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Summary

Palau is located in the Inter Tropical Convergence Zone (ITCZ) which borders the
main typhoon zone in the Western Pacific Ocean. At different times of the year, the
ITCZ moves and occasional typhoons and tropical depressions pass by. Depending
on the seasons, these disturbances generate swells, either from the East-North East
or from the West-South West exposing the West facing reefs of the Archipelago. In
October 2017, Tropical Storm Lan generated swells up to 5 m from the South West.
This study explores the differences in wave energy along the western outer reefs
and the related impacts on coral communities. At the habitat-level, there was an
absolute loss of ~10-15% of live corals. However, the six study sites were exposed
to different levels of wave energy due to their orientation, and this impacted the coral
community at both depths heterogeneously. Ngemelis reefs were the most impacted
at 3 and 10 m depths, followed by Peleliu, Siaes and Angaur at 3 m depth and
Ngeremlengui barrier reef at 10 m. At those sites, corals with fragile morphologies
were broken, while massive and encrusting corals were scarred and dislodged. The
amplitude of impacts from this storm are much less than the impacts on the eastern
reefs following typhoons in 2012 and 2013. With more than half of the live corals
remaining at these sites, recovery is expected to be fast.
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Introduction

In the Western Pacific region, coral reefs are exposed to waves generated by
occasional typhoons and tropical depressions (Scoffin 1993; Yamano et al. 2003).
The closer coral reefs are located to the equator, the less frequent the wave
disturbances are. Palau is located about 7 degrees north of the equator in the inter
Tropical Convergence Zone (ITCZ) which borders the main typhoon zone in the
Western Pacific Ocean. The position of the ITCZ moves with the seasons altering
the climate in Palau (Colin 2009).

From 1945 to 2013, a total of 68 tropical depressions, storms and typhoons have
come within 370 km of Palau (CRRF 2014). Only few of these storms developed into
super-typhoons (namely 5 since 1950s) when approaching Palau. The remaining
storms had sustained winds ranging from 25 to 100 knots (CRRF 2014). Most of
these storms generated East to North East winds and swells (Gouezo et al. 2015)
while a few others generated South West winds and swells depending on their
trajectories (CRRF 2014). For instance, when a typhoon forms and passes between
Yap and Guam, the wind in Palau will come from the West South West creating
wind-produced waves that add to the typhoon swell and can expose the western
facing reefs to high surf (Colin 2009).

Tropical Storm Lan formed 629 km north of Palau on October 15" 2017, and moved
WNW at 16 km per hour, which then developed into a typhoon (Figure 1). Although
located relatively far from Palau, this storm generated SW wind gusts up to 40 knots
and swells up to 5 meters on the west-facing reefs in Palau, on October 17t and
18t



PICRC Technical Report-Q8

B

Sat Oct21 10AM _130mp

Fri Oct20 10AM 120mp

NiMariana Islands.

Wed Oct18 10AM E5mp

Figure 1: Track of Tropical Storm / typhoon Lan (source: NOAA, url:http://www.prh.noaa.gov/guam/ )

The main objective of this study is to assess the strength of the wave energy created
by this storm across different sites and the related impacts on the western outer

coral reefs of Palau.

Methods

1. Study sites

This study was conducted at the six PICRC long term monitoring sites located in the

western outer reef habitat, stretching from Ngeremlengui to Angaur states (Figure 2).
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Figure 2: Map showing PICRC long term monitoring sites located on the western outer reef of Palau

2. Wave energy

The energy from the waves generated by this storm was calculated at each study
site using a GIS wave energy tool created by the University of Guam (Jenness and
Houk 2014; Houk et al. 2014). This tool uses satellite-derived surface wind data to
calculate the wave energy received at sites of interest. Wind strength and direction
data were downloaded from NOAA weather station at the Palau airport (url:
https://www.ncdc.noaa.gov/cdo-web/datatools/lcd). The maximum intensity of the
storm occurred between 9:00 AM on October 17" and 9:00 AM on October 18™.
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Therefore, the average wind gust speed and direction during this timeframe (33
knots of SW wind (224°)) were used as parameters. Zonal and meridional wind
vectors (u, v) were calculated using the following formula:

u=wsxcos ( d)

V= wWs X sin(d)
Withws,t he wi nd s p e e,dhe wimd dire¢tign inaadidns.dhese two wind

vectors were used as parameters in the wave exposure tool.

3. Benthic surveys

A total of 6 sites were surveyed 2 to 3 weeks following Tropical Storm Lan. At each
site, 5-50 m transects were positioned haphazardly in the same direction than
previous surveys at both 3 m and 10 m depths. Benthic cover was quantified by
taking a photograph every meter along each transect using an underwater camera
(CANON G16) mounted on 0.5 m x 0.5 m quadrat PVC frame. Images were
analyzed using CPCe software (Kohler and Gill 2006) by allocating 5 random points
on each images. Benthic categories included coral and fleshy macroalgae to the
genus resolution, sponges, ascidians, crustose coralline algae, turf algae, and non-
living substrata (rubble, sand, carbonate structure). The percentage cover of corals
was averaged among the five transects at each site and depth.

4. Data analysis

Differences in wave energy across the 6 study sites were described. As the wave
energy tool does not incorporate depth in the parameters, we could not compare
differences in wave energy between 3 and 10 m. We assumed that the wave energy
at 3 m was higher than at 10 m, therefore, we treated the two depths separately in

the analysis.

To investigate change in the overall coral cover at the habitat level, differences in
mean coral cover between before (2016) and after (2017) the storm was compared
using t-test on non-transformed normally distributed data. At the site level, the
absolute change in overall coral cover, representing coral loss, was calculated using

the mean for each depth and plotted from high to low.
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To explore change in coral community following the storm, permutational multivariate
analysis of variance (PERMANOVA) and principal coordinate analysis (PCO)
(Anderson 2005) was conducted to compare the cover of different coral genera
between 2016 and 2017 at each site and depth.

To examine the relationship between the loss of coral cover and the change in coral

community with the wave energy, linear model regression analysis was conducted.
All analyses were done using R statistical software and PRIMER-E v6 with
PERMANOVA extension (Clarke and Gorley 2006; R Development Core Team
2017)

Results

1. Wave energy during the storm

The wave energy was different across the 6 study sites (Figure 3). Ngerdiluches and
Angaur had the lowest wave energy. Ngeremlengui and Siaes received on average
low wave energy ranging from 106 to 245 J / m2. Peleliu reefs received twice as
much wave energy than Ngeremlengui and Siaes. Ngemelis received the highest

wave energy, about 6 times higher than Peleliu.
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Figure 3: Map of Palau displaying the wave energy in Joules per m? occurring at PICRC long term

monitoring site during the storm. Arrows represent the direction of dominant winds when they were

the strongest.

2. Impacts on live corals

2.1. Habitat level

Within the western outer reef habitat, live coral cover gradually increased between
2002 to 2010; it then stabilized around 50 % at 10 m and 34 % at 3 m until 2016. In

2017, after Tropical Storm Lan, it significantly decreased to 41 % at 10 m and 19 %

at 3m (t-test, P <0.001).
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Figure 4: Bar plot showing the percentage cover of live corals (+SE) at the western outer reef habitat
since 2002 (n = 5 from 2002 to 2005, n = 6 since 2007).

2.2. Site level

Impacts from the waves were visible during the survey dives with obvious larger
impacts at Ngemelis, Siaes and Ngeremlengui compared to other sites (Figure 5).
There were minimal impacts observed at Ngerdiluches.
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Figure 5: Photos showing coral breakages at Ngemelis (top), Ngeremlengui Barrier (bottom left) and

Siaes (bottom right).
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The site most impacted by the waves was Ngemelis, with an absolute live coral
cover loss of 23 % and 34 % at 3 m and 10 m depth respectively (Figure 6, Appendix
1). Peleliu was mainly impacted at 3 m depth while Ngeremlengui barrier was mainly
impacted at 10 m. Angaur and Siaes were more impacted at 3 m compared to 10 m
depth. Ngerdiluches was not impacted by the waves and even showed an increase

in live coral cover.
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Figure 6: Barplot showing the mean absolute change in coral cover at each site at 3 m depth (a) and
10 m depth (b).
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At 3 m, the change in coral community was significant at Ngemelis (PERMANOVA, P
<0.01) with major changes attributed to the loss of Faviidae, digitate Acropora, and
Porites spp., and in Angaur (PERMANOVA, P< 0.01) with major changes attributed
to the loss of branching Acropora, Montipora, Galaxea, Pocillopora and Echinopora
spp. (Figure 7a). At 10 m, the change in coral community was significant at Ngemelis
(PERMANOVA, P = 0.01), Ngeremlengui barrier (PERMANOVA, P < 0.01), Angaur
(PERMONOVA, P <0.01), and Siaes (PERMANOVA, P < 0.01). Community changes
were mainly attributed to the loss of branching Acropora and Montipora, Echinopora,

and Porites spp. (Figure 7b).

Figure 7: Principal Component Analysis of coral community at each site before and after the storm for
3 m depth (a) and 10 m depth (b).
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