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Abstract. The annual growth of Porites coral is represented by a pair of
high- and low-density bands. Environmental changes in the ambient waters
influence the pattern of these annual density bands. Five colonies of Porites
corals from Nusa Penida, Bali were investigated to analyze their annual
linear growth rates using coral densitometry. From the analysis it was found
that the annual linear growth rates of the colonies varied between 0.8924 to
1.0012 cm/yr. The trends of the colonies growth rates also varied. Two
colonies showed a decreasing trend, while the others showed an increasing
trend. The annual linear growth rates of most of the colonies were not
influenced by sea surface temperature (SST); only one out of five colonies
had a significant correlation with SST (R = 0.66, p-value < 0.05).
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1 Introduction

Nusa Penida was established as a marine protected area (MPA) in 2010, with an
area of 20,057 hectares. It is part of the Coral Triangle (CT) region and has a
highly diverse coral ecosystem, with around 296 species of corals and 576
species of reef fishes. As an MPA, complete data and information related to
marine environment conditions are necessary to support the development of
better MPA management. In line with this purpose, a study utilizing massive
Porites corals was done to estimate their annual growth and analyze the relation
with some climatological indices.

Porites is a common genus of coral with a worldwide distribution. It can grow
for centuries and form massive colonies of several meters height [1,2]. The
range of Porites lies largely in tropical areas [3,4]. Even though Porites has
great importance within the ecosystem, there is a lack of data about the
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correlations between species and populations. The characteristics of the Porites
species are hard to identify, as they vary considerably [5].

Porites growth involves an increase in both tissue and skeleton. Environmental
controls on the growth of corals include seawater temperature [6-9], light [10],
carbonate saturation state [11], water motion [12], water quality [13], and rising
concentrations of athmospheric greenhouse gases [14].

Massive Porites corals are often used to predict past environmental conditions
[15-17]. Corals record environmental history in their calcium carbonate
skeletons [18-20]. A series of growth bands is created by the precipitation of
calcium carbonate deposited on the skeleton during their growth [21,22]. Long-
term dated histories of coral growth, density and calcification rates can be
obtained by analyzing the patterns of annual high-density (HD) and low-density
(LD) bands in massive coral skeletons produced during their growth [9,23].

Measurement of coral growth parameters, i.e. calcification, density and linear
extension, are important for understanding what controls coral growth. Several
studies have provided evidence of a recent decline in massive coral calcification
rates that may be related to recent changes in sea surface temperature (SST)
[24-27]. A study by Suharsono and Cahyarini [28] showed that the linear
growth trends of Porites coral from different sites in Indonesia (i.e. Biak,
Maumere and Natuna) showed different responses to changes in SST. A study
on Seribu Island showed that offshore coral linear growth was more affected by
SST than inshore coral linear growth from 1996 to 2005 [29].

Studies on determining coral growth have been done using densitometry [23,30]
and computed tomography [25]. In this study we analyzed the annual linear
growth of Porites corals from Nusa Penida, Bali using the Coral X-radiograph
Densitometry System (CoralXDS) [30]. The results were correlated to SST.

2 Material and Methods

2.1 Study Site

Figure 1 shows the research location of Nusa Penida Island, including the two
other smaller islands of Lembongan and Ceningan (8°38’-8°49’S and 115°25°-
115°37°E). This group of islands is located 20 km off the south east coast of
Bali Island and is part of Klungkung regency. The climate is much like Bali’s,
with the rainy season from November to March and the dry season from April
to October. The average temperature is 28-30 °C and annual precipitation is
approximately 1,000 mm [31].
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Figure 1 Coral site indicated by asterisk (left) and positions of cores (right).

2.2 Methods

Five Porites corals from Nusa Penida, Bali (NP1, NP2, NP3, NP4 and NP5)
were used in this study. All cores were drilled from the top down to the bottom
of the coral using a pneumatic drill powered by a scuba tank. The lengths of the
5 cores were different (NP1: 60 cm; NP2: 47 cm; NP3: 81 cm; NP4: 133 cm;
and NP5: 75 cm). From the length of each of the cores we assumed different
coral ages (the 5 corals each have a different living period). The coral cores
were cut into 5 mm thick slabs. The coral slabs were then X-rayed (Figure 2)
and the digital images were used as input for Coral XDS from the National
Coral Reef Institute Nova South Eastern University Oceanographic Center
(NSUOC) [32] to calculate the annual linear extension for each core [30]. In this
approach, an X-ray image of the coral with scale in pixels per centimeter is
required. It is widely accepted that 2 bands, HD and LD, represent 1 year of
growth [33-36]. Thus we can determine the living period of a coral. The first
combination of HD and LD quantities was defined as the linear extension over
the year 2012, since the cores were drilled in March 2013 (assuming that the top
of the core is the coral layer that grew in 2012). The analysis was continued
further until the last HD and LD quantities of each core.

The cores were drilled from different colonies in one location north of Nusa
Lembongan (indicated by an asterisk in Figure 1), with a distance between the
colonies of about 5 meters. The area is a white sandy field, at a distance of
about 700 meters from the shoreline and 5 meters in depth.
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Figure 2 X-rays of five Porites coral cores from Nusa Penida (NP1, NP2, NP3,
NP4 and NP5, respectively) and transect line for linear growth analysis (white
line).

In order to observe the dependency of annual linear growth of corals on SST,
data from Extended Reconstruction Sea Surface Temperature (ERSST) [37,38]
were used. Furthermore, we also tried to analyze the relation between these
annual growths and the El Nino Southern Oscillation (ENSO) and Indian Ocean
Dipole (IOD) indices, since the study location is part of the area where the
influence of these regional phenomena is significant.

3 Results and Discussions

The annual linear growth values of the 5 coral samples (NP1, NP2, NP3, NP4,
and NP5) show ages ranging from 42 years (NP1) to 121 years (NP4). Table 1
shows the living periods of the coral colonies and the mean annual linear
growth rates. The mean annual linear growth rates of the Porites coral samples
from Nusa Penida varied between 0.8607 and 1.0012 cm/yr.

Table 1 Porites Coral Mean Annual Linear Growth for NP1, NP2, NP3, NP4,
NP5.

Mean annual linear growth

Core ID Period rates % sd (cm/year) Slope p-value
NP1 1971 - 2012 1.0012 £ 0.3058 +0.0026 0.5032
NP2 1949 - 2012 0.8607 £ 0.2549 +0.0028 0.1003
NP3 1949 - 2012 0.9489 £ 0.2866 -0.0033 0.0880
NP4 1892 - 2012 0.9521 £0.2853 +0.0017 0.0220
NP5 1939 - 2012 0.9572 £ 0.2849 -0.0003 0.8636

The mean linear growth rates of the 5 cores are 1.0012 + 0.3058 cm/yr, 0.8607
+ 0.2549 cm/yr, 0.9489 + 0.2866 cm/yr, 0.9521 + 0.2853 cm/yr, 0.9572 +
0.2849 cm/yr for NP1, NP2, NP3, NP4 and NP5, respectively. Meanwhile, the
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living periods of the cores are 42 years (1971-2012), 64 years (1949-2012), 121
years (1892-2012) and 74 years (1939-2012), respectively.

The linear growths of the 5 colonies of Porites can be so varied because they
have different living periods. The living period can have an influence on the
health of the coral and also on its resilience in responding to environmental
changes. One way of determining a coral’s responses is by looking at its annual
growth.
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Figure 3 Variation of Porites coral annual linear growth and its linear trend for
NP1 (1971-2012) and NP2 (1949-2012).

The analysis results show that during the period of 1949 to 1968, the annual
growth rates of NP2 were slower than those of other massive corals, i.e. only
0.7664 cm/yr (Figure 3). This period significantly influenced the total annual
linear growth of NP2. Since the 5 massive corals grew in very similar
environmental conditions, with a distance between each colony of only around 5
meters, the lowest growth rates found in the NP2 core during this period could
be due to its health.
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Figure 4 Variation of Porites coral annual linear growth rate and its linear trend

for NP3 (1949-2012), NP4 (1892-2012) and NP5 (1939-2012).

Over the period of their growth, the mean annual linear growth rates of NP3 and

NP5 show a decreasing trend (Table 1 and Figure 4), while for the remaining
corals they show an increasing trend. However the p-value (Table 1) shows that
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only the increasing trend of NP4 (p-value <0.05) is statistically significant,
while the other corals show either an increasing trend (NP1 and NP2) or a
decreasing trend (NP3 and NP5) that is not statistically significant (p-value >
0.05).

Since the shortest living period of the 5 Porites corals was found in the NP1
sample (42 years), the period from 1971 to 2012 was selected for further
analysis. This analysis revealed that the mean annual linear growth rates of
Porites coral from Nusa Penida varied between 0.8924 and 1.0012 cm/yr (Table
2). For the last 42 years, the mean annual linear growth rates of NP3 (Figure 5)
and NP5 (Figure 6) show a decreasing trend, while the remaining samples show
an increasing trend. Similar to the analysis results over the whole obtained
period for each core, the p-values show that only the increasing trend of NP4 is
statistically significant (p-value < 0.05).

Table 2 Porites Coral Mean Linear Growth and Correlation Between SST,
NINO3.4, IOD and Linear Growth (95% Confidence Level), 1971-2012.

Core ) Mean annual linear R valu.e of p-value
D Period growth rates Slope SST vs linear SST NINO3.4 10D
+ sd (cm/year) growth

NP1 1971 -2012 1.0012 £ 0.3058 +0.0026 0.1400 0.5032 0.4334 0.0873
NP2 1971 -2012 0.8924 +0.2367 +0.0011 0.0316 0.7222 0.6053 0.8793
NP3 1971 - 2012 0.9079 £ 0.2707 -0.0053 0.2478 0.1235 0.5342 0.9439
NP4 1971 - 2012 0.9959 + 0.3264 +0.0181 0.6594 0.000001 0.2582 0.9079
NP5 1971 - 2012 0.9768 = 0.2784 -0.0031 0.1300 0.3921 0.7901 0.1431

Extracting and plotting the SST data from ERSST for the time period of 1971-
2012 in the study area showed an increasing trend. SST higher than 29 °C was
found in the years 1998, 2005 and 2010 (indicated by shadow box in Figure 5
and 6) and these conditions coincided with lower annual linear growth rates. For
example, the annual linear growth rates of NP1 in 2005, when the SST reached
29.23 °C was only 0.8623 cm/yr, while during 1977, when SST was around
27.84 °C, the annual linear growth was 0.9552 cm/yr. This indicates that natural
factors, such as changes in SST, influence coral growth [24,25]. However, this
pattern did not occur in all colonies. This means that the relationship between
the growth rate of the coral and SST in Nusa Penida is weak or unclear. It is
therefore likely that growth responses of the corals around Nusa Penida depend
not only on SST but probably also on other parameters, such as nutrients, pH,
salinity, and precipitation.
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Figure 5 Comparison of annual linear growth rates of Porites coral from Nusa
Penida (NP1, NP2 and NP3) and SST (dashed line) obtained from ERSST

dataset.

maximum, and then to decrease slightly coinciding with further increases in

calcification rates repeatedly shown to increase with rising temperature, up to a
temperature [37].

The correlation between coral growth and temperature was considered with
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Figure 6 Comparison of annual linear growth rates of Porites coral from Nusa
Penida (NP4 and NP5) and SST (dashed line) obtained from ERSST dataset.

A comparison of the annual linear growth rates and annual SST shows that for
NP3 and NP5 an increase in SST coincided with a decrease in annual linear
growth rate, but a different result was found for NP1, NP2, and NP4, where the
increase of SST coincided with an increase in annual linear growth rate. This
varied response requires further analysis in order to understand the influence of
SST on the annual linear growth rates of Porites coral in Nusa Penida.

From the correlation analysis between the annual linear growth rates of Nusa
Penida cores and the SST anomaly in the NINO3.4 region, we could not find
any significant correlation values. Similar results were found when trying to
correlate the annual linear growth rates with the 10D index. Further work is
needed to understand this, since according to [38], based on an analysis of a
core sample from Padang Bai (to the northeast of Nusa Penida), the Bali record
evidently shows unique local influences in addition to the Indonesian-wide
response to ENSO.
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4 Conclusion

The mean annual linear growth rates of 5 Porites coral colonies from Nusa
Penida, Bali for the time period of 1971 to 2012 (42 years), vary from 0.8924 to
1.0012 cm/yr. 3 Porites colonies, i.e. NP1, NP2, and NP4, show an increasing
growth trend, while the 2 other colonies (NP3 and NP5) show a decreasing
growth trend. Comparing the annual linear growth rates with SST over the same
period shows a high correlation coefficient between SST and annual linear
growth with R =0.66 only for the NP4 colony, of which the annual linear
growth rates coincide with an increase in SST. On the other hand, comparing
the annual linear growth rates with the ENSO and 10D indices did not give any
significant correlation. It is suggested that local influences, such as
precipitation, nutrient or food availability and salinity may have a more
dominant influence on coral growth rate in this area.
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