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Abstract 

    Sedimentation resulting from poor land-use practices is a major issue in Palau, especially in 

the volcanic island of Babeldaob. Airai State in Babeldoab Island has experienced major 

anthropogenic disturbance, including sedimentation.  To assess the history of sedimentation 

and its impact on coral communities, we collected 12 cores of Porites coral from Airai Bay, 

Palau in February 2016.  Coral cores collected at the river mouth showed two discontinuous 

growth sections at similar distances from the growth surface. Based on coral chronology 

provided by high-low density couplets, coral core records indicate that coral skeletal growth 

recovered and resumed around 2003 and 1994. These results imply that at least two lethal 

events have affected Porites coral growth in the last 30 years in Airai Bay.     
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Introduction 

 

    Ngerikiil region in Palau is one of the area’s most fully developed watersheds. The watershed 

covers an area of around 28.5 km2, of which roughly 90% is vegetated, while the remaining 10% 

is heavily impacted by anthropogenic disturbances, such as urban land development, the 

making of unpaved roads, and land clearing activities (Golbuu et al. 2011). The Ngerikiil River, 

which gives its name to the watershed, flows into Airai Bay, a semi-closed, coral reef lagoon 3 

km in length and 1 km in width. The mean annual rainfall is 3750 mm, river flow Q is 7.3 m3/s, 

and the sediment yield is 462.4 tons/km2/year (Golbuu et al. 2003;2011). This bay is of interest 

because, as Golbuu et al. (2003) reported, 69% of the terrigenous mud is trapped in the bay, 

and 30% is trapped in mangroves located in the Ngerikill River estuary, but 1% of the 

terrigenous mud is exported to the outer reef. Historically, anthropogenic activities typically 

would not disturb the Ngerikiil watershed before the 1970s. However, there were the 

construction of the airport (Palau International Airport) from 1978 to 1982, extensive 

agricultural land clearing in the 1990s, and accelerated land clearing and poor land use practice 

such as the destruction of green belts along the banks of the Ngerikiil River since 1997. These 

anthropogenic disturbances have thus led to an increase in soil erosion and the transfer of 

sediment from the Ngerikiil watershed to Airai Bay (Golbuu et al. 2003; 2011; Iida 2012; Kudo et 

al. 2013). However, there are few reports about the coral physiological response to the 

sediment loading in their natural setting in Airai Bay, which highlights the need for an effective 

management plan.  
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    Coral skeletons represent an important archive of paleoenvironment and physiological 

responses. Corals typically secrete their CaCO3 skeleton with high- and low-density bands as a 

result of their physiological cycles. The animal’s physiological activity as well as the physical and 

chemical properties of the seawater together affect skeletal growth parameters, including 

skeletal density, extension rate, and calcification rate, in addition to the chemical and isotopic 

compositions of the skeleton (Lough and Barnes 2000; Corrège 2006; Carilli et al. 2015; 

Pratchett et al. 2015). In particular, massive Porites coral skeletons are typically used as 

retrospective archives because they preserve annual density bands like tree rings within their 

structure. As such, we collected 12 Porites coral cores from Airai Bay, including inshore 

locations along the river mouth and offshore regions, and examined them to estimate the 

skeletal growth characteristics.  

 

Methods 

   Water quality parameters, including temperature, salinity, and turbidity (FTU) were measured 

using a multi-parameter water quality meter (AAQ-RINKO 121, JFE Advantech). Measurements 

were taken on nine different times between March 2016 and March 2017: 9th March 2016; 

24th May 2016; 30th June 2016; 1st August 2016; 15th September 2016; 14th October 2016; 

23th November 2016; 27th January 2017; and 3rd March 2017 (Figures 1). The water quality 

parameters were averaged over the first meter of depth, in order to estimate the freshwater 

component at each site. Outliers in the data measured at depths of 0-0.1 m were excluded. 



PICRC Technical Report No. 18-05 

 

4 
 

  

   

             
Figure 1: Location of water quality sample and coral coring sites in Airai Bay, Palau. 

Table 1: Summary of coral cores collected in Airai Bay. 
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    We collected 12 cores of massive Porites coral from locations stretching offshore from the 

inshore river mouth in Airai Bay on 26th27th February 2016 (Figure 1 and Table 1). The coral 

cores were collected by pneumatic drills with 2.5 inch-diameter drill bits (Adachi and Abe 2003), 

and cement plugs were used to fill the coring holes. After collection, the cores were rinsed in 

fresh water and air-dried (Figure 2).  

    Cores were scanned with computed tomography (CT) at the Center for Advanced Marine 

Core Research at Kochi University. Three-dimensional X-radiographs were created using a 

LightSpeed Ultra16 (GE Medical Systems) and Aquilion PRIME Focus edition (Toshiba Medical 

Systems Corporation) in 0.625 and 0.5 mm axial slice increments using 120 kV and 100 mA, 

respectively. The CT-data were manipulated using OsiriX MD (v.8.5.2). The virtual images of X-

radiographs were generated for slices with 5 mm thickness and were converted to positive 

images prior to analysis (Figure 3). Three cores: PL-Ar04; PL-Ar08; and PL-Ar10, were cut along 

the growth axis to roughly 5 mm thickness using a rock saw equipped with a diamond-tipped 

blade cooled with water, at Hokkaido University. The slices were rinsed with NaClO for 24 hours, 

washed several times with Milli-Q water in a sonicator, and dried in an oven at 40°C for several 

days, before the CT X-radiography was carried out.   

 

Results and discussion 

    In order to establish the depositional timing of the coral skeletons, we examined the 

repetitive high-low density couplets, which are thought to represent a cycle of annual growth 

(e.g. Lough and Barnes 2000). However, regular couplets of these supposedly annual high-low  
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density bands appeared obscure in the majority of the coral skeleton cores (Figure 3 and Table 

1). This result is partly in agreement with the findings of Osborne et al. (2013), which showed 

that the density bands could be obscure in some areas, but in disagreement with other studies 

in Palau by Morimoto et al. (2002) and Barkley and Cohen (2016), which showed that the coral 

skeletons preserved clear high-low density bands. Interestingly, the growth surfaces of most of 

our coral cores, which would have formed at the beginning of the year since the coral was 

collected in February, corresponded with high-density sections. However, this is in contrast to 

the findings reported by Barkley and Cohen (2016) at locations around Palau, but not Airai Bay,  

    

Figure 2: Photographs of coral cores collected in Airai Bay, showing sections of 

discontinuous growth (black and gray arrows).  Information about each of the coral cores 

is given in Table 1. 
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in which low-density sections were deposited at the beginning of the year in February. This 

indicates that the growth characteristics of Porites coral in Airai Bay are unique within Palau.       

The coral cores contained two discontinuous growth sections at different depositional timings, 

located at 1217 cm at C01, C03, and C04 (Group A), and at 2731 cm from the skeletal growth  

surface at C05 (Group B) (Figures 2 and 3, and Table 1). Faint density bands could be seen in 

cores PL-Ar-06 (Group A) and PL-Ar-11 (Group B), and the extension rate was estimated based 

on the assumption that a single high-low density couplet is deposited over the course of a year. 

The average extension rate was thus around 1.3 cm/year in PL-Ar-06 between 2003 and 2016, 

 

Figure 3: CT-scans of Porites coral cores with areas of discontinuous growth visible in the 

positive images (black and gray arrows). Scale bar is 5cm. The coral chronology in PL-Ar06 

and PL-Ar11 was developed by assuming that high-low density couplets represent annual 

growth. 
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and around 1.4 cm/year in PL-Ar-11 from 1994 to 2016. These values are similar to the average 

Porites coral extension rate of around 1.3 cm/year at the Great Barrier Reef (Lough and Barnes 

2000), and so we consider our assumption valid, that each high-low density couplet in PL-Ar-06 

and PL-Ar-11 represents the coral’s annual growth. Although the skeletal growth rate is 

typically colony-specific, if we apply the same growth rate to other coral cores in this study, 

then it is possible to see that the coral tissues of Group A and Group B recovered and resumed 

robust skeletal deposition after around 2003 and 1994, respectively. This implies that lethal 

events affect Porites coral growth before these years.  

    What could have caused the Porites’ lethal events? Possible environmental factors could 

include global stresses such as ocean warming (Hoegh-Guldberg 1999, Hughes et al. 2018), local 

stresses such as the sediment loading in Airai Bay (Golbuu et al. 2003; 2011), or a combination 

of both. In Palau, there were at least two high-temperature events between 1990 and 2013, in 

the years 1998 and 2010 according to data from the National Oceanic and Atmospheric 

Administration optimum interpolated sea surface temperature database (http:// 

coastwatch.pfeg.noaa.gov) (Barkley and Cohen 2016). In 1998, the SST anomalies were roughly 

1 ± 0.5C and maximum DHW (Degree Heating Weeks) was around 13.6C-week from 1st June 

to 30th November. In 2010, the SST anomalies were around 0.9 ± 0.3C, and maximum DHW 

was 4.8C-week during the six months from 1st June to 30th November (Barkley and Cohen 

2016). Our coral cores did not contain any discrete anomalously high-density bands, which is 

not consistent with the report by Barkley and Cohen (2016), in which 10-50% of Porites in 

Palau’s inshore reef contain such anomalously high-density bands. Previous studies have 
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termed these high-density sections “stress bands” and suggested that they are the result of 

sublethal thermal stresses such as bleaching (e.g. Druffel and Linick 1978; Cantin and Lough 

2014; Barkley and Cohen 2016). In addition, Barkley and Cohen (2016) indicated that the stress 

bands emerged in 18-50% of Porites corals of the inshore reefs in Palau in 1998 and in 10-30% 

of the corals in 2010. Although the recent growth recovery timings apparent in PL-Ar-06 and PL-

Ar-11, of 2003 and 1994 respectively, were different from the sublethal thermal events in 1998 

and 2006 in other locations around Palau, if the possibility of chronological error is considered, 

then the same thermal stress could have induced a lethal event of skeletal growth in the Porites 

corals of Airai Bay. 

   The other possible cause is that of anthropogenic disturbances such as sediment loading 

(Golbuu et al. 2003; 2011; Iida 2012; Kudo et al. 2013). Although our measurements show the 

SST to be nearly constant at all sample points except for S1, salinity at S7 showed the lowest 

seasonal variation but the highest 

absolute seasonal value (Figure 4). 

These data indicate that the coral 

coring sites are indeed influenced by 

the freshwater input. In addition, 

sedimentation is seen to decrease 

from the river mouth towards the 

offshore areas (Figure 4). This is 

consistent with the results reported 

 

Figure 4: Boxplot of seasonal salinity, temperature, and 

turbidity in Airai Bay from March 2016 to March 2017. 
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by Golbuu et al. (2003; 2011), which showed sediment loading as a result of river runoff 

reaching the location of C05 in this study. The various anthropogenic disturbances that 

contribute to sediment loading, such as the construction and extension of the Palau 

International Airport, the construction of unpaved roads, and agricultural land clearing, started 

in around 1978 and continue to the present (Golbuu et al. 2003; 2011; Iida 2012; Kudo et al. 

2013). Thus, our measured results of salinity, temperature and turbidity imply that coral growth 

in our coring site is not only influenced by global stresses such as ocean warming, but also by 

local stresses such as these anthropogenic disturbances.  

     In summary, we investigated skeletal growth of Porites corals in Airai Bay. We found the 

unique skeletal growth characteristics of Porites corals in Airai Bay compared these to other 

coral reefs in Palau. A section of discontinuous skeletal growth in coral cores indicated the same 

recovery and resuming timings of coral skeletal growth, but it remains unclear as to whether 

the lethal event occurred at the same timing as other damaging events in the region. We note 

that we were unable to decipher the precise chronology of the coral skeletons in this study, 

owing to a lack of clear high-low density couplets in the majority of the coral cores. In future 

studies, in order to determine the cause of the lethal event that affected these coral skeletons, 

it will be necessary to: 1) estimate the precise chronology of the coral skeletons; 2) reconstruct 

the thermal stresses that occurred before the lethal events; and 3) quantitatively determine the 

historical sediment loading. Geochemical signals, such as radiocarbon, and Sr/Ca and Ba/Ca 

isotopes in coral skeletons, which are typical proxies of seawater temperature and sediment 

loading, should be powerful tools in developing the precise chronology of the coral skeletons 
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and reconstructing the paleoenvironment in which the coral lived (e.g. Beck et al. 1992; 

McCulloch et al. 2003; Montaggioni et al. 2006). Future researches into the coral cores from a 

geochemical perspective would permit a qualitative and quantitative assessment of the 

environmental conditions in Airai Bay. 
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