
 

Quantitative assessment of coral-reef damage caused 

by the Palau Siren grounding in Koror State Southern 

Lagoon 

 

Marine Gouezo, Evelyn I. Otto, Dawnette Olsudong,  

Geory Mereb,  

 Palau International Coral Reef Center 

 

 

 

 

 
PICRC Technical Report No 15-16 

September 2015 



PICRC report No 15-16 

1 
 

 

 

 

 

Summary 

The live-aboard diving vessel, the Palau Siren, ran aground on August 3, 2015 at Wonder Channel in 

the Rock Island Southern Lagoon World Heritage Site. A quantitative assessment of coral reef 

damages was conducted at the grounding site. Benthic surveys were conducted at the damaged site 

and a reference site located 120 m away on the same reef system, to allow for comparison. Our 

results showed that a total area of 698 m2 was damaged by the vessel. Live coral cover was 6.5 

times lower at the damaged site compared to the reference site. The damaged site lost significant 

habitat structure and coral genera diversity. Using a similar study done on ship grounding at a World 

Heritage site in the Philippines, we were able to set a value on coral reef in Palau. This value ranged 

from $US 817 to 1,296 per square meter and should serve as a basis for ship grounding fines within 

the Rock Island Southern Lagoon of Palau until further research has been done on coral reef 

valuation in Palau.  
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Introduction 

Vessel grounding incident cause physical damage to shallow coral reefs leading to significant disturbance and 

mortality of benthic organisms. The damages are caused by the direct impacts of the hull, propellers and 

anchors of the vessel on the benthos. The movements of dislodged coral colonies, boulders, rubbles and 

associated sediments also indirectly affect the environment surrounding the grounding area. In addition, post-

grounding activities (removal and salvage) often create additional impacts to the initial grounding damages. 

Depending on the intensity of the vessel grounding, damages to coral reef range from superficial (living surface 

of coral reef is affected) to the loss of reef structure where the three dimensional reef matrix is ruptured (Lirman 

et al. 2010).  

The live-aboard diving vessel, the Palau Siren, ran aground on the evening of Monday, August 3, 2015, at 

approximately 7:00 PM at Wonder Channel, in the southern lagoon of Koror State (Fig. 1). The Rock Islands 

Southern Lagoon (RISL) area in Koror State covers 100,200 ha, is designated as a conservation zone and was 

inscribed on the World Heritage list (UNESCO) in 2012. The area has high biological diversity with 746 species 

of fish, over 385 species of corals, 13 species of sharks and manta rays and many more (Golbuu et al. 2005; 

UNESCO 2012). The RISL is a managed area for recreational activities, subsistence fishing, and restricted 

commercial use. 

 

Figure 1: Aerial photo of the vessel S/Y Siren (photo: EQPB) 
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The Palau International Coral Reef Center (PICRC) was requested by the Environmental Quality Protection 

Board (EQPB) to conduct an expert assessment of the area where the Palau Siren ran aground as well as any 

damage that might be have been caused by the anchor being dragged on the reef. 

EQPB requested PICRC to perform the following tasks: 

1.  PICRC presence during the salvage of the vessel to assess the extent of the damage caused by the ship 

and preliminary observations of reef damages (1st part of the survey, short summary report available, PICRC) 

2. A quantitative assessment after the vessel has been removed from the reef to evaluate the impact of the 

vessel on the seafloor, the extent of damage to the reef within the area and any other damages to the 

surrounding habitats.  

3. A valuation of the reef that was damaged including the services that coral reefs offer and a cost of replacing 

and restoring the damaged reef. 

This report addresses objectives (2) and (3).  

Methods 

PICRC conducted task (2) on Thursday, September 3, 2015. The quantitative assessment of coral-reef 

damage consisted in conducting benthic surveys at the damaged and reference sites nearby but not impacted.  

The reference site was randomly chosen by driving 120 m away from the damaged site (Fig. 2). The reference 

site is located on the same reef than the damaged site (Fig.2). It is exposed the same physical conditions 

(current, exposure) and exhibits similar coral-reef communities than the damaged site. At both sites, a 30 m 

long transect was laid at 8 m, 5-4 m, and 3-2 m depth. Benthic cover was quantified by taking an image every 

meter along the transect tape with an underwater camera mounted on a 1 m x 1 m photo-quadrat PVC frame. 

30 photos were taken per transect, characterizing 30 m2 of the benthos per transects. Images were analyzed 

using CPCe software (Kohler and Gill 2006), where five points were randomly allocated on every photograph 

and the benthic substrate directly below each points was classified into benthic categories. Benthic categories 

included corals and fleshy macroalgae, (all to the resolution of genera), sponges, ascidians, crustose 

coralline algae, turf algae, and non-living hard substrata (e.g., sand and rubble). Appendix 1 provides the 

full list of the benthic categories that were used in the benthic surveys. The same benthic survey 

methodology was used in several other studies in Palau and published in peer-reviewed journals (Golbuu et al. 

2012; van Woesik et al. 2012; Shamberger et al. 2014; Barkley et al. 2015). As our sampling unit is at the site 

level (damaged site and reference site), the percentage cover of each category was averaged among the 

three transects for each site.  
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Figure 2: Satellite image of Koror State southern lagoon (a) and the locations of surveyed sites (b). The 
reference site was located 120 meters north-east of the damaged site on the same reef.  

 

a) 

b) 
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To determine the area that was damaged, a surveyor measured the maximum length and width of the 

damaged area using a measuring tape. Several widths were measured to get the largest one and to 

estimate the approximate geometrical shape of the damaged area (e.g. rectangle, ellipse, or circle). Any 

additional damages caused by the dragging of the anchor was added to the observations and measured 

for area calculations. Once maximum lengths and widths of damaged reef area were measured and 

shapes were identified, areas were calculated using area formula for a rectangle (1) and an ellipse (2): 

(1)                             

(2)                            

To investigate whether the vessel had an impact on the benthic community, several response variables were 

compared between the damaged reef and the reference site using T-tests for independent samples in R (R 

Development Core Team 2015). Data were checked for normality using Shapiro-Wilk test prior testing. Bar 

plots were made using R and Excel.  
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Results 

1. Damaged areas by the vessel 

Two damaged areas were observed on the reef: the main area where the vessel was grounded and another 

smaller area on the south side caused by the dragging of the anchor (Fig. 3). The main damaged area ranged 

from 1.5 m depth to 15 m depth (see photos below). 

 

It had a maximum length of 33 m and a maximum width of 23 m and formed an ellipse of 596.1 m2 (Fig. 3). 

The smaller area had a maximum length of 34 m and maximum width of 3 m and formed a rectangle of 102 

m2. The total damaged area was 698 m2.  

 

Figure 3: Diagram showing the damaged area caused by the vessel 
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2. Live coral cover and reef framework 

Live coral cover was significantly lower (11.4 %) at the damaged site compared to the reference site (73.7 %) 

(t-test, P < 0.01) (Fig. 4a). The mean percentage cover of broken corals was 72.9 % at the damaged site. 

There were no broken corals at the reference site (t-test, P< 0.05) (Fig. 4b).  

 

 

Figure 4: Mean percentage cover (± SE) of live coral cover (a) and broken corals cover (b) at the damaged 
and reference sites (top). Photos showing broken Acropora and Porites corals (bottom left) and broken 
Porites (massive) corals skeleton (bottom right) 

 

P = 0.002 P = 0.02 a) b) 
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3. Coral genera diversity 

There were 9 and 4 coral genera recorded at the reference and damaged sites respectively. The reference 

site was dominated by Acropora (57 %) and Porites (14 %) species. Other coral genera made up less than 

1 % cover (Fig. 5). At the damaged site, the percentage cover of Acropora species was 4 % and was 

significantly lower than at the reference site (t-test, P < 0.01). At the damaged site, the percentage cover of 

Porites species was 7 % and did not differ from the reference site (t-test, P > 0.05).  

 

 

Figure 5: Mean percentage cover of each coral genus recorded at the damaged and reference sites (top) 
and photos showing the coral community at the reference site; dominated by Acropora and Porites spp 
(bottom).  
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4. Benthic composition 

At the damaged site the benthic composition changed due to the significant decrease in live corals 

replaced by broken corals (Fig. 6).  

 
Figure 6: Mean percentage cover of broad benthic categories at the damaged and reference site 
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Discussion  

The grounding of the vessel, the Palau Siren, at Wonder Channel damaged a total area of reef of 698 m2. The 

destruction of coral reef framework led to significant loss of live corals, three dimensional habitat structure and 

coral genera diversity. Located only 120 m from the damaged site on the same reef, the reference site had a 

high live coral cover and coral genera diversity and undamaged reef framework (absence of broken corals).  

The crushing and fracturing effect of the ship’s hull onto the coral-reef substrate led to the loss of live corals 

and structure complexity. Live coral cover at the damaged site approached 11 % which was 6.5 times lower 

than at the reference site. The destruction of coral reef framework led to more than a half decrease of coral 

genera diversity. Acropora corals were the most affected due to their fragile skeletal structure. The significant 

loss of Acropora is concerning. Acropora corals are a very diverse group (122 species) (Wallace et al. 2012). 

Among all sclerectinian corals, Acropora spp. are the primary framework builders due to their branching 

morphological structure and fast growth (Gladfelter 1984). In addition, their branching structure provides 

habitat for other reef species and complexity needed for reef diversity (Graham and Nash 2013). Several 

species in the Acropora group are also very susceptible to temperature warming, crown-of-thorns (Acantaster 

planci) outbreak and nutrient enrichment (Roff and Mumby 2012). Approximately 45 % of Acropora species are 

classified from vulnerable to critically-endangered on the IUCN red list (IUCN 2007).  Porites corals of massive 

morphology are also important reef framework builders. They were the least impacted because of their strong 

structure. However, some colonies have been observed to be fragmented into pieces (see photo below). Large 

Porites colonies grow slowly (approx. 1cm / year). It will take 50-100 years for these large coral species to be 

regenerated.  

 

Porites of massive morphology fractured by the hull of the vessel 
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By looking at the reference site situated close by, it is likely that the damaged site shifted from a high-coral 

cover system to a broken-coral and rubble dominated system. Even though, no data were collected on other 

ecological indicators (fish and reef invertebrates), the loss of coral habitat affected and will continue to affect 

reef species that have obligate association with live corals to feed or shelter (e.g. butterflyfish, damselfish, 

clams).  

Among threats from human activities, ship groundings are one of the most destructive on coral reefs (Precht et 

al. 2001). The destruction of the system is of course very localized but usually complete. It is unknown how 

long it will take for the reef damaged by the Palau Siren to return to its original state. However, several ship 

grounding case studies have shown that the damaged system will not recover to its original community 

structure without restoration initiatives (Precht et al. 2001). The re-building of the three dimensional structure 

provided by the growth of live corals may take decades. In the meantime, the benthic community might 

undergo an alternate state with encrusting species stabilizing the new substrate made of broken corals and 

rubbles.  

 

Economical valuation of coral reef loss 

The Palau Siren ran aground in the southern lagoon of Koror State which is a conservation zone and was 

inscribed on the World Heritage list (UNESCO) in 2012. Despite the protection status of the RISL, damages to 

coral reefs still occur, especially with the increase in tourism activities and boat traffic in the area. The 

economic valuation of impacts is needed to appropriately set fines and penalties that correspond to the level of 

impact.  

Coral reefs provide an array of valuable goods and services such as seafood products, raw materials for 

medicines, live fish for aquarium trade, shoreline protection, nitrogen fixation, generation of sand, support of 

recreational activities and several more (Moberg and Folke 1999). To value the loss of coral-reef ecosystem as 

a whole, economics try to value these environmental goods and services from an anthropogenic perspective 

(Barbier et al. 1995).  

In this report, we used the same value for coral reef loss than a study done in Tubbataha Reef National Park, 

Palawan, in the Philippines (Rosales 2006) because of its location close to Palau and its World Heritage 

classification. For more details, please refer to the report. The economical valuation of an ecosystem is termed 

as Total Economic Value (TEV). Each coral-reef good or service has two components: use values (UV) and 

non-use values (NUV) (Figure 7).  
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Figure 7: Summary diagram of theoretical ecological valuation adapted from Barbier et al. (1995) and Rosales 
(2006) 

 

Coral reefs in the RISL have a great value because they are protected under national laws and UNESCO 

World Heritage since 2012. There are two different methods to estimate the economic value of the RISL coral 

reefs: production approach (1) and coral reef restoration approach (2). 

1. Production approach: this method value several goods and services provided by the ecosystem, but not 

all of them can be measure due to the lack of data. Proxies may include revenue from recreational 

activities, research activities, and fish productivity.  

2. Coral reef restoration approach: all the costs involved with coral restoration activities. When ship 

grounding occurs, the damage is equivalent to the cost of having the coral reef restored.  

Rosales (2006) valued coral reef per square meter with the two methods described above. The study is a little 

less than 10 years old and is applied to the Gross Domestic Product (GDP) adjusted by purchasing power 

parity (PPP)*of the year of estimation. In 2006, the PPP GDP for the Philippines was 4,966.75 (World Bank 

2011). In the same year, the PPP GDP of Palau was 14,298.26 (World Bank 2011). Coral reef values from the 

Philippines in 2006 were multiplied by 2.88 (PPP GDP Palau / PPP GDP Philippines). Inflation from 2006 to 

Total 
Economical 

Value  

(TEV) 

Use values (UV): 

- Direct: direct consumption or 
production 

- Indirect: non- consumable, non-
tradable such as ecosystem 

function (e.g. storm protection) 

Non Use Values (NUV): 

- Option: approximate an 
individual's willingness to pay (WTP) 

to biodiversity protection for the 
future 

- Existence: WTP to ensure that a 
certain species or ecosystem will 

continue to exist 

- Bequest: measure of benefits 
attached to ressources avaialble for 

future generations 
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2014 in Palau was included using the Consumer Price Index (CPI) (SOOPS 2015). Coral reef values were then 

multiplied by CPI2014/ CPI2006. The results are displayed in table 1 (results table below).  

Table 1: Adjusted coral reef value from Rosales (2006) and applied to today in Palau 
 

Coral Reef Value 
Amount $ US /m2  

(in Philippines in 2006) 
(Rosales 2006) 

Amount $ US /m2 
(applied to Palau in 

2014) 
Valuation Method 

Minimum 205 817 Production Approach 

Maximum 325 1,296 Restoration cost Approach 

Average 260 1,037  

 

*World Bank definition: “GDP per capita based on purchasing power parity (PPP). PPP GDP is gross domestic product 
converted to international dollars using purchasing power parity rates. An international dollar has the same purchasing 
power over GDP as the U.S. dollar has in the United States. GDP at purchaser's prices is the sum of gross value added 
by all resident producers in the economy plus any product taxes and minus any subsidies not included in the value of the 
products. It is calculated without making deductions for depreciation of fabricated assets or for depletion and degradation 
of natural resources. Data are in constant 2011 international dollars.” 

 

The analysis presented above shows two figures that can be applied as a basis for ship grounding fines in the 

World Heritage site of the RISL Lagoon in Palau. Using the production approach, the value of the goods and 

services from coral reefs in the RISL reach $ US 817 / m2. Using a restoration approach, the costs for coral 

reef restoration reach $ US 1,296 / m2.  

In the case of the Palau Siren, the total area of coral reef loss was 698 m2. Appropriate fines using the different 

approaches are displayed in Table 2. 

Table 2: Proposed fines depending on the two different approaches of coral reef valuation for the 
damages caused by the Palau Siren 
 

Method 
Fines for an area of coral reef loss of 698 m2 

within the RISL of Palau 

Production Approach (minimum)  $US 570,597 

Restoration Approach (maximum) $US 904,605 

Average between the two approaches $US 723,684 
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The proposed fines come from the most accurate values we could find in the scientific literature for the region. 

They were adapted to today’s economy and should serve as an empirical basis for fines in the RISL area of 

Palau.  

There is a need for an economical valuation of Palauan coral reefs. Data and economical expertise are lacking 

to get the best value estimates of goods and services offered by the coral reefs of Palau. This study urges 

future research to focus on Palauan ecosystem valuation to help Palau preserve its natural heritage 

adequately in a period of tourism growth and economic development.  
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Appendix 1: Benthic Categories 

CORAL (C) 

Acanthastrea (ACAN) 

Acropora (ACROP) 

Alveopora (ALVEO) 

Anacropora (ANAC) 

Astreopora (ASTRP) 

Caulastrea (CAUL) 

Coral Unknown (CRUNK) 

Coscinaraea (COSC) 

Ctenactis (CTEN) 

Cyphastrea (CYPH) 

Diploastrea (DIPLO) 

Echinophyllia (ECHPHY) 

Echinopora (ECHPO) 

Euphyllia (EUPH) 

Favia (FAV) 

Faviid (FAVD) 

Favites (FAVT) 

Fungia (FUNG) 

Galaxea (GAL) 

Gardininoseris (GARD) 

Goniastrea (GON) 

Goniopora (GONIO) 

Heliopora (HELIO) 

Herpolitha (HERP) 

Hydnophora (HYD) 

Isopora (ISOP) 

Leptastrea (LEPT) 

Leptoria (LEPTOR) 

Leptoseris (LEPTOS) 

Lobophyllia (LOBOPH) 

Merulina (MERU) 

Millepora (MILL) 

Montastrea (MONT) 

Montipora (MONTI) 

Mycedium (MYCED) 

Oulophyllia (OULO) 

Oxypora (OXYP) 

Pachyseris (PACHY) 
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Pavona (PAV) 

Pectinia (PECT) 

Physogyra (PHYSO) 

Platygyra (PLAT) 

Plerogyra (PLERO) 

Plesiastrea (PLSIA) 

Pocillopora (POC) 

Porites (POR) 

Porites-massive (PORMAS) 

Porites-rus (PORRUS) 

Psammocora (PSAM) 

Sandalolitha (SANDO) 

Scapophyllia (SCAP) 

Seriatopora (SERIA) 

Stylocoeniella (STYLC) 

Stylophora (STYLO) 

Symphyllia (SYMP) 

Turbinaria (TURBIN) 

SOFT CORAL (SC) 

Soft Coral (SC) 

OTHER INVERTEBRATES (OI) 

Anenome (ANEM) 

Ascidian (ASC) 

Cup Sponge (CUPS) 

Discosoma (DISCO) 

Dysidea Sponge (DYS) 

Gorgonians (G) 

Not Identified Invertebrate (NOIDINV) 

Olive Sponge (OLV) 

Sponges (SP) 

Terpios Sponge (TERPS) 

Zoanthids (Z) 

MACROALGAE (MA) 

Asparagopsis (ASP) 

Bluegreen (BG) 

Boodlea (BOOD) 

Bryopsis (BRYP) 

Caulerpa (CLP) 

Chlorodesmis (CHLDES) 

Dictosphyrea (DYCTY) 

Dictyota (DICT) 

Galaxura (GLXU) 

Halimeda (HALI) 

Liagora (LIAG) 

Lobophora (LOBO) 
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Mastophora (MAST) 

Microdictyton (MICDTY) 

Neomeris (NEOM) 

Not ID Macroalgae (NOIDMAC) 

Padina (PAD) 

Sargassum (SARG) 

Schizothrix (SCHIZ) 

Turbinaria (TURB) 

Tydemania (TYDM) 

SEAGRASS (SG) 

C.rotundata (CR) 

C.serrulata (CS) 

E. acroides (EA) 

H. minor (HM) 

H. ovalis (HO) 

H. pinifolia (HP) 

H. univervis (HU) 

S. isoetifolium (SI) 

Seagrass (SG) 

T. ciliatum (TC) 

T.hemprichii (TH) 
BRANCHING CORALLINE ALGAE 
(BCA) 

Amphiroa (AMP) 

Branching Coralline general (BCA) 

Jania (JAN) 

CRUSTOSE CORALLINE ALGAE (CCA) 

Crustose Coralline (CCA) 

CARBONATE (CAR) 

Carbonate (CAR) 

SAND (S) 

Sand (SAND) 

RUBBLE (R) 

Rubble (RUBBLE) 

FLESHY CORALLINE ALGAE (FCA) 

Fleshy-Coralline (FCA) 

CHRYSOPHYTE (CHRYS) 

Brown Chysophyte (CHRYOBRN) 

TURF ALGAE (T) 

Turf (TURF) 

TAPE, WAND, SHADOW (TWS) 

Shadow (SHADOW) 

Tape (TAPE) 

Wand (WAND) 
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Appendix 2: GPS locations of sites (UTM) 

Damaged site: 53N 0429258 
                                0794075 
Reference site: 53N 0429306 
                                 0794187 
 

Appendix 3: Statistic test results 
 

# Coral and broken percent cover 

> shapiro.test(Corals) 
 
 Shapiro-Wilk normality test 
 
data:  Corals 
W = 0.7966, p-value = 0.05479 
 
> shapiro.test(Broken.Corals) 
 
 Shapiro-Wilk normality test 
 
data:  Broken.Corals 
W = 0.8115, p-value = 0.07439 
 
> plot(Corals) 
> plot(Broken.Corals) 
> t.test(Corals[site=="Damaged"],Corals[site=="Reference"], data=SirenData) 
 
 Welch Two Sample t-test 
 
data:  Corals[site == "Damaged"] and Corals[site == "Reference"] 
t = -13.3137, df = 2.537, p-value = 0.002051 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -78.86574 -45.75612 
sample estimates: 
mean of x mean of y  
 11.44496  73.75590  
 
> t.test(Broken.Corals[site=="Damaged"],Broken.Corals[site=="Reference"], data=SirenData) 
 
 Welch Two Sample t-test 
 
data:  Broken.Corals[site == "Damaged"] and Broken.Corals[site == "Reference"] 
t = 6.9653, df = 2, p-value = 0.02 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
  27.88006 117.98373 
sample estimates: 
mean of x mean of y  
 72.93189   0.00000  

 

# Acropora percent cover 

>shapiro.test(Acropora..ACROP.) 
 
 Shapiro-Wilk normality test 
 
data:  Acropora..ACROP. 
W = 0.8125, p-value = 0.07594 
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>plot(Acropora..ACROP.) 
>t.test(Acropora..ACROP.[site=="Damaged"],Acropora..ACROP.[site=="Reference"], 
data=SirenData) 
 
 Welch Two Sample t-test 
 
data:  Acropora..ACROP.[site == "Damaged"] and Acropora..ACROP.[site == "Reference"] 
t = -10.203, df = 2.601, p-value = 0.003623 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -71.44764 -35.12313 
sample estimates: 
mean of x mean of y  
 3.615196 56.900585  

 


