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Summary
Worldwide, coral reefs are impacted by disturbances that operate at various scales and
intensities. However, due to an increase in coastal development and global climate change
impacts, disturbances on coral reefs are now occurring at increasing frequencies and
intensities. Therefore, long-term ecological monitoring programs are essential to follow
ecosystem change and subsequent recovery after disturbances, and are often set up to
inform stakeholders on coral reef status and trends over time. PICRC’s coral reef monitoring
program started in 2001 to document coral reefs status and trends every two years in major
reef habitats: outer reefs, patch reefs and inner reefs. The aim of this report is to continue
documenting the trends in common ecological indicators on coral reefs through time, in
different habitats and depths, and highlight any significant change or recovery of coral reefs
through space. The western outer reefs were minorly impacted by tropical storm Lan in 2017
that led to a 12% absolute loss of coral cover, but are already regaining coral cover. In 2018,
live coral cover in this habitat was 23% and 44% at 3 and 10 m, respectively. The eastern
outer reefs were badly impacted by two typhoons in 2012 and 2013, leading to a 60%
relative loss of live corals. Reefs in this habitat are slow to recover, where five years after the
typhoons, coral cover was only ~11%, but there are some striking differences in recovery
pace among sites. Coral reefs in lagoonal patch reefs had been relatively stable with mean
coverage of 30% and 17% at 3 m and 10 m, respectively, in 2018, despite a significant
increase in fleshy macroalgae, now averaging around 19-27% coverage. This increase in
macroalgae was associated with a decrease in coral genera diversity and juvenile coral
densities within this habitat. Coral reefs in the inner bays have also been relatively stable
with cover of ~42% in 2018, despite low herbivory levels and a small increase in macroalgae
(to ~9%). The daily mean seawater surface temperature (SST) in this reef habitat has
significantly increased at a rate of 0.03°C per year in the past five years, but has not
changed in other reef habitats. Overall, our findings highlight that coral reefs in Palau are in
relatively good state apart from the eastern outer reefs that are still recovering, four to five
years after typhoon disturbances. They have not experienced intense thermal stress events
in 2016 or 2017, as other reefs did around the world. While not alarming, some lagoonal
reefs appear to be under some levels of chronic stressors, demonstrated by an increase in
macroalgal cover, in which the causes should be closely managed to limit the occurrence of
a system shift.
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Summary Table: showing the status of common ecological indicators within the main reef
habitats of Palau and their trends from the most coral-dominated system state recorded in
time (year 2010). To highlight the recovery of coral communities in recently disturbed
habitats (outer reefs), trends from post-disturbance state are also provided. Herbivorous fish
biomass values are compared to the rest of Micronesia using the same species list as in
Harborne et al. (2018). Green means good state, orange means average state and red
means poor state, coloured arrows show trends intensities

Reef
Habitat

Outer
Reef
West

Outer
Reef
East

Patch
Reef

Inner
Reef

Ecological indicators

Live coral cover
Coral community
Coral genera diversity
Juvenile corals density
Macroalgal cover
Herbivorous fish biomass
Macro-invertebrates
Crown-of-thorns starfish
Seawater temperature 2014-19
Live coral cover
Coral community
Coral genera diversity
Juvenile corals density
Macroalgal cover
Herbivorous fish biomass
Macro-invertebrates
Crown-of-thorns starfish
Seawater temperature 2014-19
Live coral cover
Coral community
Coral genera diversity
Juvenile corals density
Macroalgal cover
Herbivorous fish biomass
Macro-invertebrates
Crown-of-thorns starfish
Seawater temperature 2014-19
Live coral cover
Coral community
Coral genera diversity
Juvenile corals density
Macroalgal cover
Herbivorous fish biomass
Macro-invertebrates
Crown-of-thorns starfish
Seawater temperature 2014-19

Status 20182019
(3m, 10m)
23%, 44%
Stable
31, 40
-2
6.m
5%, 8%
-2
11, 20 g.m
-2
7.9, 3.4.100m
0
29.1°C
10%, 12.8%
Re-assembling
27, 28
-2
-2
4.m , 11.m
9%, 6%
-2
6, 9 g.m
-2
19.7, 9.5.100m
0
29.4°C
30%, 17%
Stable
22, 26
-2
-2
1.7.m , 1.2.m
19%, 27%
-2
12, 5 g.m
-2
1.2.100m
0
29.6°C
45%, 39%
Stable
39, 42
-2
-2
2m , 3m
9%
-2
2 g.m
-2
7.1, 0.9.100m
0
30.3°C
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Trends
from
historical
baseline
(2010)
↓
=
↓
↓
↑
↓(10m)
=
=
=
↓
↓
↓
↓(3m), =
=
↓
↑
=
=
=
=
↓
↓
↑
=
=
=
=
=
=
↑
=
↑
↓
=
=
↑

Coral
recovery
from
recent
disturbance
↑
=
=
↓

↑
↑
=
↑

Highlights

Small impact
from
Tropical
Storm Lan
(2017)

Overall slow
recovery from
typhoon
disturbances
with marked
spatial
differences

Highest
macroalgal
cover since
2002
impedes
adult and
juvenile coral
communities

Low
herbivory
levels and
slow but
steady
increase in
SST
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Introduction
Coral reefs around the world provide valuable goods and services, especially to the
populations of small island nations (Moberg and Folke 1999; Costanza et al. 2014).
However, both natural and anthropogenic disturbances alter coral reef states, thereby
decreasing the direct and indirect benefits that the reefs provide (Hoegh-Guldberg et al.
2007; Cinner et al. 2009; Ainsworth et al. 2016; Cheal et al. 2017). Coral reef communities
are susceptible to various disturbances that operate at different spatial scales, frequencies,
and intensities; these are often classified as either chronic or acute disturbances (Connell
1997; Paine et al. 1998). While acute disturbances have a short-term but catastrophic impact
on coral communities (e.g. mass bleaching event, storms, Crown-of-thorns starfish (COTS),
disease outbreak), chronic disturbances have a slower effect but spread over long periods of
time (e.g. overfishing, pollution, climate change) (Connell 1997; Jackson et al. 2001;
Fabricius 2005; Hoegh-Guldberg et al. 2007; De’ath et al. 2012).
The coral reef communities in Palau have been relatively resilient to past disturbances
(Golbuu et al. 2007b; Victor 2008; van Woesik et al. 2012; Gouezo et al. 2019). Although
chronic disturbances are occurring at varying degrees of intensity through space, mainly
caused by the over-harvesting of some species and terrestrial run-off (Golbuu et al. 2011;
Bejarano et al. 2013; Prince et al. 2015), the major disturbances that impacted coral reefs in
the past 20 years over large spatial scales were the 1998-mass bleaching event (Bruno et al.
2001) and two super typhoons on the eastern barrier reefs (Gouezo et al. 2015). During the
1998-mass bleaching event, nearly half of the corals surveyed were completely bleached,
and led to a loss of 43% of all live corals in Palau (Golbuu et al. 2005, 2007a). A recent
study has shown that 9-12 years were needed for coral reefs to fully recover from this mass
bleaching event and complete recovery was observed on the western outer reefs and inner
reefs (Gouezo et al. 2019). Patch reefs were the slowest to recover from mass bleaching,
despite displaying early community reassembly to Acropora dominated communities, while
the eastern outer reefs had not completely recovered from mass bleaching when the
typhoon events occurred. Since the typhoon disturbances, tropical storm Lan had a minor
impact localized on the western outer reefs in 2017 (Gouezo and Olsudong 2018).
Government-led ecological monitoring programs are often established globally to document
ecosystem changes, especially after large-scale disturbances, with the aim to inform
conservation managers, adapt policies, and improve conservation management of natural
resources. The Palau International Coral Reef Center (PICRC) implemented its long-term
monitoring program in late 2001, with the aim to document the status and trends of coral reef
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communities through time, and to quantify the impacts of large-scale disturbances and the
recovery of coral reef communities at the scale of the archipelago.
This report is an update to Gouezo et al. (2017) that continues to describe change within
coral reef communities in the four main reef habitats and between two depths in Palau over
the past 17 years. This report seeks to inform a broad audience about the status and trends
of coral reef communities and the causes and extent of coral decline and recovery through
space, which are summarized in the Summary Table on page 3. Lastly, this report includes
information of in situ seawater temperature trends since 2014, and baseline information on
seawater environmental conditions that will continue to be used to explore the effects of
chronic stressors, such as ocean acidification or temperature warming in the future.

Methods
1. Study sites
Since the launch of PICRC’s long-term monitoring program in 2001, coral reef monitoring
was conducted at several sites throughout the archipelago within three habitats: outer reefs,
inner bay reefs, and patch reefs. Reefs were surveyed approximately every two years unless
a large-scale disturbance occurred. The first year of surveys in 2001/2002 had nine site
replicates in the outer reef (four on the East and five on the West), two site replicates in the
inner reef and patch reef habitats, respectively. Overtime, site replicates increased within
each habitat until reaching a total of 6 site replicates each in the eastern and western outer
reefs respectively; six site replicates in the inner reefs; and three site replicates in the patch
reefs (Figure 1). Because two category 5 typhoons in 2012 and 2013 severely impacted the
eastern outer reefs (Gouezo et al. 2015), the outer reef habitat was separated into two
different habitats: western and eastern outer reefs.
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Figure 1. Map showing the locations of long term coral reef monitoring sites in Palau
2. Reef assessment methodology and data extraction
The coral reef monitoring protocol was conducted as previously described in several
published studies (e.g. Golbuu et al. 2007b, 2016; Barkley et al. 2015; Gouezo et al. 2015,
2019). Briefly, at each site and depth (3m and 10m), five 50 m transects were placed
following the depth contour of the reef and in the same direction as previous years, leaving a
few meters in between transects. Along each transect, data on benthic coverage, fish
abundance and size, juvenile coral density and size, and macro-invertebrate abundance and
size were recorded. For benthic coverage, between 2001 and 2009, underwater digital video
camera recorded onto DV mini-cassettes a ~0.5 x 0.5m video sequence along the transect
by keeping a distance of ~0.7m above the reef (Golbuu et al. 2007b). Since 2010, benthic
coverage was quantified by taking photographs of a 0.5 x 0.5m quadrat every meter along
6
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each transect using an underwater camera mounted on a PVC frame. Over time, 40 to 50
benthic images per transect were analysed using 5 random points by (1) projecting images
on a screen with 5 randomly placed crosses (2002 to 2009) and (2) randomly allocating 5
points per images using CPCe software (2010 to 2018) (Kohler and Gill 2006). For both data
extraction methods, the same benthic categories were used: live corals and macroalgae (to
the genus resolution), sponges, ascidians, crustose coralline algae, turf algae, and non-living
substrate (sand, rubble) (see appendix 1). Coral genera diversity was calculated by
recording the occurrence of each coral genus within each habitat and depth at each time
point. The total count of genera occurring was summed for each habitat, depth and time
point and qualitatively described through time.
The density of juvenile corals, those with a size ≤ 5cm in diameter, was recorded along the
first 0.3m x 10m of each transect. Juvenile corals were identified to genus level, but if not
possible to the family resolution. Juvenile coral density was standardized per m2. The
abundance and size of commercially-targeted invertebrates were recorded within five
transect belts of 50m x 2m, making a total area of 100m2 per transect.
The abundance of commercially-targeted fish (~35 species/groups of species, see Appendix
2) was recorded within a 5m wide belt along each transect. A total of six observers
participated in these surveys which added variability to this dataset. Only after 2007, fish
size was estimated to the nearest centimetre by only three observers who received
extensive size-calibration training using fish models (Bell et al. 1985). Thus, biomass data
will only be presented for years later than 2007. Biomass values were calculated using the
total length-based equation: W= (aTL)^b, where W is the weight of the fish in grams, TL the
total length of the fish in centimetres (cm), and a and b are constant values from published
biomass-length relationships (Kulbicki et al. 2005) and from Fishbase (Froese and Pauly
2001). Fish biomass was converted into grams per m2 for ease of comparison with other
studies. For this report, we selected commercially targeted herbivorous fish and only
presented this data (see list in Appendix 2) because of (1) their relatively uniform spatial
distribution and (2) their importance in coral reef resilience. As discussed in Gouezo et al.
(2017), this survey was not designed to assess the status of fish stocks in general as it
requires higher spatial replication due to the patchy distribution of several fish species.
Another survey by PICRC is specifically designed to provide this needed information (see
Dochez et al. 2019 for details on methodology).
Seawater surface temperature (SST, in °C) was recorded at a subset of monitoring sites (2
per habitat) since 2014 every hour using underwater Onset HOBO pendant loggers (Model
7
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UA-002-64, Onset Computer Corp, Bourne, MA, USA) placed at 5-7 meters’ depth. These
loggers were exchanged every 6 months by researchers from the collaborative project
PCORIE from 2014-2017 and from PICRC after 2017. Salinity, pH, turbidity and Chlorophylla were collected all along the water column from the surface to ~10m once at each
monitoring site during field surveys in 2018 using a water quality profiler with fast optical DO
sensor (AAQ-RINKO, JFE Advantech CO. Ltd). The occurrence of thermal stress events and
their extent since 1985, best described as degree heating weeks (DHWs), were recorded
from

available

online

NOAA

datasets

(NOAA

Coral

Reef

Watch

2017)

(url:

https://coralreefwatch.noaa.gov/vs/gauges/palau.php) and are displayed in Figure 2 and 12.
All data were entered into Microsoft Excel and organized into a database using Microsoft
Access.
3. Data analyses
First, we tested if the trends in ecological indicators were different among habitats and
between depths using generalized additive mixed model (GAMM), adding site as a random
effect. As trends in most ecological indicators were different among habitats, we investigated
the effect of time (as a continuous variable) and depth (categorical variable) on chosen
ecological indicators in each habitat separately using GAMM, adding site as a random effect.
When time was found to have a significant effect, we further investigated the significance
among specific years using a linear mixed effect model using time as a factor and site as a
random effect, followed by pairwise comparison using Tukey (HSD) tests. Response
variables were transformed (log, sqrt, cubic root or fourth root) when model residuals were
found to be non-normal. Residuals normality was checked visually using histogram, QQ plot
and Shapiro test.
To visualize changes within coral community over time among habitats and depths, nonmetric multidimensional scaling was conducted on a log+1 transformed Bray-Curtis
dissimilarity matrix. We used nMDS ordination and stress values to interpret how well the
ordination summarizes the observed distances among year samples, within each habitat and
depth (Oksanen 2015).
All analyses were conducted using R statistical software (R Development Core Team 2019)
using lme4, gamm4, emmeans and vegan packages (Oksanen et al. 2007; Wood and
Scheipl 2013; Bates et al. 2014; Lenth and Herve 2019).
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Results
1. Thermal stresses events
Since 1998, Palau’s reefs have experienced several thermal stress events (Figure 2). The only one that lasted over 8 Degree Heating Weeks
(DHWs) and induced significant mortality was in 1998; since then, two thermal stress events of 8 DHWs have occurred in 2010 and in 2017, but
have not caused significant mortality. Three minor thermal stress events occurred in 2014, 2016 and 2018 but were under 4 DHWs and did not
cause significant coral mortality.

Figure 2. Mean cover (%) of the major benthic categories trends over time in different habitats and depths. Vertical blue lines show the
occurrence of thermal stress > 8DHWs (dark blue) and <4DHWs (light blue) (NOAA Coral Reef Watch 2017). Vertical dark lines on outer reefs
shows the occurrence of typhoon and storm events.
9
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2. Benthic communities
Live coral coverage trends were found different among habitats and depths (GAMM,
P<0.001) (Figure 3); therefore, the results are described separately for each habitat.
In the western outer reefs, live coral cover was different through time and between depths
(GAMM, P<0.001), but followed similar trends between 3 and 10 meters. Live coral gradually
recovered from the mass bleaching event to a maximum coverage of 34% at 3 m and 50%
at 10 m, and did not change significantly from 2010 and 2016. In 2017, Tropical storm Lan
caused a 12% absolute loss of live corals. Furthermore, the 2018 coral coverage of 23% at 3
m and 44 % at 10 m is slightly higher than after the storm but still significantly lower than in
2016 (LMM, P< 0.01) (Figure 2,3). Despite the storm damage in 2017, the coral community
in 2017 has remained stable and similar than in 2010, 2014-2018 at both depths (Figure 4a).
The coral genera diversity increased from 14 in 2002 to a maximum of 42 in 2014 (Figure 5).
The cover of macroalgae was different through time, and the trend was different between the
two depths (GAMM, P<0.001). At 3 m, macroalgae cover significantly increased from 0.5%
(± 0.2) to ~ 5-6% from 2013 to 2018 (LMM, P<0.001). At 10 m, macroalgae cover hovered
between 0.2% and 8.2%, the latest being the maximum coverage recorded within the habitat
in survey year 2018.
In the eastern outer reefs, live coral cover was different through time and between depths
(GAMM, P<0.001), but followed similar trends between 3 and 10 meters. Live coral gradually
recovered from 11.1% at 3 m and 18.3% at 10 m in 2002 to ~ 33% in 2010. In 2012 and
2013, typhoon events significantly reduced the coral coverage to ~ 6% at both depths (LMM,
P<0.001) and hovered around the same value in 2014 and 2016. In 2018, there was a small
but significant increase in live corals (P<0.01) within this habitat approaching 10% at 3 m
and 12.8% at 10 m, but with high variability among sites (Figure 2,3). The coral community is
slowly re-assembling in the direction of a more diverse community, as it had been before the
typhoon disturbances e (2010) (Figure 4b). Coral genera diversity increased through time
from 16 in 2002 to a maximum of 42 in 2010 at 10 m, before the typhoon disturbances. In
2018, genera diversity is ~27.5 (Figure 5). Macroalgal cover has remained quite stable
through time at 3 m between 2% and 8% and has decreased at 10 m depth from 12% after
the typhoons to 6% in 2018 (GAMM, P < 0.05). The coverage of loose substrate significantly
increased following the typhoon, and especially at 10 m (LMM, P<0.001). Since 2013, rubble
and sand has decreased from 12% to 2% at 3 m (P<0.01) and from 30% to 17% at 10 m
(P<0.01).
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Figure 3. Mean live coral cover ± SE among sites through time within each habitat and depth.
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Figure 4. Non-metric multidimensional scaling plots of coral community trajectories through time within each habitat and depth. Overlaid
vectors show coral taxa that correlate mostly with the change of communities
12
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Figure 5. Total count of coral genera through time within each habitat and depth.
In the patch reefs, live coral cover was different through time and between depths (GAMM,
P<0.001), but followed similar trends between 3 and 10 meters. Live corals recovered from
7.5% at 3 m and 2% at 10 m in 2002 to ~30% at 3 m and 15-20% at 10m (LMM, P<0.01)
(Figure 2,3). The coral community has remained relatively stable since 2010, with minor
divergence at 10 m between 2010 and 2018 (Figure 4c). Coral genera diversity increased
through time from 7 in 2002 to a maximum of 35 in 2016. It has decreased in 2018 to 22 at 3
m and 26 at 10m (Figure 5). Overall, through time, patch reefs have significantly lower coral
genera diversity than the western outer reefs and inner reefs (LM, P<0.05). Macroalgal
cover, averaging around 10%, is the highest compared to other habitats, has remained the
same for the past 15 years, but has significantly increased in 2018 to 19% at 3 m and 27%
at 10 m (P<0.001). This increase was mainly driven by the fleshy macroalgae Padina spp.
and Lobophora spp. with high coverage at Ngeremlengui patch reefs.
In the inner reefs, the trends of live coral cover were different between the two depths
(GAMM, P<0.01). At 3 m, corals recovered to a maximum of 55% in 2010, but since 2010,
coral coverage has slowly decreased to 45% in 2018 (LMM, P<0.05) (Figure 2,3). At 10 m,
corals recovered to ~35-40% in 2007 and remained stable since then. The coral community
has been stable from 2007 to 2018, apart from one major divergence in 2010, likely due to
thermal stress events (Figure 4d). Coral genera diversity increased through time from 15 in
2003 to a maximum of 42 in 2018 at 10 m (Figure 5). Macroalgal coverage has significantly
increased through time from 0.8% in 2002-2003 to 9% in 2018 (GAMM, P<0.001) with no
difference between the two depths (GAMM, P>0.05). The increase in macroalgae was
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mainly driven by Lobophora spp., Padina spp. and other species of fleshy algae, most
commonly found at Taoch and Airai sites.
3. Juvenile corals
Trends in the density of juvenile corals (≤ 5 cm) were different among habitats and depths
(GAMM, P<0.001), and are further described within each habitat separately (Figure 6).
Overall, highest densities were found in the western outer reefs (> 7 individuals per m2) while
the lowest were in the inner bay reefs (< 3.2 individuals per m2) (Figure 6). In the western
outer reefs, while juvenile coral density was significantly different between the two depths
(GAMM, P<0.05), despite some significant fluctuations through time (GAMM, P>0.001),
overall, densities have remained above 5 individuals per m2. This habitat has the most
abundance of Acropora juvenile corals compared to all other habitats. In the eastern outer
reefs, juvenile coral density trends were similar between depths (GAMM, P>0.05) but
fluctuated through time (GAMM, P<0.001). The steepest decrease occurred following the
typhoons (LMM, P<0.001). In 2018, densities are back to pre-typhoon disturbance state but
only at 10 m depth.
In the patch reefs, juvenile coral density trends were similar between the two depths, and
overall, did not fluctuate through time (GAMM, P>0.05). Still, densities in 2018 were the
lowest ever recorded, averaging less than 2 individuals per m2, and were found to be
significantly different than juvenile coral densities in 2013 and 2010 (LMM, P<0.05). Lastly,
in the inner reefs, juvenile coral density trends were relatively stable despite a major peak in
time (2009 and 2010) (GAMM, P<0.001), during which densities were almost two-fold higher
than what they were in 2018.
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Figure 6. Stacked bar plot showing the mean densities of juvenile corals of each major
taxon. Error bars represent the standard errors to the average of all juvenile corals at each
time point. The smooth line shows the fluctuation through time resulting from the combined
effects of larval supply, settlement and post settlement survival.

4. Early coral recovery in the eastern outer reefs following typhoon disturbances
At PICRC’s six long-term monitoring study sites located on the eastern reefs, three reefs
display promising signs of recovery: Kayangel (though it was not as impacted as other sites),
Ngetngod and Ngerchong. Data are further described at 10m depth (Figure 7).
Kayangel site was the least impacted by typhoons, having a live coral cover of ~20% but
very low densities of juvenile corals in 2014 (Figure 7.c). Juvenile coral densities increased
more than five-fold in 2016 and remained the same in 2018, leading to a two-fold increase in
live coral cover between 2014 and 2018. Both Ngetngod and Ngerchong had low densities
of juvenile corals in 2014, but their 3-5-fold increase in 2016 led to a significant increase in
live coral cover in 2018 (LMM, P<0.01) (Figure 7.a and 7.b).
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The density of juvenile corals at Ngaraard remained low during the three years following the
disturbance (Figure 7.d). It is only five years after the disturbance that juvenile corals
densities started to rise above the threshold needed for an increase in coral cover in the
following years. Live coral coverage is slowly increasing but still very low (~ 6%). Melekeok
reef displayed very low coral cover (< 2%) and below-threshold density of juvenile corals
caused by high rubble coverage (Figure 7.e). Uchelbeluu reef displayed good density of
juvenile corals since 2016, yet the coral coverage oscillated between 8.5% and 11.5 %
(Figure 7.f).

Figure 7. Details on site-specific recovery of the six eastern reefs showing the trends (1) in
mean densities of juvenile corals ±SE with stacked bars (1st y-axis) and (2) mean live coral
cover (%) ±SE with dark lines. Red dashed line shows the suspected threshold in juvenile
corals needed for an increase in coral cover in the following years. *Note that PICRC
Kayangel monitoring site was less impacted by typhoons than the other eastern reefs due to
its orientation to the South.

4. Commercially-targeted herbivorous fish biomass
The trends in biomass of commercially targeted herbivorous fish (listed in Appendix 2) were
different among habitats and between depths (GAMM, P<0.001); however, overall, there
was significantly higher biomass in the western outer reefs than in other habitats.
In the western outer reefs, fish biomass did not change at 3m depth through time, averaging
around 25 g.m-2, but has decreased from 77 g.m-2 in 2010 to ~20 g.m-2 in 2016-2018 at 10m
(LMM, P<0.05) (Figure 8). In the eastern outer reefs, fish biomass remained stable at 10m
averaging around 15 g.m-2 but has decreased at 3m depth, especially between 2013 and
16
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2016, from 30 g.m-2 to 8.6 g.m-2 (LMM, P<0.01) (Figure 8). In the patch reefs, fish biomass
has remained stable (GAMM, P>0.05), but, overall, was higher, averaging around 13.3g.m-2
at 3m compared to 10m, averaging around 7.6 g.m-2 (GAMM, P<0.001) (Figure 8). In the
inner reefs, fish biomass was similar between the two depths, but has significantly
decreased since 2013 (GAMM, P<0.05). While biomass was at 6.9 g.m-2 in 2013, it
decreased significantly to < 3 g.m-2 in 2016 and 2018 (LMM, P<0.01) (Figure 8).

Figure 8. Mean biomass of targeted herbivorous fish ± SE among sites through time within
each habitat and depths.

To compare Palau’s present biomass in targeted herbivorous fish to the rest of Micronesian
islands, we further selected the same species of primary consumers in Harborne et al.
(2018) study and compared biomass values to the one on the outer reefs at 10 m depth
collected in 2018 (Table 1). Overall, standing stocks of these targeted herbivores are good
on the western outer reef but are within medium biomass range on the eastern reefs (Table
1).
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Table 1. showing the standing stocks of the same species of targeted herbivorous fish used
in the study by Harborne et al. (2018) on the Palauan outer reefs compared to values from
the rest of Micronesia
Reef Habitat
Palau western outer reefs
Palau eastern outer reefs

Standing stocks of targeted
herbivorous fish species

(same as in Harborne et al. 2018)
-2

17.8 g.m
7.3 g.m-2

Standing stock categories
compared to Micronesia
(Harborne et al. 2018)

High (>10 g.m2)
Medium (5.5-10 g.m2)

5. Macro-invertebrates
The abundance of macro-invertebrates with commercial importance were significantly
different among habitats and between depths (GAMM, P<0.001), with the highest densities
in the eastern outer reefs in 2016 and 2018, with 20 individuals per 100 m2 and the lowest in
the patch reefs and inner reefs at 10 m depths with less than 2 individuals per 100m2 (Figure
9). The most dominant macro-invertebrates observed were the different species of clams.
Within the eastern reefs, there has been over a 6-fold increase in clams and Trochus spp. at
both depths between 2014 and 2016-18 (LMM, P < 0.001) (Figure 9). There was no coral
predator Acanthaster spp. recorded during surveys in 2016 and 2018 in either habitat.
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Figure 9. Mean densities of commercially-important macro-invertebrates among sites ± SE
through time within each habitat and depths.

6. Seawater environmental conditions
The trends in daily mean SST through time were significantly different among habitats (LMM,
P<0.001). Overall, the lowest SST was recorded within the western outer reefs, with an
overall mean SST of 29.1°C, and the warmest within the inner reefs with an overall mean of
30.3°C. Because SST is variable throughout the seasons, time was found to explain little of
the variability in SST within each habitat (R2<0.5). Nevertheless, it is still informative to
describe SST trends because of the potential slow chronic effect of temperature warming.
However, these trends should be interpreted with caution, considering R2 values and the
short time series (5 years only) (Figure 10). There was a minimal decrease in SST over the
past 5 years, which was significant within the western outer reefs (LMM, P<0.01) and
marginally significant within the patch reefs (LMM, P=0.07). In the eastern outer reefs, SST
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has remained stable, averaging around 29.4°C (LMM, P>0.05). In the inner reefs, SST has
increased slightly at a significant rate of 0.03°C per year in the past 5 years (LMM, P<0.001).

Figure 10. Trends in daily mean SST at monitoring sites located in the different reef
habitats. Regression line shows the linear effect of time on daily mean SST over the past
five years.

Seawater properties at long-term monitoring sites provide baseline information for future
assessments, and are qualitatively described below (Figure 11). The most striking difference
among monitoring sites was the lower salinity (~32.6) and pH (Ngermid 1: 8.05; Ngermid
2&3: 8.14) and higher Chlorophyll-a concentration (~0.8 ppb) in the isolated bay of Ngermid
compared to the other reefs. Outside Ngermid Bay, seawater pH ranged between 8.2 to 8.4,
with the highest pH environment found on the western outer reef at Siaes and Ngerdiluches.
These two sites, together with Ngeremlengui Barrier, also had the highest salinity and the
lowest turbidity. The highest turbidity was found in the isolated bay of Risong (0.9 FNU ±
0.3). Ngeremlengui patch reefs had high levels of Chlorophyll-a concentration (0.4 ppb ±
0.008), which might be indicative of nutrient-rich environment.
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Figure 11. Seawater properties characteristics (salinity, pH, Turbidity and Chlorophyll-a)
recorded at long-term monitoring sites starting from the top with the western outer reefs
(blue), eastern outer reefs (red), patch reefs (orange), and inner reefs (green)

Discussion
This report shows that the overall status of Palau’s coral reefs in 2018-2019 is relatively
good (see summary Table 1), apart from the eastern outer reefs that are still recovering from
the typhoon disturbances. Although Palau’s reefs have escaped intense thermal stress
events that have badly impacted other reefs worldwide in 2016 and 2017, they have coped
with other types of disturbances and stressors that are specific to each habitat and are
discussed in detail below.
It has been 20 years since Palau’s coral reefs had been severely impacted by an intense
thermal stress. Two 8 DHWs thermal stresses have occurred in 2010 (van Woesik et al.
2012) and in 2017, but neither have caused significant coral mortality at the scale of the
archipelago. The reasons why 2010 and 2017 thermal stresses events were not as intense
as in 1998 are unclear, but may be modulated by local-scale weather events such high cloud
coverage, rain and windy conditions occurring during the peak DHWs conditions and
contributing to cooling down the seawater. It was shown that in the Persian Gulf, strong wind
events controlled the occurrence and severity of bleaching events during thermal stress
events with similar DHWs conditions (Paparella et al. 2019). In addition, other oceanic
modulators other than El-Nino Southern Oscillation (ENSO) events may be interacting with
controlling SST and productivity in tropical waters. A recent study, momentarily in review,
shows that both ENSO and the ‘Pacific Decadal Oscillation’ (PDO) best predicted SST
maxima that were associated with decline in coral cover throughout Micronesia since 1980
(Houk et al., in review). The Pacific Decadal Oscillation’ is a secondary oceanographic
modulator that occur on longer time scales than ENSO events, but has both cool and warm
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phases, which influences ENSO extent and intensity throughout the tropics (Newman et al.
2016, Houk et al. in review). Following the prediction from this study, strong PDO warm
phase occurring during an ENSO/la Nina event would lead to an intense thermal stress
event in Palau, as the one in 1998. This study further shows a significant asynchrony
between warm PDO phases and ENSO since 1950s favouring reefs in Palau for less intense
thermal stresses (Houk et al. in review). However, while this predicts the likelihood of intense
thermal stress events, data also show that less intense thermal stress events have been
occurring more frequently in the summer months in Palau. There have been 5 events ≥
4DHWs in the past 10 years as opposed to one from 1998 to 2008, and zero from 1985 to
1998 (NOAA Coral Reef Watch 2017) (Figure 2, 12).

Figure 12: Plot showing bleaching alert levels of year 2019 (coloured boxes x axis), trends
in SST (1st y-axis) and DHWs (2nd y-axis) for every year since 1985 in Palau. Dashed line
shows 4 and 8 DHWs. Blue horizontal line shows SST bleaching threshold. Plot and data
credits to NOAA Coral Reef Watch (2017).
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Minor thermal stress events may not lead to intense coral mortality but may have chronic
impacts if they were to occur too frequently. In the past few years, corals in the shallow inner
bays reefs have been bleaching (~10% pale or bleached coral cover) during the summer
months (PICRC, summer internship data). The minor bleaching events may be the result of
the slow warming of the inner bays in the past five years (Figure 10), demonstrating the
chronic effect that global climate change can also have on reefs. Slow seawater warming in
Palau occurring on the shallow outer reefs (15 m depth) over the past 20 years was also
recently demonstrated to occur at a decadal rate of +0.29°C by Colin (2018).
It has been 5 years since typhoons Bopha and Haiyan devastated the eastern outer reefs of
Palau (Gouezo et al. 2015). Overall, coral recovery within this habitat has been slow with
high spatial heterogeneity in recovery pace. So far only one reef, lighthouse reef, located in
the central eastern reefs, have shown rapid recovery to coral dominated state in just 5 years
(Mumby et al. 2019). The next reefs that show promising signs of recovery are Kayangel,
Ngerchong and Ngetngod reefs as high densities of juvenile corals were recorded in both
2016 and 2018 and related to an increase in coral cover in 2018 (Figure 7). Babeldaob’s
eastern reefs located north of Ngetngod have been extremely slow to recover and this is
likely caused by a combination of (1) low larval supply and/or (2) recruitment failure (Gouezo
et al., two studies in review). The eastern reefs were shown to be overall less supplied by
sexually-produced larvae than the central and western reefs of Palau (Gouezo et al., in
review) and therefore might be contributing to delays in recovery. Additionally, the
destructive forces of typhoon waves have dramatically changed the natural substrata
properties at some reefs, such as in Melekeok at 10 m depth. Some reefs have lost
structural complexity needed for habitat space for both fish and corals (Graham and Nash
2013; Ferrari et al. 2018) and have high cover of rubble that is mechanically unstable and
likely contribute to post-settlement mortality (Fox et al. 2003, 2019). Context-specific
restoration actions at chosen reefs,

such as

substrate stabilization,

complexity

enhancement, or larval-enhancement restoration actions, may be needed to facilitate the
recovery of some reefs along the eastern reefs, that may otherwise take decades to recover,
as shown for some storm-impacted reefs in Australia (Connell et al. 1997; Tanner 2017).
Macroalgal cover in the inshore reefs (inner and patch reefs) has increased over time and
especially over the past few years. Some patch reefs have coverage of fleshy macroalgae
>20% including species belonging to the genus Padina that are indicative of a nutrient-rich
environment (Schaffelke 1999). While these algal blooms may have a patchy occurrence
through space, if their coverage is too high (> 20%), they can outcompete corals at both
adult and juvenile stages (reviewed in McCook et al. 2001). High macroalgal cover was
observed in the inshore reefs of Ngatpang and Ngeremenlgui throughout 2016-2018 (this
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study, Nestor et al. 2019). In addition, these algal shifts have occasionally been
accompanied by high numbers of COTS (Nestor et al. 2019, personal observations at
sewage outflow at Malakal harbour). Both high macroalgal coverage and above normal
densities of COTS are indicative of poor water quality (Fabricius 2005; Fabricius et al. 2010).
Water quality measurements have shown high levels of chlorophyll-a at Ngeremlengui patch
reefs or high nutrients concentration at Malakal reef (Otto, 2017) for example. Therefore, it is
imperative to control the cause of these algal blooms to limit the risk of large-scale system
shift, as observed on some other reefs worldwide (e.g. Hughes 1994; Bruno et al. 2009;
Graham et al. 2013). Repeated water measurements at the same site at regular intervals
through time are needed to detect the variability in water quality, highly influenced by
terrestrial run-off following strong rains. Meanwhile, better land-use practices and
development in Palau’s states where algal blooms have been observed in the past two
years, namely Ngatpang, Ngeremlengui, Ngchesar and around Koror main town, must be at
the top priority of states’ management plans.
In addition to poor water quality, low herbivory levels can also contribute to macroalgal
blooms on reefs (Smith et al. 2010). In 2018, the biomass of targeted herbivorous fish was
recorded to be highest on the western outer reefs and lowest in the inner reefs, ranging from
20 to 2 g.m-2. While herbivory levels on the western outer reefs are still within healthy levels
compared to rest of Micronesia (Harborne et al. 2018), they seem to have decreased at 10
m over the past few years. It is unknown whether this trend is associated with fishing
pressure and remains to be further investigated. On the eastern reefs, herbivorous fish
populations have decreased following typhoons and evidence shows that this is partly driven
by the loss in habitat space and structural complexity caused by the destructive force of
typhoon waves (Gouezo et al. in review). The low biomass of herbivorous fish in the inner
reefs (≤ 2g.m2) is worrying as it has never been that low in the past 17 years and macroalgal
cover has slowly increased since 2010. A recent study has advised to maintain grazers fish
biomass above the relatively low threshold of 2 g.m-2 to limit the chance of system shifts
(Robinson et al. 2018). Palau’s herbivorous fish biomass are above that level in all habitats
since not all grazers species are recorded as in Robinson et al. (2018). Yet, because of the
presently low herbivory levels in the inner reefs and observed increase in macroalgae on
some reefs, it is recommended to start implementing local fisheries regulations focused on
increasing herbivorous fish biomass in states where it is low. Such regulations would aim to
(1) increase grazing effect on algal turf, promoting coral larval settlement (e.g. Birrell et al.
2005; Arnold et al. 2010) and (2) decrease coral-macroalgal competition, limiting the risk of a
system shift (McCook et al. 2001). Such regulations would preferably include temporary
fishing closures of key herbivorous fish since these fish populations can recover rapidly
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following closures (Mumby 2006). However, considering the reliance by local communities
on herbivore fishing in Palau (Bejarano et al. 2013), the implementation of size limits for key
herbivores might be more appropriate. Data on length-based spawning potential ratio of key
fish species are available for Palau (Prince et al. 2015; Lindfield 2017) and could be used for
this purpose. Additionally, maximum lengths should also be considered to protect the
spawning potential of large individuals within populations. A similar management approach,
initiated by the local communities of the northern reefs, was implemented through the
‘Northern reef fisheries initiative’ (Dochez et al. 2019). Success from this initiative is still
being evaluated.
Fortunately, Palau’s coral reefs have experienced over 20 years without a mass bleaching
event, unlike many reefs around the world. Yet, Palauan reefs have coped with other types
of disturbances that had various degrees of impacts depending on reef habitats. In the past
five years, typhoons and tropical storms have impacted the outer reefs of Palau, intensely on
the eastern reefs that are now slowly recovering. The inshore reefs are subjected to
increased localized stressors, such as poor water quality and medium to low herbivory
levels, that appear to be associated with localized but increased macroalgal cover at some
reefs. As Palau continues to manage its reefs for better resilience, it is recommended to
consider implementing further regulations regarding land use and development, to limit
terrestrial run-off and eutrophication, as well as, regulations on local herbivory fisheries, to
promote grazing and limit the chances of regime shifts.
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Appendix 1: Benthic categories used when analysing benthic photos
CORAL (C)

Montiporasubmassive
(MONTISB)

Boodlea (BOOD)

Acanthastrea (ACAN)

Mycedium (MYCED)

Bryopsis (BRYP)

Acropora branching (ACB)

Oulophyllia (OULO)

Caulerpa (CLP)

Acropora digitate (ACD)

Oxypora (OXYP)

Chlorodesmis (CHLDES)

Acropora encrusting (ACE)

Pachyseris (PACHY)

Dictosphyrea (DYCTY)

Acroporasubmassive (ACS)

Paraclavarina (PARAC)

Dictyota (DICT)

Acropora tabular (ACT)

Pavona (PAV)

Galaxura (GLXU)

Alveopora (ALVEO)

Pectinia (PECT)

Halimeda (HALI)

Anacropora (ANAC)

Physogyra (PHYSO)

Liagora (LIAG)

Astreopora (ASTRP)

Platygyra (PLAT)

Lobophora (LOBO)

Caulastrea (CAUL)

Plerogyra (PLERO)

Mastophora (MAST)

Coral Unknown (CRUNK)

Plesiastrea (PLSIA)

Microdictyton (MICDTY)

Coscinaraea (COSC)

Pocillopora-branching (POCB)

Neomeris (NEOM)

Ctenactis (CTEN)

Pocillopora-submassive (POCSB)

Not ID Macroalgae
(NOIDMAC)

Cyphastrea (CYPH)

Porites (POR)

Padina (PAD)

Diploastrea (DIPLO)

Porites-branching (PORB)

Sargassum (SARG)

Echinophyllia (ECHPHY)

Porites-encrusting (PORE)

Schizothrix (SCHIZ)

Echinopora (ECHPO)

Porites-massive (PORMAS)

Turbinaria (TURB)

Euphyllia (EUPH)

Porites-rus (PORRUS)

Tydemania (TYDM)

Favia (FAV)

Psammocora (PSAM)

SEAGRASS (SG)

Faviid (FAVD)

Sandalolitha (SANDO)

C.rotundata (CR)

Favites (FAVT)

Scapophyllia (SCAP)

C.serrulata (CS)

Fungia (FUNG)

Seriatopora (SERIA)

E. acroides (EA)

Galaxea (GAL)

Stylocoeniella (STYLC)

H. minor (HM)

Gardininoseris (GARD)

Stylophora (STYLO)

H. ovalis (HO)

Goniastrea (GON)

Symphyllia (SYMP)

H. pinifolia (HP)

Goniopora (GONIO)

Tubastrea (TUB)

H. univervis (HU)

Halomitra (HALO)

Turbinaria (TURBIN)

S. isoetifolium (SI)

Heliofungia (HELIOF)

SOFT CORAL (SC)

Seagrass (SG)

Heliopora (HELIO)

Soft Coral (SC)

T. ciliatum (TC)

Herpolitha (HERP)

OTHER INVERTEBRATES (OI)

T.hemprichii (TH)
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Hydnophora (HYD)

Anenome (ANEM)

CORALLINE ALGAE (CA)

Isopora (ISOP)

Ascidian (ASC)

Amphiroa (AMP)

Leptastrea (LEPT)

Clams (CL)

Crustose Coralline (CCA)

Leptoria (LEPTOR)

Corrallimorph (COLM)

Fleshy-Coralline (FCA)

Leptoseris (LEPTOS)

Discosoma (DISCO)

Jania (JAN)

Lobophyllia (LOBOPH)

Dysidea Sponge (DYS)

SUBSTRATE (SUBS)

Merulina (MERU)

Gorgonians (G)

Carbonate (CAR)

Millepora (MILL)

Not Identified Invertebrate
(NOIDINV)

Mud (MUD)

Montastrea (MONTA)

Sponges (SP)

Rubble (RUBBLE)

Montipora branching (MONTIBR)

Zoanthids (Z)

Sand (SAND)

Montipora encrusting (MONTIEN)

MACROALGAE (MA)

Turf (TURF)

Montipora foliose (MONTIF)

Asparagopsis (ASP)

Montipora other (MONTIO)

Bluegreen (BG)
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Appendix 2: List of commercially-targeted species recorded by PICRC fish observers since
2001. Green cells represent herbivorous fish species list used in this study

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Commercially important fish species in Palau
Common name
Palauan name
Scientific name
Caranx ignobilis
Bluefin trevally
Erobk
Caranx melampygus
Giant trevally
Oruidel
Cetoscarus bicolor
Bicolor parrotfish
Beyadel/Ngesngis
Cetoscarus/Chlorurus/Scarus spp
Parrotfish species
Melemau
Choerodon anchorago
Yellow cheek tuskfish
Budech
Indian ocean longnose
Hiposcarus harid
Bekism
parrotfish
Hipposcarus longiceps
Pacific longnose parrotfish
Ngeaoch
Kyphosus spp. (vaigiensis)
Rudderfish
Komud, Teboteb
Lethrinus obsoletus
Orangestripe emperor
Udech
Lethrinus olivaceus
Longface emperor
Melangmud
Lethrinus rubrioperculatus
Red gill emperor
Rekruk
Lethrinus xanthochilis
Yellowlip emperor
Mechur
Liza vaigiensis
Squaretail mullet
Uluu
Lutjanus argentimaculatus
River snapper
Kedesau’liengel
Lutjanus bohar
Red snapper
Kedesau
Lutjanus gibbus
Humpback snapper
Keremlal
Naso lituartus
Orangespineunicornfish
Cherangel
Naso unicornis
Bluespineunicornfish
Chum
Plectorhinchus albovittatus
Giant sweetlips
Melimralm,Kosond/Bikl
Plectorhinchus crysotaenia
Yellowstripe sweetlips
Merar
Scarus micorhinos
Pacific steephead parrotfish Otord
Scarus prasiognathus
Greenthroat parrotfish
Udouungelel
Siganus argenteus
Forketailrabbitfish
Beduut
Siganus lineatus
Lined rabbitfish
Kelsebuul
Siganus puellus
Masked rabbitfish
Reked
Siganus punctatus
Goldspottedrabbitfish
Bebael
Valamugil seheli
Bluespot mullet
Kelat
Protected Fish Species (yearly and seasonal fishing closure)
Bolbometopon muricatum
Bumphead parrotfish
Kemedukl
Cheilinus undulatus
Humpheadwrasse
Ngimer, Maml
Epinephelus fuscoguttatus
Brown-marbled grouper
Meteungerel’temekai
Epinephelus polyphekadion
Marbled grouper
Ksau’temekai
Plectropomus areolatus
Squaretail grouper
Tiau
Plectropomus laevis
Saddleback grouper
Katuu’tiau, Mokas
Plectropomus leopardus
Leopard grouper
Tiau (red)
Siganus fuscescens
Dusky rabbitfish
Meyas
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