication, and sedimentation, as now 
discussed in further detail.  

The excessive collection of corals 
has clearly played a role in the rapid 
decline in the coral reef ecosystems 

around the island, especially in the 
shallow areas. The local islanders have 
historically collected coral colonies, 
especially around the northern and 
western sides of the island (i.e., SBB and 
HBB) to supply to tourist gift shops (Yang 
et al., 1975). Another key factor in the 
hard coral decline is over-harvesting of 
herbivorous fish and invertebrates (Dai, 
2010). In a top-down controlled 
ecosystem (Hughes, 1987; Bellwood et al., 
2004), without these herbivorous fishes 
and invertebrates to remove fast-growing 
algae on the reefs, the algae can dominate; 
this increase in algal biomass can then 
limit the growth of existing corals and 
inhibit coral larvae settlement (Sammarco, 
1980; Wilkinson, 2008).  

Increased eutrophication and 
sedimentation might be another reason for 
the reefs’ decline. Hsiaoliuchiu lacks a 
sewage treatment system, and wastewater 
from both the locals and tourists is 
discharged directly into coastal waters 
(Dai, 2010). Recently, tourism has 
increased on the island, and more than 1 
million people are visiting the island 
every year at current estimates; as only 
12,000 people currently live on 
Hsiaoliuchiu, new hotels and other 
buildings will likely be required to 
accommodate this rising influx of tourists. 
These tourists are likely to contribute to 
elevated seawater pollution levels, as well 
(Fan, 2011). Furthermore, land-derived 
nutrients and sedimentation are washed 
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directly into the surrounding waters 
during heavy rainfall events.  

Exacerbating the issue of 
eutrophication, a commercial fish farm 
was developed near the inshore coral reefs 
off the northern coast of Hsiaoliuchiu 
since 1994. Fish farms can release large 
quantities of excessive feed and fecal 
material, mostly as dissolved nutrients and 
organic particles, into the surrounding 
marine environment, and this may lead to 
algal blooms and coral reef degradation 
(Huang et al., 2011, 2012). At 
Hsiaoliuchiu, it has been shown that the 
particulate organic matter released by the 
farm may have entered the coral reef 
ecosystem through the pelagic food chain 
(Jan et al., 2014). The phase shift from 
coral-dominated to turf algal- or 
macroalgal-dominated ecosystems at 
Hsiaoliuchiu may, then, be the result of 
not only overfishing, but also increased 
eutrophication from terrestrial wastewater 
and sediment runoff. 

 
Houshi fringing reef 

The higher coral cover (24-44%) 
off the southeastern coast of Hsiaoliuchiu 
may be partly due to 1) lower human 
population density and human activity in 
general (Fan, 2011) and 2) upwelling. 
Regarding the former hypothesis, deeper 
waters are likely to be less affected by 
land-based anthropogenic factors, and 
such shallow-deep gradients in coral 
cover as a result of dampening of 

anthropogenic impact have been 
documented elsewhere (Bak and 
Nieuwland, 1995; Bak et al., 2005; Menza 
et al., 2008). Regarding the second 
hypothesis, hard coral cover may, 
alternatively, have increased with depth at 
HSFR because of the differential 
influence of upwelling on deep reefs 
relative to shallow ones. Shih (2006) 
documented spring tide upwelling in 
southeastern Hsiaoliuchiu in which deep 
ocean seawater characterized by low 
temperature, high salinity, high oxygen 
concentration, and low chlorophyll-a 
concentration was brought to the shallow 
water. Our temperature data shown the 
deeper water more influenced by the cold 
water (Figure 5). Such deep ocean 
seawater is likely to be more amenable to 
coral growth than the relatively polluted 
seawater coming from the island 
(Fabricius, 2005; Fabricius et al., 2012), 
though whether the cooler temperature or 
the lower pollutant levels associated with 
this upwelled water is more important in 
promoting coral growth over the shallow 
areas should be investigated more 
thoroughly in future works (Schmidt et al., 
2012). 

Encrusting Montipora species, 
such as M. aequituberculata, were the 
dominant hard corals at 5 m at HSFR. 
Encrusting Montipora spp. are well 
adapted to turbulent conditions in Hawaii 
(Jokiel et al., 2004), and this relatively 
wave-resistant morphotype appear to have 
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adapted to the strong waves and swell 
characteristic of HSFR, a reef that also 
experiences boreal summer typhoons (Fan, 
2011). On the other hand, the coral 
community in the deeper waters at HSFR 
was dominated by massive, encrusting, 
and plating (foliaceous) growth forms and 
featured corals such as Turbinaria spp. 
(plating form), Echinophyllia spp. (plating 
form), Merulina spp. (plating form), 
Mycedium spp. (plating form), and 
Pachyseris spp. (plating form). These 
species are also common on reef slopes in 
southern Taiwan (Dai, 1993), and, like 
other encrusting, massive, and plating 
corals, have a relatively greater surface 
area for capturing light compared to 
branching corals; this allows them to 
thrive in low-light areas (Goh et al., 1994; 
Dikou and van Woesik, 2006; Erftemeijer 
et al., 2012).  

 
Management implications 

The southeastern regions of 
Hsiaoliuchiu, including HSFR, should be 
prioritized for coral reef protection 
because they are characterized by the 
largest and deepest reefs (Yang et al., 
1975), the highest coral cover (This study), 
and, presumably, the lowest human level 
of human and land-based impact. Given 
the aforementioned increase in tourism at 
Hsiaoliuchiu, it will be critical to establish 
a MPA around HSFR and then track 
changes in the benthic community to 
determine its efficacy as a conservation 

tool by comparison to the baseline dataset 
presented herein (Connell, 1997; 
Tkachenko and Soong, 2010; Kuo et al., 
2012). Establishment of no-take MPAs 
could promote the repopulation of 
herbivorous fishes, which could 
consequently control algal densities and 
facilitate coral re-population (Lester et al., 
2009). Houbihu in Nanwan Bay 
represents a successful MPA in Southern 
Taiwan; the closing of the area to fishing 
has resulted in relative higher coral cover 
and fish densities than non-protected 
areas in the near vicinity (Tkachenko 
and Soong, 2010). The formation and 
effective management of an MPA at 
Hsiaoliuchiu will ideally benefit its 
coral reefs in a similar manner. 
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