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Abstract. Alamsyah R, Zamani NP, Bengen DG, Nurjaya IW. 2024. Morphological variability of Pocillopora damicornis in marine
environmental adaptation on Sembilan Islands, Sinjai District, Indonesia. Biodiversitas 25: 3116-3124. Pocillopora damicornis
(Linnaeus, 1758) is a coral species that is very plastic and allows it to adapt to environmental conditions. Pocillopora corals are
important species of coral reef ecosystems, but it was not easy to interpret morphological variations and species boundaries.
Morphological variation is so high that misidentification often occurs. This research aims to understand the morphological differences
between apex branches, secondary branches, and primary branches at reef flat, lagoon, and reef slope sites in the waters of Sembilan
Islands. The results obtained, except for corallite width, corallite spacing, branch width, branch length, branch angle, and interbranch
spacing, were significantly different at the apex branch, secondary branch, and primary branch. Corallite width is larger at the apex
branch, while corallite spacing is very small. The largest distance between corallites is found in the secondary branches. The highest
branch width is on the primary branch. Branch width on secondary branches is more consistent. The branching angle is greater in the
primary branch, especially in the reef flat and reef slope. The apex branch tends to form a smaller angle. The largest interbranch spacing
was found at the apex branch for all regions. Both primary and secondary branches show small variations. The morphology of P.
damicornis on the reef slope is more influenced by salinity and current speed. In reef flat areas, the environmental factors that most
influence coral morphology are organic matter, turbidity, TSS, and light intensity, including wave height, temperature, and pH. For the
lagoon area group, there is no strong influence of environmental parameters.
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INTRODUCTION

Coral reef ecosystems have the highest level of
diversity on earth. Coral reefs are suitable habitats for 25%
of aquatic species in the ocean. This coral diversity is
concentrated in the world's coral triangle, including
Indonesia, the Philippines, Malaysia, Papua New Guinea,
Timor Leste, and the Solomon Islands. The Indonesian
region has at least 569 coral species from 83 genera (Hadi
et al. 2020). Coral reefs are complex habitats that have very
high biodiversity and provide different ecosystem services
(Yuanike et al. 2019; EI-Naggar 2020; Wagner et al. 2020;
Hafezi et al. 2021; Kartikasari et al. 2021; Insafitri et al.
2023).

High diversity requires complex specifications to
differentiate one type from another; carefulness is required
in identifying coral taxonomy. Coral taxonomy is the
science of classifying and naming corals and is the key to
understanding this extraordinary marine biodiversity
(Kongjandtre et al. 2012; Huang et al. 2014, 2016; VVoolstra
et al. 2021; Reshma et al. 2023; Sobha et al. 2023). The
classification that is commonly carried out is the traditional
classification, which is based on macro and micro
framework structures (Soto et al. 2018; Zhao et al. 2021;
Ho et al. 2023). Coral structures will provide important

information about evolution (Quattrini et al. 2020), kinship
relationships (Stolarski et al. 2021), and corals ecology
(Thompson 2022). Taxonomy on macro and micro skeletal
structures is an important science for understanding marine
biodiversity. Traditional classification of corals helps
scientists and the general public to identify coral species.
The goal of studying taxonomy is to understand their
family relationships and evolution and develop strategies to
protect them (Bostrom-Einarsson et al. 2020; Thirukanthan
et al. 2023).

Differentiating between one species and another in the
field is sometimes difficult. Even the morphological forms
of the same species sometimes look different due to
plasticity mechanisms. Morphological plasticity is an
important adaptation that allows organisms to survive in a
variety of environmental conditions (Sommer 2020;
Pazzaglia et al. 2021; Snell-Rood and Ehlman 2021;
Jardeleza et al. 2022). Phenotypic plasticity often referred
to as polyphenism, is the ability of an organism to show
different phenotypes in response to environmental
differences (Sommer 2020; Pfennig 2021; Sultan 2021;
Million et al. 2022). Plasticity includes changes in
morphology, physiology, or behavior (Tariel et al. 2020;
Caspi et al. 2022). The plasticity ability of corals is very
complex, but more research needs to be carried out on the
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plasticity of coral morphology. Understanding phenotypic
plasticity is critical for correct species identification,
accurate estimates of diversity, implementation of
appropriate conservation and management efforts, and
providing information about the mechanisms responsible
for morphological variation and its evolutionary potential
(Paz-Garcia et al. 2015).

Pacillopora, often called cauliflower coral, is a genus of
hard coral that can generally be found in coral reef
ecosystems throughout the world (Glynn and Ault 2000;
Steinberg et al. 2024). This genus is characterized by its
smooth, branching branches and branching colonies
(Schmidt-Roach et al. 2014; Oury et al. 2021a). Pocillopora
corals are a very plastic species. They can adapt to a wide
range of environmental conditions. Pocillopora's plasticity
ability is a form of adaptation response to various
environmental conditions and increases their chances of
survival and reproduction. Pocillopora coral is an important
coral species and makes a major contribution to the coral
reef ecosystem. They prepare habitat for other marine
organisms and help protect shorelines from erosion.

Pocillopora corals illustrate how difficult it is to
interpret morphological variation and species boundaries.
Identification of species belonging to this genus is mainly
based on the morphology of the colony skeleton, the shape
and size of branches and verrucae, and the characteristics
of the corallites (Glynn et al. 2017; Soto et al. 2018; Oury
et al. 2023). Studies on the morphological plasticity of
corals, especially Pocillopora damicornis (Linnaeus,
1758), still need to be carried out in order to understand
their morphological characteristics. Misidentification and
neglect of species complexes, which have been widely
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practiced so far, have many had many consequences. Bias
towards assessing biodiversity and connectivity. This
results in a misunderstanding of ecosystems and impacts on
the design and management of effective conservation plans
in the future (Oury et al. 2021b).

MATERIALS AND METHODS

Study area

Sampling was carried out in the waters of Sembilan
Islands, which is located in Bone Bay. Pocillopora
damicornis was chosen because it has a wide distribution
throughout the Sembilan Islands area. This island is a
group of very small islands consisting of nine islands
located in a semicircle; sampling was carried out in areas
representing each site. The site consists of a reef flat, a
lagoon, and a reef slope. The research location is shown in
Figure 1.

Coral skeleton sampling

The skeletal morphology of P. damicornis on Sembilan
Islands was characterized by examining differences in reef
flat, lagoon, and reef slope sites. Coral fragments are
collected by diving to a depth of 5 to 10 m. Colonies
resembling the morphology of P. damicornis were
identified (Dai and Horng 2009). Coral fragments were
collected from each location and taken to the laboratory.
The framework is then marked, cleaned, bleached, rinsed,
and dried for character analysis.
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Figure 1. Location of Pocillopora damicornis sampling in Sembilan Islands, Sinjai, South Sulawesi, Indonesia
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A total of 45 coral fragments were taken to measure
their macro and micro morphological characteristics. There
are 12 macro characters, while there are 6 micro characters.
Each coral skeleton is divided into three parts, namely the
apex branch, secondary branch, and primary branch. Macro
characters consist of Apex Branch Width (ABW), Apex
Branch Length (ABL), Secondary Branch Width (SBW),
Secondary Branch Length (SBL), Primary Branch Width
(PBW), Primary Branch Length (PBL), Apex Branch
Angel (ABA), Secondary Branch Angel (SBA), Primary
Branch Angel (PBA), Apex Interbranch Spacing (AlB),
Secondary Interbranch Spacing (SIB), and Primary
Interbranch Spacing (PIS). Micro characters Apex Branch
Corallite Width (ABCW), Apex Branch Corallite Spacing
(ABCS), Secondary Branch Corallite Width (SBCW),
Secondary Branch Corallite Spacing (SBCS), Primary
Branch Corallite Width (PBCW), and Primary Branch
Corallite Spacing (PBCS). Macro character measurements
use a caliper, while micro character measurements use a
digital microscope. The environmental parameters
measured are temperature, salinity, pH, turbidity, organic
matter, TSS, light intensity, wave height, and current.

Data analysis

Differences in morphological characters of each coral
group using the Kruskal-Wallis test. A comparison of the
distribution range of character data for each group and site
is displayed using a boxplot. Statistical tests were carried
out using R version 4.3.3 and R Studio (Qian 2016). The
relationship  between  morphological characteristics,
environmental parameters, and location was evaluated
using principle component analysis (Greenacre et al. 2022;
Amao 2023). To ensure that the observed species is P.
damicornis, a DNA barcoding test was carried out, which
produced the results in Table 1.
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RESULTS AND DISCUSSION

The morphological character of P. damicornis consists
of macro and micro characters. The shape of the character
can be seen in Figure 2. The results of the Kruskal-Wallis
test show differences in character between the three sites,
namely reef flat, lagoon, and reef slope. The results are
shown in Table 2. Variables or characters such as corallite
spacing, branch width, branch length, branch angle, and
interbranch spacing show significant differences between
the sections tested, with very small p-values. This indicates
that the results have strong statistical significance.
Meanwhile, the corallite width character did not show a
significant difference (P-value = 0.1331).

Table 1. Basic Local Alignment Search Tool (BLAST) analysis
result based on NCBI for species identification

Sample Id 00(3:?'(%0 ) Per(.o}od)ent Species identified
1 98 100 Pocillopora damicornis
2 97 100 Pocillopora damicornis
3 100 100 Pocillopora damicornis
4 100 100 Pocillopora damicornis
5 100 100 Pocillopora damicornis

Table 2. Results of the Kruskal-Wallis test to test differences in
branch character

Chi-

Character squared df P-value

Corallite width 4.0341 2 0.1331
Corallite spacing 41.775 2 0.0000000008485
Branch width 34.441 2 0.00000003321
Branch length 20.075 2 0.00004373
Branch angle 32.478 2 0.0000000886
Interbranch spacing 40.026 2 0.000000002035

Figure 2. Macro (top) and Micro (bottom) morphological characters of Pocillopora damicornis
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The boxplot visualization results of the distribution of
P. damicornis characters show variability in corallite width
sizes at three different sites. At the reef flat site, the
corallite width (Figure 3.A) tends to be normally
distributed at the apex, while the variation is high at the
primary branch and secondary branch. For the lagoon site,
the variability in corallite width at the apex branch and
primary branch tends to be the same with a width range
that is not much different. Meanwhile, for the reef slope
site, the size variability at the apex branch and secondary
branch tends to be the same. There are several outliers at
the reef flat site, namely in the primary branch and
secondary branch, which indicates that the variation in
corallite width size is quite high. Likewise, at the lagoon
and reefslope sites, there are outliers in the secondary
branches and primary branches.

Variations in the size of corallite spacing (Figure 3.B)
at three different sites show the same pattern. The smallest
distance is at the apex branch, and the largest distance is at
the secondary branch. At the apex branch, the corallite
spacing is very low, below 0.4 mm, which indicates a large
number of corallites. The corallite spacing size is highest in
the secondary branch, with the highest variability at the
reef flat site. The highest variability is in the secondary
branch, especially at the reef flat site. Outliers were
obtained at the lagoon site for the apex and primary
sections and the reef slope site for the secondary branch
section.

Macro characters in branch width variations (Figure
4.A) at the apex branch have higher variability; the range
of branch widths at the highest reef slope location and the
lowest lagoon location. Overall, the primary branch has the
largest branch width. Meanwhile, branch width on
secondary branches tends to be more consistent. The
highest branch length (Figure 4.B) was obtained on the
primary branch in the reef flat. Branch length at the reef
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slope site tends to be the same for the apex, secondary, and
primary branches, but the variability in the size of the
branch length at the apex branch is quite high. Branch
angles have the same pattern for all three sites, where the
apex branch has the smallest angle range (Figure 4.C).
Large angles are obtained on primary branches, especially
on reef flat and reef slope sites. The largest variation in
interbranch spacing was found at the apex branch for all
sites (Figure 4.D). Primary branches and secondary
branches show small and narrow variations in the three
branch sections observed.

The results of the PCA test can be seen in Figure 5,
showing that the first principal component has the largest
dispersion with a high variance of 29.6%. The second
principal component explained 14.3% of the variability.
Although less information is described, it is important
because it captures aspects of variability in the data that are
not captured by the first principal component. The
grouping at each site is completely separate and states the
differences in character between the three; specific
relationships between environmental factors and coral
morphology. The Vector Variables Salinity (Sal) and
Current Speed (CS) lead to the reef slope group, which
explains that salinity and current variables influence coral
morphology on the reef slope. This also indicates that
corals on the reef slope have adapted to conditions of
higher salinity and stronger currents. Variables whose
vectors point towards the reefflat consist of Organic Matter
(OM), Turbidity (Tur), TSS, and Light Intensity (LI). It has
a positive correlation and has a greater role in influencing
coral morphology at this location. Wave Height (WH),
Temperature (Tem) and pH are also related to the reef flat
area, but the level of correlation is low. For the lagoon site
group, there is no strong influence of environmental
parameters.
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Figure 3. Microcharacter boxplot of Pocillopora damicornis
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Figure 5. Main component analysis of Pocillopora damicornis morphological characters and environmental aspects

Discussion

Analysis of micromorphological characters in P.
damicornis based on variable corallite width and corallite
spacing provides a detailed picture of how this species
adapts to different environmental factors such as reef flat,
lagoon, and reef slope. The corallite width at the apex
branch in reef flat areas, which tends to be greater, is an
indication of adaptation to environmental conditions with
high turbidity and fluctuating light intensity (Jones et al.
2021; Sheppard 2021). A large corallite width indicates
that the coral polyps are also larger. This will maximize
particle capture and light absorption, which is hampered in
turbid water conditions (Cacciapaglia and van Woesik
2016). The wvery small corallite spacing on reef flats

indicates an adaptation to maximize the number of corallites.
Large amounts of corallite will increase the efficiency of
building coral structures in conditions that frequently
experience physical disturbances such as waves and
currents (Wang et al. 2019).

The high median corallite width value in the lagoon
area indicates adaptation to more stable water flow and
nutrient availability (Hoegh-Guldberg et al. 2017). Larger
corallite spacing in secondary branches is a response to the
need for more efficient water exchange or to reduce
competition between coral polyps. In the reef slope area,
the median corallite width is wider in the secondary branch
compared to the apex and primary branches. This condition
shows adaptation to an environment with stronger currents
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and more consistent light availability (Kahng et al. 2019).
Greater corallite spacing on a secondary branch on the reef
slope also reflects an adaptation strategy to current and
nutrient fluctuations (Howells et al. 2016).

The variability seen in each location illustrates the
complexity of the morphological adaptation of P.
damicornis to different local conditions. This diverse
corallite morphology provides important knowledge about
coral survival strategies that are closely related to
environmental conditions (Hoegh-Guldberg 2014). There is
natural selection that continues to encourage the
diversification of corallite morphological forms in response
to environmental variations in coral habitats (Dishon et al.
2020; Roff 2021).

Branch width in macro morphological characters is
higher at the branch apex. Brach structure compaction
occurs, where the growth in coral branch width is the result
of various interrelated factors in a complex marine
ecosystem. The growth of different coral branch widths is
related to the interaction of several ecological and
biological factors (Drury et al. 2017). However, it is the
ideal environmental conditions that play a pivotal role in
supporting growth, including branch width. Optimal water
temperature, sufficient sunlight, and suitable currents are
crucial factors (Xu et al. 2020; Sanna et al. 2023). Genetic
variations between coral species also result in some types
of coral tending to grow wider than others (Drury et al.
2017; Prada and Hellberg 2021; Million et al. 2022). The
highest primary branch width throughout the coral
indicates the need to support larger and heavier coral
structures. This is done as a form of adaptation to greater
physical disturbances.

The existence of a more consistent branch width in
secondary branches reflects a balance between structural
strength and hydrodynamic adaptation to currents. Large
branches function to withstand physical stress without
experiencing significant damage. The highest branch length
on primary branches in reef flats is related to the need to
reach upwards to get maximum light or to spread polyps to
capture nutrients in high turbidity conditions efficiently.

Branching angles tend to be larger on primary branches,
especially on reef flats and reef slopes. The main factors
contributing to this phenomenon include defense mechanisms
against physical disturbances such as waves and currents
(Reidenbach et al. 2021; Sheppard 2021; Ghiasian 2022).
Polyps require more surface space for photosynthetic
activity particle capture in environments with limited light
or higher competition. Larger branching angles provide the
structural stability necessary to support coral vertical and
horizontal growth (Mistr and Bercovici 2003). This
adaptability illustrates the evolutionary tendency of
Pocillopora in response to environmental pressure and
competition in marine habitats. Wider branches can also
increase coral resistance to stronger currents or other
mechanical disturbances. Branching at the apex branch
tends to form smaller angles with a more compact and
aerodynamic coral structure, reducing resistance to currents
and hydrodynamic pressure. This facilitates vertical growth
in an effort to maximize light capture.
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The greatest interbranch spacing variability was found
at the apex branch at all locations. This is indicative of high
phenotypic plasticity in response to local variability of
environmental conditions. Primary and secondary branches
show smaller and narrower variations, indicating that
environmental conditions at the depths where they are
located are more stable or less fluctuating. These overall
patterns represent complex morphological adaptations,
which refer to the physical changes in an organism’s
structure or form in response to its environment, and are
related to environmental factors such as light, currents, and
turbidity (Putnam et al. 2016; Kahng et al. 2019; Morgan et
al. 2020). Considering these environmental factors is
critical to understanding coral ecology and morphological
evolution. More focused studies on the relationship
between morphology and environmental conditions could
provide further insight into coral adaptation processes in
different ecosystems.

The distribution of groups of PCA test results at each
reef flat, lagoon, and reef slope site shows grouping based
on the characteristics of each site. The reef flat group
(green) tends to be clustered and separated from the lagoon
group (red) and reef slope group (blue). These separate
groupings indicate significant differences in biological
conditions or composition between the three sites. This
could indicate that there are location-specific factors that
have a strong influence on the measured parameters.

Organic Matter (OM), Total Suspended Solid (TSS),
Turbidity (Tur), and Light Intensity (LI) have long and
unidirectional vectors. This condition shows that the four
environmental variables increase simultaneously and have
an influence on the morphology of P. damicornis in reef-
flat areas. High turbidity in reef flat areas is caused by the
influence of waves and water activity, which stir up sand
and sediment from the seabed (Macdonald 2015; Omori
2019; Jones et al. 2021). TSS tends to be high because sand
and other particles are lifted from the bottom by the
continuous movement of water. Organic matter also
becomes highly enriched by organic matter from land that
is carried to the reef flat via currents or waves (Bainbridge
et al. 2018; Nelson et al. 2023). The shallow depth allows
sunlight to penetrate more easily, so the light intensity is
high. Even though high turbidity affects the intensity of
light in the water, shallow water conditions still allow light
to penetrate to the bottom of the water.

The variables temperature, pH, and wave height have a
relatively small influence on the PCA biplot. The direction
of the vector reflects the significant relationship between
these variables and the specific characteristics of the reef
flat. Low water depth and high exposure to sunlight tend to
have greater temperature variations compared to other
areas. These higher temperatures can affect many biological
processes, including the metabolism of coral organisms and
the solubility of oxygen in water (Hughes et al. 2020;
Szabo et al. 2020; Réadecker et al. 2021). pH is an indicator
of chemical balance, which is influenced by factors such as
photosynthesis, respiration, and the decomposition of
organic matter (Cornwall et al. 2022; Sakin et al. 2024).
Photosynthesis by zooxanthellae algae can increase pH
during the day and CO, absorption (Raven et al. 2020;
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Titlyanov and Titlyanova 2020). Conversely, high
decomposition of organic matter can reduce pH due to
increased carbonic acid production (Middelburg et al.
2020; Renforth and Campbell 2021; Shajedul 2023).
Although the contribution of sea waves is low, it is able to
increase aeration, which affects oxygenation levels and
CO; balance, thus affecting pH (Halevy and Bachan 2017).

The interaction between temperature, pH, and wave
height at reef flat sites provides important information
about the physical and chemical conditions that influence
coral reef ecosystems. Variations in these parameters have
direct and indirect effects on species composition, coral
reef health, and overall ecological dynamics. Further
research into these relationships could provide a better
understanding of how these physical and chemical
processes interact and influence marine biota.

Salinity and current speed indicate a more significant
correlation with conditions found on the reef slope
compared to other areas, such as lagoons or reef flats. Reef
slopes are areas where there is a steeper depth gradient.
This naturally allows an increase in salinity caused by the
influence of more open water. The current speed in the reef
slope area is also influenced by seabed topography
(Johansen 2014; Wolanski et al. 2024), where steeper areas
tend to experience more dynamic water movement due to
the influence of waves and changes in depth (Yu et al.
2016; Zheng et al. 2024). Strong current speeds can also
help maintain salinity stability by bringing in new water
from the deep sea, which has a higher salt concentration.

The interaction between environmental factors is not so
visible in the lagoon area. It is likely caused by ecological
and geophysical factors unique to lagoons. Lagoons are
generally better protected from the direct influence of
waves and open ocean currents (Soria et al. 2022). Its
position is located behind the main reef or due to natural
barriers such as atolls or coral islands (Claudino-Sales
2019). Lagoons produce more stable environmental
conditions with less intensity of change. The temperature in
the lagoon is more homogeneous and does not experience
extreme fluctuations (Rajput and Ramakrishnan 2021;
Lacoste et al. 2023). The lagoon’s pH can also be more
stable due to the lack of vigorous stirring and lower wave
activity, which results in a more constant chemical balance.
Low waves cause less sediment stirring and a decrease in
turbidity and TSS. Thus, the coral’s visible morphology
does not vary much compared to the reef flat and reef slope
areas.

Morphological forms influenced by environmental
factors in the short term are temporary responses to
changes in environmental conditions. Further research is
needed to understand the most influential environmental
variables and genetic analysis to see if the variation is
hereditary. Thus, understanding the environmental context
and conducting more in-depth investigations can help
determine whether morphological variation is temporary or
the result of a longer evolutionary process. Collecting data
from multiple locations and statistical analysis of the
relationships between these factors and coral morphology
allows for a better understanding of how environmental
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conditions affect colony shape and health. It provides a
basis for management and conservation recommendations.

Overall, it is evident that the morphological adaptation
of P. damicornis is strongly influenced by the specific
environmental conditions at each location. Variations in
corallite and branch morphology reflect complex adaptive
responses to factors such as turbidity, light intensity,
current velocity, and nutrient availability. This deeper
understanding of the relationship between coral morphology
and these environmental conditions provides important
insights into coral survival strategies in the face of diverse
environmental stressors. Further research is needed to
deepen the understanding of the interactions between these
environmental factors and how they influence the evolution
of coral morphology in different ecosystems.
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