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Abstract

In recent years, there has been increasing concern that reef fish stocks are declining in Palau.
For effective management practices to be applied, it is necessary to have accurate information
on populations of fish species that are commonly caught for consumption. However, fish stocks
in Palau are data-poor and more information is needed on their abundance, biomass, and size
structure. In 2017, the Palau International Coral Reef Center (PICRC) carried out a nation-wide
study to investigate the status of commercially important reef fish stocks across Palau. Fishery-
independent surveys were carried out using a diver operated stereo-video system (stereo-DOV)
at 94 sites across the archipelago. Results showed that fish biomass varied considerably across
sites, from 0.51 to 172 g m2. Habitat was the most significant predictor of fish biomass, with the
highest biomass found in fore reef west sites and the lowest in patch reef sites. Region also
affected fish biomass, with significantly higher biomass found in the Northern Reefs compared
to those around Babeldaob. In the channel habitat, MPA effect significantly predicted fish
biomass, with a positive relationship seen. In the fore reef habitat, fish biomass was significantly
affected by region, with differences observed between the Northern Reefs and Babeldaob, and
between the Southern Reefs and Babeldaob. In the inner reef habitat, fishing pressure from
Koror significantly predicted fish biomass, with a weak negative relationship seen. Spawning
potential ratio (SPR) is the proportion of unfished reproductive potential left at any given level of
fishing pressure. SPR was <20% for four species (Lutjanus gibbus - keremlal, Scarus
rubroviolaceus - mesekelat mellemau, Siganus puellus i reked, and Plectropomus leopardus i
bekerkardeltiau) and 020 % f o rAcanthurus regricaunae-chiesesgel,(Naso
lituratus T cherangel, and Hipposcarus longiceps - ngiaoch). This study indicates that many
reefs in Palau have very low fish biomass which suggests overexploitation of fish stocks in the
past. Biomass was mostly affected by habitat type and region, which may be attributed to
natural and/or anthropogenic causes. Species with an SPR<20% are likely to have been heavily
exploited; however, it is important to have accurate and reliable estimates of biological
parameters. This is the first study to evaluate the status of commercially important reef fish

stocks across Palau and provides a baseline to assess changes in fish biomass over time.
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1. Introduction

In Palau, small-scale coral reef fisheries are a vital part of the local culture, economy, and food
security. Subsistence fishing is still a major activity and seafood is the main source of protein for
the local population (FAO, 2015). Over time, fishing has also become important for the local
economy due to an increased demand for fresh fish (Prince et al., 2015). Since the 1970s,
however, there has been increasing concern that reef fish numbers are declining in Palau due to
unsustainable practices (Johannes, 1981). In order to combat this, Palau has implemented
several measures to help protect its marine resources, including seasonal and permanent
fishing bans on certain species and restrictions on the export of reef fish through the Marine
Protection Act 1994 (amended in 2015). In addition, Palau has developed an extensive network
of marine protected areas (MPAS) as part of the 2003 Protected Areas Network Act and the
2006 Micronesia Challenge (Birkeland, 2017). Despite these measures, there is still a
consensus among fishermen that reef fish are becoming scarcer, particularly in recent years
(Marine Protection Amendment (RPPL No. 9-50 of 2015)).

In addition to the benefits they provide to humans, reef fish also have important functional roles
within coral reef ecosystems and overfishing can lead to a degradation of these key ecosystem
functions. Herbivorous fish increase reef resilience and reduce vulnerability to macroalgae
phase-shifts by removing algae and sediment through grazing and scraping, and exposing
areas of the reef through bioerosion. This in turn encourages settlement, growth, and survival of
coralline algae and coral (Bellwood et al., 2004). Increased fishing pressure can lead to a
reduction in these ecosystem functions, with rates of bioerosion and coral predation particularly
affected by human activity (Bellwood et al., 2012). Predatory fish are important for maintaining
prey populations and exploitation of predators can lead to an increase in prey abundance which

can have negative ecological effects at the base of the food web (Dulvy et al., 2004).

In order to ensure sustainable fisheries and maintain healthy coral reefs for future generations, it
is vital that effective sustainable management practices are implemented in Palau. This requires
accurate assessment of coral reef fish stocks, however, there has been limited research on fish
populations in Palau including both fishery-dependent and independent surveys (e.g. Moore et
al., 2014; Prince et al., 2015; Prince, 2016a; Prince, 2016b; Lindfield, 2016; Lindfield, 2017;
Dochez et al., 2019). It is therefore necessary for more data to be collected on fish populations

across the country.

Spawning potential ratio (SPR) is a well-established biological reference point that can be used

to inform management decisions for data-poor fisheries. It is defined as the proportion of the

3



PICRC Technical Rep@@t10

unfished reproductive potential left at any given level of fishing pressure and is a measure of the
impact of fishing on the potential productivity of a stock (Goodyear, 1993). SPR equals 100% in
an unexploited stock and 0% in a stock with no spawning (Hordyk et al., 2015). An SPR of 40%
is generally used as a proxy for maximum sustainable yield (the maximum level at which a fish
population can be exploited without long-term depletion) (Prince et al., 2015) and an SPR of
<20% indicates that a stock is heavily exploited (Hordyk et al., 2015).

The Palau International Coral Reef Center (PICRC) carried out the Northern Reefs Fisheries
Monitoring project from 2015 to 2017 in order to assess the status of commercially important
reef fish stocks in the Northern Reefs of Palau (Dochez et al., 2019). In 2017, additional sites
were added to the survey in order to assess reef fish populations across the whole country. The
Southwest Islands of Sonsorol and Hatohobei states were excluded from the survey due to their
remoteness. Fishery-independent surveys using a diver operated stereo-video (stereo-DOV)

system were carried out at sites across Palau in 2017. The aims of this study were:

1) To assess the current biomass and abundance of commercially important reef fish
across Palau.

2) To determine which anthropogenic and biophysical factors are influencing the biomass
of reef fish in Palau.

3) To examine the size structure and estimate the spawning potential ratio (SPR) of

species with sufficient length data and available life history parameters.

This is the first study to evaluate the status of commercially important reef fish stocks across

Palau and provides a baseline to assess changes in fish biomass over time.

2. Methods

2.1 Survey sites
In 2017, a total of 94 sites were surveyed across the Palau archipelago within six reef habitats
(back reef, channel, fore reef east, fore reef west, fringing inner reef, and patch reef) (Figure 1).
Sites in the Northern Reefs (Ngarchelong and Kayangel states) were selected in 2015 for the
Northern Reefs Fisheries Monitoring project and a subset of these sites (33) were resurveyed in

2017 (see Appendix 2 in Dochez et al. (2019) for survey design steps).

Sites for the rest of Palau were selected following a similar design to Polloi et al. (2014). The
total area of each habitat of interest was calculated based on Palau habitat maps created by the

National Oceanic and Atmospheric Administration (NOAA)



PICRC Technical Rep20t10

(https://products.coastalscience.noaa.gov/collections/benthic/e102palau/). Using the sampling
effort from Polloi et al. (2014), the number of sites were determined based on the total area of
each habitat within the study area. Sites were then randomly selected using QGIS. Sites that
were less than 1 km apart or located inside an MPA were moved to another location. MPAs
were excluded from this survey since the aim of this project was to assess the current status of
commercially important fish stocks in locations open to fishing.
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Figure 1. Map of 2017 fish stock monitoring sites within each reef habitat across Palau. MPAs
are shown with red polygons.
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2.2 Fish survey methodology
Fishery-independent surveys were carried out using a stereo-DOV system, consisting of two
GoPro Hero 4 cameras in waterproof housings mounted on a steel frame. The survey method
involved two SCUBA divers swimming along the reef at two different depths where possible at
each site; 15-20 m (deep) and 5-10 m (shallow). The lead diver operated the stereo-DOV
system, which was used to take a video along the reef for a 15-minute timed swim at each
depth. For sites which did not have different depth strata, only one depth was used. The dive
buddy followed closely behind towing a floating Global Positioning System (GPS) which tracked
the route taken in order to calculate the transec
The stereo video cameras are calibrated by PICRC once a year in order to ensure data

accuracy and precision.

2.3 Data processing
Stereo videos were analyzed using the SeaGIS EventMeasure software (Version 4.42). The
Length/3D rules in EventMeasure were set up as in Goetze et al. (2019), where the maximum
range = 8000 mm, maximum RMS = 20 mm, maximum precision to length ratio = 10%,
minimum X coordinate = -2500 mm and maximum X coordinate = 2500 mm. The two videos (left
and right) were imported into EventMeasure and synchronized based on diver hand signals at
the beginning of each transect. Fork length measurements were made for all commercially
important fish species in Palau (see Appendix 1 for list of fish species). This subset of fish
species was selected for the study based on knowledge of fish species eaten in Palau. Where
the precision to length ratio exceeded 10%, a 3D point was added for the fish and an estimated
length was later calculated based on the mean length of all fish measured for that species.
Estimated lengths were only used to calculate overall biomass at each survey site, they were

not included in length analysis of individual taxa.

Fish biomass was calculated using the total length-based equation:
® YD

Where W is the weight of the fish in grams, TL is the total length of the fish in centimeters, and a

and b are constant values that were derived from published biomass-length relationships

(Kulbicki et al., 2005; Kamikawa et al., 2015) and Fish Base (Froese and Pauly, 2019).
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2.4 Data analysis

2.4.1 Predictor variables
Site-specific predictor variables of fish biomass were compiled for input into linear models
(Table 1). These anthropogenic and biophysical variables were chosen based on previous
studies assessing fishing pressure/impact on fish assemblages (e.g. Harborne et al., 2018;
McLean et al., 2016) and data available in this study. Depth was recorded at each site during
fish surveys and then classified as shallow (5-10 m) or deep (15-20 m). Habitat type was
determined during site selection, based on
determined by grouping sites into three main areas based on their geography - the Northern
Reefs, Babeldaob, and Southern Reefs. Sites located in Kayangel and Ngarchelong states were
grouped into the Northern Reefs region, sites located in Babeldaob were grouped into the
Babeldaob region and sites located in Koror, Peleliu and Angaur states were grouped into the
Southern Reefs region. This was done since the Northern Reefs have been managed differently

to the rest of Palau.

A proxy for spillover effect from MPAs was calculated based on linear distance to the nearest
MPA multiplied by MPA size. A proxy for fishing pressure from Koror was based on linear
distance from Koror. A proxy for local fishing pressure was calculated based on linear distance
to the nearest dock multiplied by the population of the nearest state. State population data were
obtained from the 2015 Census of Population, Housing and Agriculture for the Republic of Palau
(https:/lwww.palaugov.pw/wp-content/uploads/2017/02/2015-Census-of-Population-Housing-
Agriculture-.pdf). Distance to pass was determined by measuring the linear distance to the
mouth of the nearest channel or access point. A proxy for watershed pollution was calculated by
multiplying the percentage of altered land (urban, agricultural, and barren) within the adjacent
watershed by the distance to the nearest river discharge (Houk et al., 2015). Vegetation data for
Palau (2005-2006) was obtained from the United States Department of Agriculture (USDA)
Forest Service (https://www.fs.usda.gov/detailfull/r5/forest-
grasslandhealth/?cid=fsbdev3_046690&width=full) and the coverage of each altered land type
were calculated and then summed for each watershed in Babeldaob using QGIS. A proxy for
accessibility (wave energy) was calculated for each site using 10-year wind speed records, fetch
distance, and angle of exposure (QuikSCAT wind datasets from 1999 to 2009;
https://winds.jpl.nasa.gov) (Houk et al., 2014).

All distances were measured using the distance matrix tool in QGIS. For MPA effect, fishing

pressure from Koror, local fishing pressure, and watershed pollution, distances were inversely

NOAAOGSs
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scaled so that increasing distances yielded higher MPA spillover effect, higher fishing pressure,
and higher effect of watershed pollution, respectively. See Appendix 2 for parameter values
used for analysis for each survey site.

Table 1. Predictor variables of fish biomass

Variable Category Data type Derivation

Recorded during fish surveys and
categorized as shallow or deep
Habitat Biophysical Categorical | NOAA Palau habitat map

Sites mapped and geographically
divided into 3 main areas of Palau:

Depth Biophysical Categorical

Region Anthropogenic/Biophysical | Categorical Northern Reefs, Babeldaob and
Southern Reefs
. . Di MPA (i
MPA effect Anthropogenic Continuous Istance to nearest (inverse)

multiplied by MPA size

Fishing pressure

Anthropogenic Continuous | Distance from Koror (inverse)
from Koror
_— Distance to the nearest dock (inverse)
Local fishing . . o .
Anthropogenic Continuous | multiplied by the population of that
pressure state

Distance to pass | Anthropogenic/Biophysical | Continuous | Distance to the nearest reef pass
Percentage of altered land in adjacent

Zﬁﬁi:ed Anthropogenic/Biophysical | Continuous | watershed multiplied by distance to
nearest river discharge (inverse)
Wave energy calculated from wind

Wave energy Anthropogenic/Biophysical | Continuous | speed, fetch distance and angle of

exposure

2.4.2 Statistical analysis
Continuous variables were first normalized and tested for collinearity, however, none of the
variables were correlated. Prior to statistical analysis, biomass data were checked for normality
using histograms and the Shapiro-Wilk test. Biomass data were non-normal and had to be log-
transformed. The effect of depth was analyzed first using a linear model and was not found to
be significant; therefore, it was decided that biomass at each site should be averaged across
both depths, where available, for further analysis. Linear models were then run to test the effect
of the other predictor variables on fish biomass. Where a significant effect was found, the data
were analyzed f urt he mestlysSignificant Difieckeacg)@ast-hbéc3ebt. ( Ho
Following analysis, residuals were plotted and checked for normality using the Shapiro-Wilk
test. Since habitat was the strongest predictor of fish biomass, the data were split into three
more general habitat types - channel, fore reef (east and west), and inner reef (fringing inner,

patch and back reefs) and reanalyzed in order to see which variables were significant within

8
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each habitat. Since large schools of fish can significantly inflate biomass values, the data was
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completed using R software. The biomass interpolation maps were created using QGIS. Data

are presented as mean values * 1 standard error.

2.4.3 Size structure and spawning potential ratio

Length-frequency histograms were plotted to assess the population size structure of 12 species

emoved

which had sufficient actual length measurements (n>100) (Table 2). SPR and the ratio of fishing

mortality to natural mortality (F/M) were estimated for seven species with available life history

parameters using the length-based spawning potential ratio (LB-SPR) R Shiny application on
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Table 2. Life history parameters for the 12 species with sufficient actual length measurements

LB (as
(Tabl e

Species Palauan Count | L50 L95 Lo | MK |Lm/ L| Source SPR
name assessment
Chiorurus Mellemau | 501 | 144 | - 218 | - 0ee | Tvloretal.
spilurus (2014a)
;;Jb”binsus Keremlal | 385 245 | 320 | 327|041 | 075 | Prince (2016a) | Yes
Acanth .
canthurus Chesengel | 358 190 | 200 | 238 | 0.35 | 0.80 | Prince (2016a) | Yes
nigricauda
Taylor et al.
Naso lituratus Cherangel 334 145 230 256 | 0.35 | 0.57 (2014b), Yes
Prince (2016a)
Scarus Taylor et al.

. - 22 - - 252 | - - N
schlegeli 6 5 (2014a) °
Scarus Mesekelat .

. 207 292 | 390 | 406 | 0.36 | 0.72 Prince (2016a) | Yes
rubroviolaceus | mellemau

Prince
Siganus Reked 162 177 | 190 | 241 | 032 | 073 | (2016b) Yes
puellus Rhodes et al.

(2017)
Lutianus Kesebii 129 |- - - - - - No
monostigma
Plectropomus | Bekerkard | 4, 291 | 315 | 493|091 | 059 | Prince (2016a) | Yes
leopardus el tiau
Hipposcarus |\ iaoch 107 300 | 330 | 423|107 | 071 | Prince (2016a) | Yes
longiceps
Kyphosus Komud, 105 221 | - -] - Prince (2016b) | No
vaigiensis Beab
Caranx Chesuch | 101 425 | - 636 | - 067 | Maypa (2012) | No
sexfasciatus
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3. Results

3.1 Fish biomass and abundance

3.1.1 Overall biomass and abundance
A total of 11,773 fish were observed during the surveys with actual length measurements for
5,518 fish and estimated length measurements for 6,255 fish. A total of 106 species were
recorded; see Appendix 3 for the full list of fish species observed along with their biomass and

abundance.

Total fish biomass varied considerably across sites ranging from 0.51 to 172 g m2, with a mean
biomass of 17.06 + 2.51 g m? across all sites. Hot spots of the highest biomass values were
observed at sites in the Northern Reefs, including to the east of Ngarchelong and in Kayangel,
and sites in the outer reefs to the west of Koror (Figure 2A). The lowest biomass values were

observed at inner reef sites in the southern lagoon and around Babeldaob.

When split into trophic levels, the highest biomass of herbivores was seen at an outer reef site
(Fo_West_9) to the west of Koror (59.92 g m?) and to the west of Peleliu (Fo_West_11) (25.22
g m?). The lowest herbivore biomass was seen at sites to the east of Babeldaob, in the
Northern Reefs and the Southern Reefs (Figure 2B). The highest biomass of secondary
consumers was seen at an outer reef site (Fo_West_3) to the west of Koror (71.01 g m?) and at
several sites in the Northern Reefs. There was an overall low biomass of secondary consumers
across the rest of Palau (Figure 2C). The highest biomass of piscivores was seen in the
Northern Reefs, including one site to the east of Ngarchelong (NG-7) (143.62 g m?) and to the
northeast in Kayangel (KA-13) (78.20 g m™). High piscivore biomass was also seen at a fore
reef site (Fo_West_1) in the south west of the archipelago (61.61 g m) and at other sites in the
Northern Reefs. Low biomass of piscivores was seen within the lagoon around Babeldaob and

in the western Northern Reefs (Figure 2D).

10
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Figure 2. Interpolation maps showing total fish biomass across Palau (A) and biomass of
herbivores (B), secondary consumers (C) and piscivores (D).
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L. gibbus (keremlal), C. sexfasciatus (chesuch), and S. genie (meyai) made up the highest
percentage of total fish biomass observed during the surveys (16.13%, 11.75%, and 9.47%).
These speciestendtohave schooling behavior, and when
from the data, their contribution to the total biomass decreased. L. gibbus (keremlal) was also
the most abundant species observed (2,712), followed by N. lituratus (cherangel) (1,314) and

Scaridae spp. (mellemau) (1,074) (Figure 3).
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Figure 3. Percentage of total biomass by each species with abundance shown by numbers.

3.1.2 Drivers of fish biomass
Depth did not have a significant effect on fish biomass, with and without large schools of fish
(LM: p>0.05). Biomass was therefore averaged across both depths at each site for further
analysis. Habitat and region were the only significant predictors of fish biomass (LM: p<0.001
and p<0.01 respectively). The highest biomass was found in fore reef west sites (30.38 £ 5.55 g
m-2) and the lowest was found in patch reefs (4.76 + 0.69 g m?) and fringing inner reefs (6.03 +
0.86 g m). Significant differences were found between fore reef east and patch reef (Tukey:
p<0.05), fore reef west and channel (Tukey: p<0.05), fore reef west and fringing inner reef
(Tukey: p<0.001), and fore reef west and patch reef (Tukey: p<0.001) (Figure 4). For region, a
significant difference was found between the Northern Reefs (25.69 + 5.78 g m?) and
Babeldaob (7.37 + 1.07 g m?) (Tukey: p<0.01) (Figure 5). When schools were removed from

the dataset, habitat remained significant (LM: p<0.001), however, region became insignificant

12
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(LM: p>0.05) and MPA effect became significant (LM: p<0.05) with a weak positive relationship
found (R?=0.048).
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Figure 4. Mean fish biomass across habitats (left) and regions (right). The backreef habitat is
not included in the habitat figure since sample size was too low. Significant differences are
shown with asterisks, p<0.05 (*), p<0.01 (**) and p<0.001 (***). Error bars represent standard
error.

Within the channel habitat, MPA effect was the only variable which significantly affected fish
biomass (LM: p<0.001), with a positive relationship observed (R?=0.441) (Figure 5). When large
schools were removed, the MPA effect was still significant (LM: p<0.01).
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Figure 5. Linear regression between fish biomass and MPA effect (size of closest MPA*inverse
of distance to MPA) within the channel habitat. Fish biomass increases as distance to MPA
decreases and MPA size increases.
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Within the fore reef habitat, fish biomass was only affected by region (LM: p<0.05) with
significant differences observed between the Northern Reefs and Babeldaob (Tukey: p<0.05),
and between the Southern Reefs and Babeldaob (Tukey: p<0.05) (Figure 6). Region was also
significant when large schools were removed (LM: p<0.05) with a significant difference seen
only between the Northern Reefs and Babeldaob (Tukey: p<0.05).
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Morthern Reefs Southern Reefs Babeldaoh
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Figure 6. Mean fish biomass across regions within the fore reef habitat. Significant differences
are shown with asterisks, p<0.05 (*). Error bars represent standard error.

Within the inner reef habitat, fish biomass was only affected by fishing pressure from Koror (LM:
p<0.01), with a weak negative relationship observed (R?=0.258) (Figure 7). When large schools
were removed, none of the variables had an effect on fish biomass in the inner reef habitat (LM:
p>0.05).

14
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Figure 7. Linear regression between fish biomass and fishing pressure from Koror (inverse of
distance from Koror) within the inner reef habitat. Fish biomass decreases as fishing pressure
increases (distance from Koror decreases).

3.2 Size structure

3.2.1 Length frequency distributions
The length frequency distributions of 12 species with sufficient data are shown in Figure 8. L.
gibbus (keremlal), A. nigricauda (chesengel), and S. schlegeli had approximately normally
distributed size structures. For L. gibbus (keremlal), most fish were in the size class 240-250
mm, with 45% of fish below L50. For A. nigricauda (chesengel), most fish were 210-220 mm in
size, with 40% of fish below L50. For S. schlegeli, most fish were 180-190 mm in size. Several
species had a right-skewed distribution with fewer fish in the larger size classes and more fish in
the smaller size classes - C. spilurus (mellemau), N. lituratus (cherangel), S. rubroviolaceus
(mesekelat mellemau), P. leopardus (bekerkard el tiau), L. monostigma (kesebii), and K.
vaigiensis (komud). For C. spilurus (mellemau), most fish were in the size class 180-190 mm
with 17% of fish below L50. For N. lituratus (cherangel), most fish were 190-200 mm in size with
3% below L50. For S. rubroviolaceus (mesekelat mellemau), most fish were 200-220 and 240-
260 mm with 70% below L50. For P. leopardus (bekerkard el tiau), most fish were 220-240 mm
in size with 65% below L50. For L. monostigma (kesebii), most fish were in the size class 270-
280 mm. For K. vaigiensis (komud), most fish were 260-280 mm in size with 17% below L50. S.
puellus (reked) had a left-skewed distribution with most fish in the size class 180-200 mm and
45% of fish below L50. H. longiceps (ngiaoch) and C. sexfasciatus (chesuch) had slightly

binomial length frequency distributions, likely due to their smaller sample sizes. For H. longiceps
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(ngiaoch), most fish were in the size class 260-280 and 300-320 mm with 76% of fish below L50
and for C. sexfasciatus (chesuch), most fish were 360-380 mm in size, with 91% of fish below
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Figure 8. Length-frequency plots for twelve species with L50 (length at which 50% of population
reaches maturity) values shown with red line where available. Length was binned into 10 mm or
20 mm size classes.

3.2.2 Length-based spawning potential ratio (LB-SPR)
The results from the LB-SPR assessment for seven species with available life history
parameters are presented in Table 3. An SPR of less than 20% indicates that recruitment rates

are impaired and the stock is heavily exploited (Hordyk et al., 2015), therefore, this value was
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lituratus (cherangel), and H. longiceps (ngiaoch), whereas the rest had an SPR<20%. The ratio

of fishing mortality to natural mortality (F/M) was the lowest for H. longiceps (ngiaoch) (0.61)

and highest for S. puellus (reked) (9.13); however, it is noted that this estimation may be

unrealistically high (Table 3).

Table 3. Output from LB-SPR assessment including spawning potential ratio (SPR), fishing
pressure (F/M) and size of selectivity (SL50 and SL95).

Species Palauan name SPR (%) | FIM SL50 (mm) SL95 (mm)
Lutjanus gibbus Keremlal 15 3.04 213.47 281.97
Acanthurus nigricauda Chesengel 25 1.84 160.62 194.63
Naso lituratus Cherangel 20 2.89 165.98 204.94
Scarus rubroviolaceus Mesekelat mellemau 3.03 162.03 215.31
Siganus puellus Reked 9.13* 176.74 249.37
Plectropomus leopardus Bekerkard el tiau 13 1.72 166.27 193.33
Hipposcarus longiceps Ngiaoch 33 0.61 130.47 169.42

Note: Green SPR 02 0 %d 8PR&20%. An SPR of <20% indicates that recruitment rates are
impaired. *Estimated F/M may be unrealistically high

4. Discussion

4.1 Fish biomass

4.1.1 Overall biomass

Fish biomass varied considerably across sites in Palau. Overall, the highest biomass was

observed in the Northern Reefs, driven primarily by large schools of piscivores (S. genie i

meyai and C. sexfasciatus - chesuch) and secondary consumers (L. gibbus - keremlal). The

outer reefs to the west of Koror also had a high fish biomass, driven by large schools of

piscivores (C. sexfasciatus - chesuch), secondary consumers (L. gibbus - keremlal), and

herbivores (N. lituratus - cherangel).

Harborne et al. (2018) calculated a potential standing stock of 107 g m for all reef fish in Palau.

Similarly, MacNeil et al. (2015) estimated resident reef fish biomass in the absence of fishing

should equal ~100 g m, with biomass <25 g m potentially leading to negative ecosystem

effects due to overfishing. In this study only 16 out of 94 sites had a total biomass >25 g m?,

suggesting that 83% of sites may be overexploited. It is noted that the fish biomass values

calculated by Harborne et al. (2018) and MacNeil et al. (2015) include all non-cryptic reef fish

whereas the current study was limited to a subset of commercially important reef fish in Palau

(see Appendix 1). In addition, all the study sites used in MacNeil et al. (2015) and most of the
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sites from Palau in Harborne et al. (2018) were located in the fore reef habitat, which typically
support the highest biomass of reef fish (Harborne et al., 2018). This study included data from
different reef habitats which may have led to lower overall biomass estimates. Although the fish
list used in this study is quite comprehensive, it is presumed that if all non-cryptic fish species
were included, and the study was limited to the fore reef habitat, the total fish biomass values
would be higher. However, most fore reef sites also had a total fish biomass much lower than 25

g m2 (see Appendix 2 for total fish biomass at each site).

When compared to data collected inside MPAs from a previous study, total fish biomass values
in this study are much lower at most sites. Friedlander et al. (2017) surveyed seven MPAs
across Palau in 2014 and found that total resource fish biomass ranged from ~80 g m at
Ngelukes Conservation Area (patch reef habitat) to ~360 g m at Ebiil Conservation Area
(channel habitat). Three sites in this study had a total fish biomass >80 g m, however, the
majority of sites had much lower values. All sites surveyed in this study are open to fishing and
it was therefore expected that biomass would be lower than MPA sites, however the
substantially lower biomass at the majority of sites indicates that reef fish have been overfished
in Palau. Apart from overexploitation there are other environmental and anthropogenic factors

that could influence fish biomass that should be taken into consideration.

It is noted that MacNeil et al. (2015), Harborne et al. (2018) and Friedlander et al. (2017) all
used data collected using underwater visual census (UVC) surveys whereas the current study
used stereo-DOV surveys to estimate fish biomass. UVC surveys have been shown to be less
accurate at estimating fish length and sample area compared to stereo-DOV surveys (Harvey et
al., 2001; Harvey et al., 2004), therefore comparing UVC fish biomass estimates to stereo-DOV

estimates may not be accurate.

4.1.2 Drivers of fish biomass
Depth did not significantly affect fish biomass. When biomass was averaged across depth at
each site, habitat was found to be the main driver of fish biomass across sites with the highest
biomass observed in fore reefs, particularly western facing reefs, and the lowest biomass
observed in inner reefs - patch reefs and inner fringing reefs. Previous studies have also found
differences in fish biomass between habitats in Palau. Roff et al. (2019) found substantial
variability in herbivore biomass (5.6 + 0.7 g m?to 66.4 + 16.3 g m?) and predator biomass
across sites in Palau, with 10-fold higher herbivore biomass and 17-fold higher predator
biomass found in western facing reefs compared to eastern facing reefs. It is thought that the

west of the archipelago has higher herbivore biomass due to the geomorphology and habitat
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heterogeneity of this area which may provide food subsidies and nursery habitats for herbivores
(Roff et al., 2019); whereas higher predator biomass (Serranidae and Lutjanidae) may be due to
proximity to spawning aggregations (Colin, 2012). Another study by Gouezo et al. (2019) found
that parrotfish abundance was higher in western and eastern outer reefs compared to inner
reefs of Palau. Many inner reef sites in the current study had lower visibility than outer reef sites,
since inner reefs are often silty and/or affected by terrestrial run-off. Although efforts were made
to avoid surveying in low visibility conditions, this was sometimes unavoidable and may have

affected fish biomass values.

Region was also found to be a significant predictor of fish biomass, with significantly higher
biomass observed in sites located in the Northern Reefs compared to sites around Babeldaob.
The Northern Reefs are often regarded as some of the best fishing grounds in Palau, partly
because they are located far away from Koror, the most populated area in Palau (Lindfield,
2016), however, the proxy for fishing pressure from Koror was not significant. Other factors
which could explain the higher fish biomass in the Northern Reefs include accessibility,
management, and productivity of the area. The Northern Reefs are very remote and
accessibility is dependent on good weather conditions, although wave exposure, a proxy for
accessibility, did not significantly influence fish biomass. In recent years, the Northern Reefs
have been managed differently to the rest of Palau. The Northern Reef Fisheries Cooperative
was set up in order to recover fish stocks and promote sustainable fisheries (The Nature
Conservancy, 2016). The states of Kayangel and Ngarchelong implemented a three-year
moratorium on 12 fish species in 2015 and minimum size limits on eight other species in 2016
and 2017, respectively (Kayangel Public Law 15-16, Ngarchelong Public Law 15-57). These
management strategies may have had a positive effect on fish biomass in the north. In addition,
the reefs around Babeldaob are easier to access and inner reefs may be affected by watershed
pollution, leading to lower overall biomass. When fish schools were removed, region became

insignificant, which can be attributed to the large schools of fish seen in the Northern Reefs.

When the data were split into three main habitat types, fish biomass at channel sites were

significantly affected by MPA effect, with a positive relationship seen. Fish biomass increased

as distance to the closest MPA decreased and as MPA size increased, with higher biomass

seen at sites closer to larger MPAs. This may be attributed to MPAs acting as replenishment

zones as fish fAspill over 0 fntodishingWWc&lanahamandd adj acent
Mangi, 2000). MPAs can also act as a source of fish larvae to areas open to fishing, leading to

increased recruitment and replenishment of fish populations (Harrison et al., 2012). Channel

20



PICRC Technical Repadt10

sites which had the highest fish biomass include those in Kayangel, located close to the large
Ngeruangel Marine Reserve, protected since 1996, and in Ngarchelong around the large Ebiil
Channel Marine Conservation Area, protected since 1999. Similar to the high fish biomass
found in Ebiil (Friedlander et al., 2017), previous monitoring by PICRC has shown that the
Ngeruangel MPA also has high biomass of resource fish (Gouezo et al., 2019). Spillover of fish
and export of fish larvae likely explain the higher fish biomass seen at sites in close proximity to
these MPAs. There was no significant effect of MPAs at sites in the fore reef or inner reef
habitats.

Fish biomass at fore reef sites were only significantly affected by region, with differences seen
between the Northern Reefs and Babeldaob, and the Southern Reefs and Babeldaob. The
difference between Southern Reefs and Babeldaob was driven by large schools of fish - C.
sexfasciatus (chesuch), L. gibbus (keremlal), and N. lituratus (cherangel), observed at the
southwestern fore reefs. When these large schools were removed from the dataset, the
difference was no longer significant. As mentioned previously, the southwestern fore reefs have
been found to have higher fish biomass when compared to eastern fore reefs (Roff et al., 2019).
Since most fore reef sites in the Babeldaob region were on the eastern side this may explain the

lower biomass in this region.

Fish biomass at inner reef sites were significantly affected by fishing pressure from Koror, with a
weak relationship seen. Biomass decreased as distance to Koror decreased, with higher
biomass observed at sites located further away from Koror. This suggests that inner reef sites
closer to Koror have been fished more than remote inner reef sites. One back reef site in the
northern reefs had the highest biomass, caused by a large school of C. sexfasciatus (chesuch),

when large schools were removed fishing pressure from Koror was no longer significant.

Other anthropogenic and biophysical parameters such as tourist pressure, larval supply, coral
cover, habitat complexity, primary productivity, and sea surface temperature were not included
in the current study due to time restraints and a lack of available data. These parameters may
also predict fish biomass (Harborne et al., 2018) and should therefore be taken into

consideration when assessing the drivers of fish biomass.

4.2 Size structure
The length-frequency plots for 12 species showed that some species have skewed size
frequency distributions with fewer large fish observed for C. spilurus (mellemau), N. lituratus

(cherangel), S. rubroviolaceus (mesekelat mellemau), P. leopardus (bekerkard el tiau), L.
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monostigma (kesebii), and K. vaigiensis (komud), and fewer small fish observed for S. puellus
(reked). Low numbers of fish in larger size classes can indicate high mortality of adult fish
whereas low humbers of fish in smaller size classes can indicate insufficient recruitment
(Neumann & Allen, cited in Schultz et al., 2016). This may indicate that larger individuals of C.
spilurus (mellemau), N. lituratus (cherangel), S. rubroviolaceus (mesekelat mellemau), P.
leopardus (bekerkard el tiau), L. monostigma (kesebii), and K. vaigiensis (komud) have been

overfished whereas S. puellus (reked) has low recruitment levels.

SPRwas 02 0% f or t hAeaigricaugadcbesengel), N. lituratus (cherangel), and H.
longiceps (ngiaoch) and <20% for four species - L. gibbus (keremlal), P. leopardus (bekerkard
el tiau), S. rubroviolaceus (mesekelat mellemau), and S. puellus (reked). This suggests that the
stocks for these species have been heavily exploited. Results were compared to SPR estimates
made in a fishery-dependent study by Prince (2016a) limited to the Northern Reefs of Palau.
SPR estimates are similar for L. gibbus (keremlal): SPR=13% (Prince, 2016a) vs SPR=15%
(this study), A. nigricauda (chesengel): SPR=26% (Prince, 2016a) vs SPR=25% (this study), N.
lituratus (cherangel): SPR=23% (Prince, 2016a) vs SPR=20% (this study), and P. leopardus
(bekerkard el tiau): SPR=14% (Prince, 2016a) vs SPR=13% (this study). However, estimates
are very different for S. rubroviolaceus (mesekelat mellemau): SPR=34% (Prince, 2016a) vs
SPR=8% (this study) and H. longiceps (ngiaoch): SPR=13% (Prince, 2016a) vs SPR=33% (this
study). The differences may be due to the different survey methodologies, since Prince (2016a)
obtained data from fish catches, whereas data for this study was collected using underwater

surveys and juvenile fish were also included in the analysis.

It is important to have accurate and reliable estimates of the biological parameters for the LB-
SPR model. Currently, estimates for Palau are still being updated, therefore the SPR results
presented here should be treated with caution. It is also important to have sufficient length
measurements for each species since insufficient sample size can lead to an inaccurate
assessment of size structure (Vokoun et al., 2001). This study made the assumption that fish
originated from the same stock for all species assessed as in Prince (2016a), since dividing the
data would reduce sample sizes, and therefore, accuracy of the data. While genetic connectivity
is almost certain across the study site, strong regional differences suggest that ecological
connectivity may not occur at a high enough rate to avoid segregation of ecological and fishing
stocks. The data from this study provides a baseline to detect changes in fish biomass across
Palau over time. Biomass, abundance, length frequency distributions, and SPR estimates will

be compared to data collected in 2019.
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Appendix 1: List of commercially important reef fish species in Palau

Common name

Palauan name

Scientific name

Epaulette surgeonfish Chesengel Acanthurus nigricauda
Surgeonfish species Acanthurus spp.

Yellowfin surgeonfish Mesekuuk Acanthurus xanthopterus
Redmouth grouper Chubei Aethaloperca rogaa

Slender grouper Choloteachi Anyperodon leucogrammicus
Green jobfish Udel Aprion virescens

Bumphead parrotfish

Berdebed, Kemedukl

Bolbometopon muricatum

Blue trevally

Yab

Carangoides ferdau

Yellowspotted trevally Uii Carangoides fulvoguttatus
Island trevally Otewot Carangoides orthogrammus
Barcheek trevally Carangoides plagiotaenia
Trevally/jack species Carangoides spp.

Giant trevally Erobk Caranx ignobilis

Black jack Omektutau Caranx lugubris

Bluefin trevally Oruidel Caranx melampygus
Bigeye trevally Chesuch Caranx sexfasciatus

Trevally/jack species

Caranx spp.

Peacock hind

Mengardechelucheb

Cephalopholis argus

Bluespotted hind

Temekai

Cephalopholis cyanostigma

Coral hind Temekai Cephalopholis miniata
Tomato hind Temekai Cephalopholis sonnerati
Hind species Cephalopholis spp.

Spotted parrotfish

Beyadel, Ngesngis

Cetoscarus ocellatus

Parrotfish species

Mellemau

Cetoscarus spp.

Milkfish

Aol, Mesekelat

Chanos chanos

Humphead wrasse

Ngimer, Maml

Cheilinus undulatus

B | e e kparmothish

Chlorurus bleekeri

Pacific slopehead parrotfish

Chlorurus frontalis

Palecheek parrotfish

Chlorurus japanensis

Pacific steephead parrotfish Otord Chlorurus microrhinos
Pacific bullethead parrotfish Mellemau Chlorurus spilurus
Parrotfish species Mellemau Chlorurus spp.

Yellow cheek tuskfish Budech Choerodon anchorago
Humpback grouper Meleches Cromileptes altivelis
Painted sweetlips Diagramma pictum
Rainbow runner Desui Elagatis bipinnulata

Whitespotted grouper

Epinephelus coeruleopunctatus
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Coral grouper

Imirechorch

Epinephelus corallicola

Brown-marbled grouper

Met eunger el

Epinephelus fuscoguttatus

One-blotch grouper

Epinephelus melanostigma

Marbled grouper

Ksaudt emeka

Epinephelus polyphekadion

Grouper species

Epinephelus spp.

Masked grouper

Gracila albomarginata

Double-lined mackerel Beterturech Grammatorcynus bilineatus
Bream species Gymnocranius spp.
Dogtooth tuna Kerengab Gymnosarda unicolor
Pacific longnose parrotfish Ngiaoch Hipposcarus longiceps

Blue sea chub

Komud, Beab

Kyphosus cinerascens

Sea chub species

Kyphosus spp.

Brassy chub

Komud, Beab

Kyphosus vaigiensis

Pacific yellowtail emperor

Lethrinus atkinsoni

Orange-spotted emperor Menges Lethrinus erythracanthus
Longfin emperor Kroll Lethrinus erythropterus
Thumbprint emperor Itotech Lethrinus harak
Orangestripe emperor Udech Lethrinus obsoletus
Longface emperor Melangmud Lethrinus olivaceus
Ornate emperor Lethrinus ornatus

Red gill emperor Rekruk Lethrinus rubrioperculatus
Emperor species Lethrinus spp.

Yellowlip emperor Mechur Lethrinus xanthochilus
Squaretail mullet Uluu Liza vaigiensis
Mangrove red snapper Kedesauodl i e|Lutanus argentimaculatus
Red snapper Kedesau Lutjanus bohar
Blackspot snapper Dodes Lutjanus ehrenbergii
Blacktail snapper Reall Lutjanus fulvus
Humpback snapper Keremlal Lutjanus gibbus
One-spot snapper Kesebii Lutjanus monostigma
Blubberlip snapper Korriu Lutjanus rivulatus
Snapper species Lutjanus spp.

Humpnose bigeye bream Besechamel Monotaxis grandoculis
Orangespine unicornfish Cherangel Naso lituratus
Unicornfish species Naso spp.

Bluespine unicornfish Chum Naso unicornis
Dash-and-dot goatfish Bang Parupeneus barberinus
Gold-saddle goatfish Bang Parupeneus cyclostomus

Goatfish species

Parupeneus spp.

Giant sweetlips

Melimralm, Kosond,
Bikl

Plectorhinchus albovittatus

Harlequin sweetlips

Bechol

Plectorhinchus chaetodonoides
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Yellowstripe sweetlips Merar Plectorhinchus chrysotaenia
Harry hotlips Plectorhinchus gibbosus
Lesson's thicklip Plectorhinchus lessonii
Diagonal-banded sweetlips Yaus Plectorhinchus lineatus
Painted sweetlip Plectorhinchus picus
Sweetlips species Plectorhinchus spp.

Indian Ocean oriental sweetlips | Yaus Plectorhinchus vittatus
Squaretail grouper Tiau Plectropomus areolatus

Saddleback grouper

Katuudti au

Plectropomus laevis

Leopard grouper

Bekerkard el tiau

Plectropomus leopardus

Highfin coral grouper

Plectropomus oligacanthus

Coral grouper species

Plectropomus spp.

Filament-finned parrotfish

Udoud ungelel

Scarus altipinnis

Chameleon parrotfish

Scarus chameleon

Yellowbarred parrotfish Butiliang Scarus dimidiatus
Yellowfin parrotfish Scarus flavipectoralis
Forsten's parrotfish Mul Scarus forsteni
Bridled parrotfish Scarus frenatus
Bluebarred parrotfish Mertebetabek Scarus ghobban
Globehead parrotfish Ngemoel Scarus globiceps
Dusky parrotfish Kiuiid Scarus niger

Dark capped parrotfish

Scarus oviceps

Greenthroat parrotfish

Melechotech a chau

Scarus prasiognathos

Common parrotfish

Scarus psittacus

Quoy's parrotfish

Scarus quoyi

Rivulated parrotfish

Besachel-otengel

Scarus rivulatus

Redlip parrotfish

Mesekelat mellemau

Scarus rubroviolaceus

Yellowband parrotfish

Scarus schlegeli

Greensnout parrotfish

Scarus spinus

Parrotfish species Mellemau Scarus spp.

Tricolour parrotfish Scarus tricolor

Red parrotfish Butiliang Scarus xanthopleura
Narrow barred Spanish Ngelngal Scomberomorus commerson
mackerel

Forketail rabbitfish Beduut Siganus argenteus
Blue-spotted spinefoot Reked Siganus corallinus
Barred spinefoot Reked Siganus doliatus

Dusky rabbitfish Meyas Siganus fuscescens
Lined rabbitfish Kelsebuul Siganus lineatus
Masked rabbitfish Reked Siganus puellus
Peppered spinefoot Bebael Siganus punctatissimus
Goldspotted rabbitfish Bebael Siganus punctatus
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Rabbitfish species

Siganus spp.

Great barracuda Al Sphyraena barracuda
Bigeye barracuda Lolou Sphyraena forsteri
Blackmargin barracuda Meyai Sphyraena genie

Salilfin snapper Chedui Symphorichthys spilurus
Snubnose pompano Luichlbuil Trachinotus blochii
Bluespot mullet Kelat Valamugil seheli
White-edged lyretail Baslokil Variola albimarginata
Yellow-edged lyretail Baslokil Variola louti
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Appendix 2: Parameters used for analysis at each survey site

Habitat Fish Fish biomass Distance Size of Distance Distance State Mean wave Distance to Urban Distance
Site Lat Long Habitat subset Region biomass no schools to MPA MPA to Koror to port opulation energy watershed area (%) to pass
(g/m?) (g/m?) (km) (km?) (km) (km) B (I/m?) (km) (km)
ch_1 7.12498315 134.3630665 Channel Channel S°“‘fhem 11.839 11.397 26.736 14.963 484 121.794 30.709 21.474 1.766
Reefs 33.445 14.126
Ch_2 7.29908465 134.474234 Channel Channel Southern 0.782 5.883 4.755 3.965 11444 20.197 7.812 21.474 1.085
Reefs 5.602 5.602
ch_3 7.47146665 134.6288833 Channel Channel Babeldaob . . 2775 0.448 22,631 1596 277 42777 1.343 13.215 0.549
541 541
Ch_4 7.2821733 134.4646147 Channel Channel S"“‘fhe’” 1.424 5.883 6.632 5.443 11444 46.232 10.071 21.474 0.072
Reefs 7.947 7.947
ch_s 7.213007 134.442794 Channel Channel S°“‘fhem 9.430 5.883 14.565 13.138 11444 934,744 17.819 21.474 0.191
Reefs 12.198 12.198
Ch_6 7.24848333 134.2428667 Channel Channel S°“‘fhem 4.023 3.520 27.128 22.867 484 184.391 32.170 21.474 0.289
Reefs 8.891 8.891
ch_7 7.27338 134.246508 Channel Channel Southern 1.278 3.520 25.819 24.161 11444 270.348 30.851 21.474 0.106
Reefs 3.657 3.657
ch_s 7.35127498 1346070833 Channel Channel Babeldaob 5,006 5,006 4.959 1.437 15.153 5.168 2455 969.472 3.850 3.613 2.020
Fo_East_1 7.108874 134.362999 Fore reef Fore reef Southern 12.178 0.540 28.347 13.936 484 513.609 32.152 21.474 1.478
- = east Reefs 8.007 8.007
Fo_East_10 7.0566398 134.3181198 Fore reef Fore reef Southern 5.492 0.540 35.724 7.053 484 906.431 39.915 21.474 8.885
east Reefs 23.852 23.852
Fo_East 11 7.54372 134.645285 Fore reef Fore reef Babeldaob 2.704 2.922 29.520 2.308 282 651.058 2.724 2.337 1.721
east 8.854 8.854
Fo_East_12 7.68586333 134.6541917 Fore reef Fore reef Babeldaob 2.298 0.552 43.109 2.317 316 1343.050 3.181 8.034 10.938
east 7.627 7.627
Fo_East_13 | 7.305576 134566946 Fore reef Fore reef Babeldaob 4.854 3.185 11.420 5.866 2455 848.931 6.791 21.474 4.843
east 4.480 4.480
Fo_East_14 75112163 1346456583 Fore reef Fore reef Babeldaob 1.997 0.448 26.938 3.425 277 1134.657 4.354 2.337 1618
east 2.963 2.963
Fo_East_15 6.89090615 134.136867 Fore reef Fore reef Southern 1.658 0.665 61.970 1.707 119 1083.141 66.076 21.474 27.134
east Reefs 12.541 12.541
Fo_East 2 7.35684165 134.6164583 Fore reef Fore reef Babeldaob 5011 1.437 16.237 6.147 2455 1190.077 4.609 3.613 3.310
east 10.858 10.858
Fo_East_3 7.3980803 134.6323337 Fore reef Fore reef Babeldaob 4.333 1.043 18.950 5719 201 1117.243 5.081 2784 1.731
east 7.800 7.800
Fo_East_4 7.26041615 134.5379365 Fore reef Fore reef Southern 8.456 5.883 11.714 9.949 2455 659.690 10.449 21.474 5.868
- - east Reefs 8.859 6.995
Fo_East_5 7.20283966 134.448299 Fore reef Fore reef Southern 10.353 5.883 15.561 14.197 11444 815.474 18.434 21.474 0.865
- - 5 east Reefs 3.247 3.247
Fo_East_6 7.42935 134642214 Fore reef Fore reef Babeldaob 4746 1.043 21.312 4.346 201 1118.920 4.364 13.215 2.062
east 19.195 19.195
Fo_East_7 7.59884166 134.6508 Fore reef Fore reef Babeldaob 5972 2.953 34.704 2.846 413 1137.146 1.272 5.916 2.186
east 17.117 17.117
Fo_East 8 7.221505 134.442455 Fore reef Fore reef Southern 8.544 5.883 13.646 12.202 11444 673.335 17.142 21.474 0.661
east Reefs 9.655 9.655
Fo_East_9 7.118701 134.3796235 Fore reef Fore reef goutfhem 13.785 11.397 26.622 16.071 484 27.194 30.418 21.474 0.704
east eefs 10.557 10.557
Fo_West_1 7.26270116 134.246754 Fore reef Fore reef Southern 2.395 3.520 26.164 24.386 11444 136.732 31.267 21.474 1.189
5 west Reefs 77.579 25.507
Fo_West 10 | 7.18743333 134.2149165 Fore reef Fore reef Southern 6.023 11.397 32.944 16.699 484 1242.386 37.944 21.474 7.512
west Reefs 20.031 17.440
Fo_West 11 | 7.02208315 134.2324995 Fore reef Fore reef S°“‘fhe’” 5.174 0.540 44.028 3.408 484 773.351 48.315 21.474 10.222
west Reefs 27.011 13.078
Fo_West 12 | 6.92409163 134.1437833 Fore reef Fore reef Southern 4.050 0.665 58.585 2.644 119 748.913 63.017 21.474 23.764
west Reefs 20.505 8.969
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Fo_West_2 7.3251873 134.2169435 Fare reef Fore reef Southern 5.044 3520 28.005 26.579 11444 1180.660 31.605 4.486 5583
west Reefs 10.883 10.883
Fo_West_3 7.345523 134.26418 Fore reef Fore reef Southern 6.963 3.520 22733 21.418 11444 426.924 26.147 4.486 7.035
west Reefs 90.374 23.305
Fo_West_4 7.070161 134.251627 Fare reef Fore reef Southern 2769 0540 38.529 3.144 484 1163.181 42922 21.474 4872
west Reefs 34.091 17.972
Fo_West_5 7.632333 134522285 Fore reef Fore reef Babeldaob 3.272 0.359 32.620 5.380 185 820.857 4.399 0.002 2796
west 4.494 4.494
Fo_West_6 7.272502 134.195816 Fare reef Fore reef S"“‘fhe’” 6.259 3520 31.233 26.338 484 119.005 36.246 21.474 5.505
west Reefs 20551 19.295
Fo_West_7 7.535 134.44525 Fare reef Fore reef Babeldaob 2.021 3.119 21.523 6.235 350 261.646 6.171 5.474 1.907
west 5.242 5.242
Fo_West_8 7522125 134.378116 Fore reef Fore reef Babeldaob 9.426 3.119 22.363 11.916 282 1145.258 13.039 4.486 0.198
west 16.475 8.700
Fo_West_9 7.398125 134.31985 Fare reef Fore reef Southern 13.949 8.136 17711 16.929 11444 696.520 18.141 4.486 15.117
west Reefs 62.571 20.526
Fr 1 7.37799165 134.4999913 Fringing Inner reef Babeldaob 4.133 1.815 5.177 4.287 334 267.155 1.263 6.561 7.890
inner reef 2.853 2.853
Fr_10a 7.13843333 134.3569333 Fringing Inner reef Southern 10.604 11.397 25.731 15.420 484 48.909 29.738 21.474 3.159
inner reef Reefs 5.359 5.359
Fr_11 753976665 134.4933417 Fringing Inner reef Babeldaob 1.028 0.820 22.024 1.916 350 327.169 2.031 5.474 3.706
inner reef 7.907 7.907
Fr 12 7.2199413 134.3648497 Fringing Inner reef Southern 3.130 1.131 17.800 15.984 11444 105.071 22.526 21.474 8.667
inner reef Reefs 6.799 6.799
Fr 13 7.20269998 134.2592663 Fringing Inner reef Southern 3.299 11.397 27.903 17.763 484 130.387 32.838 21.474 5.667
inner reef Reefs 2.251 2.251
Fringing Southern
Fr_l4a 7.36878 134.47486 et Inner reef oot o536 o536 3.758 0.377 3.020 4,598 11444 239.057 4.280 6.561 8.109
Fr_15a 7.649075 134.5994665 Fringing Inner reef Babeldaob 2.906 2,953 36.836 3.223 413 103.149 3.863 0.459 6.415
inner reef 3.695 3.695
Fr2 7.42213 134.63096 Fringing Inner reef Babeldaob 3.409 1.043 19.844 3.975 201 71.419 3.961 13.215 1.190
inner reef 6.264 6.264
Fr 3a 7.30963 134.25448 Fringing Inner reef Southern 2.869 3.520 24.067 22,551 11444 307.095 28.765 4.486 3.071
inner reef Reefs 1.119 1.119
Fr_da 7.218033 134.3526915 Fringing Inner reef Southern 3.100 1.131 18.856 17.031 11444 121.735 23.492 21.474 9.921
inner reef Reefs 7.662 7.662
Fr_5a 7.6637833 134614775 Fringing Inner reef Babeldaob 2,504 0.032 39.001 2.696 413 86.034 1.994 8.034 8.441
inner reef 6.310 6.310
Fringing Southern
Fr_6 7.28785 134.26437 e Inner reef v 0513 0513 1.500 3.520 23.483 21.862 11444 249.543 28.500 21.474 2.144
Fr 7 741221666 | 134 6795333 Fringing Inner reef Babeldaoh 3373 1.043 19.235 4.498 201 1084.074 4665 2.977 0.958
5 inner reef 11.274 11.274
Fringing Southern
Fr_8 7.158333 134.3076583 et Inner reef oot 6507 6507 4736 11.397 27.083 14.064 484 75.186 31771 21.474 5.785
Fr 9o 7.21964995 134.3875666 Fringing Inner reef Southern 4.723 1.131 16.300 14.532 11444 46.338 20.827 21.474 6.138
inner reef Reefs 8.882 8.882
KA-10 8.08383 134.726425 Fore reef Fore reef Northern 15.112 56.547 86.756 1.020 54 1436.178 44,031 8.034 5.075
east Reefs 8.122 8.122
KA-11 7.90229 134.64477 Patch reef Inner reef Northern 15.503 17.798 64.879 20,577 316 3.730 22.427 8.034 6.620
Reefs 9.928 3.528
KA-13 7.955715 13463225 Back reef Inner reef Northern 20.448 17.798 70.176 16.879 54 157.707 28.080 8.034 3.085
Reefs 79.964 4.259
KA-3 8.100625 134.70197 Fore reef Fore reef N°”Pem 11.883 56.547 87.690 2.626 54 1403.367 45.160 8.034 4.409
west Reefs 85.617 44.208
KA-4 8.04981 134683285 Fore reef Fore reef Northern 15.383 56.547 81.716 5.227 54 664.582 38.879 8.034 2.114
west Reefs 14.713 14.713
KA-6 7.976955 134.645375 Fore reef Fore reef g""fhem 22172 56.547 72.820 14.123 54 259,705 30.471 8.034 4,675
west eefs 39.315 33.089
KA-7 8.00997 134.67504 Fore reef Fore reef Northern 19.202 56.547 77.238 9.290 54 1346.369 34.629 8.034 6.349
west Reefs 11.671 11.671
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KA-8 7.96403 134.69804 Fore reef Fore reef Northern 24.372 17.798 73.228 13.283 54 1398.555 30.440 8.034 10.428
east Reefs 24.825 12.362
KA-9 7.923645 13469921 Fore reef Fore reef Northern 20.845 17.798 69.099 17.689 54 1391.198 25.895 8.034 8.928
east Reefs 20.896 12,656
KA-X6 8.069415 134.686645 Channel Channel NO”Pe’" 13.618 56.547 83.899 3.692 54 150.704 41.176 8.034 0.252
Reefs 46.206 17.711
NG-1 7.70094 13456365 Fore reef Fore reef Northern 6.030 0.359 41.012 5.626 316 1032.338 6.160 8.034 4.361
west Reefs 32.245 27.064
NG-10 7.89053 134.59191 Patch reef Inner reef NO”Pe’" 12.445 17.798 62.123 19.062 316 121.144 21.181 8.034 8.026
Reefs 6.612 6.612
NG-11 7.840185 134.57596 Patch reef | Inner reef N"”fhe"‘ 6.791 17.798 56.311 13.931 316 64.519 16.048 8.034 5.906
Reefs 2.877 2.877
_ Fringing Northern
NG-12 7.682515 134612105 e Inner reef Roofs 15100 15100 3.696 0552 40.784 1.847 316 25.803 2.228 8.034 7.786
NG-13 7.95416 134.610035 Channel Channel Northern 19.703 17.798 69.424 18.485 54 412,565 28.204 8.034 0.899
Reefs 1.602 1.602
NG-14 7.732485 134587255 Channel Channel Northern 4192 17.798 45.073 3.027 316 85.410 4.845 8.034 2.069
Reefs 26.620 26.620
NG-15 7.75014 134.581345 Channel Channel NO"P‘*"‘ 3.192 17.798 46.771 4753 316 39.663 6.726 8.034 1521
Reefs 14.640 12.034
NG-16 7.73995 13458046 Channel Channel Northern 4.303 17.798 45.658 4,099 316 43.685 6.069 8.034 0.945
Reefs 37.725 14.050
NG-17 7.8204 134.610745 Channel Channel N°”Pe’“ 6.693 17.798 55.328 12.185 316 530.080 13.424 8.034 3.587
Reefs 36.295 19.723
NG-18 7.96099 134.50185 Channel Channel Northern 21.827 17.798 68.532 27.295 54 1142.942 31.492 8.034 1.561
Reefs 0.695 0.695
NG-19 7.94328 134.49979 Channel Channel N°”fhe”‘ 20.131 17.798 66.565 27.654 316 1336.386 29.820 8.034 0.466
Reefs 1.526 1.526
NG-2 7.835955 134.51696 Fore reef Fore reef NO"P‘*"‘ 9.244 17.798 54.863 16.575 316 1150.069 18.854 8.034 3.732
west Reefs 20312 16.908
NG-20 7.794875 134557695 Channel Channel N°”fhe”‘ 2.874 17.798 51.001 10.242 316 55.839 12.285 8.034 0.804
Reefs 3.691 3.691
NG-21 7.882385 134.51805 Channel Channel N""fhe”‘ 13.231 17.798 59.986 20.764 316 412.255 23135 8.034 2.052
Reefs 10.389 8.454
NG-25 7.70711 134.58871 Back reef Inner reef Northern 5.934 0.552 42.442 2.822 316 62.952 3.463 8.034 4.270
Reefs 11.100 11.100
NG-26 7.76235 134,64457 Back reef Inner reef Northern 2.939 17.798 50.309 6.022 316 46.380 7.236 8.034 8.333
Reefs 15.875 15.875
NG-3 7.984575 134.530875 Fore reef Fore reef Northern 23.339 17.798 71.365 23.237 54 484.617 32.887 8.034 5.614
west Reefs 18.576 18.576
NG-4 7.91435 134.48698 Fore reef Fore reef Northern 18.044 17.798 63.314 25.559 316 1144.153 27.713 8.034 3.856
west Reefs 6.705 6.705
NG-5 7.86892 134.506535 Channel Channel g""fhem 12.713 17.798 58.402 20.183 316 461.034 22.331 8.034 0.095
eets 20.298 10.580
NG-6 7.774905 134.668015 Fore reef Fore reef Northern 5.875 17.798 52.613 8.369 316 1381.926 9514 8.034 8.204
east Reefs 4.165 4.165
NG-7 7.73293 134.6637 Fore reef Fore reef g"”{“e’“ 5.090 0.552 48.217 3.985 316 1378.938 5.808 8.034 10.126
east eefs 172.036 19.956
NG-8 8.01011 134.54353 Fore reef Fore reef Northern 20,502 56.547 74.315 20.769 54 1105.984 35.132 8.034 8.523
west Reefs 7.602 7.602
NG-9 7.998535 13455186 Fore reef Fore reef Northern 21.292 56.547 73.151 20.474 54 579.557 33.816 8.034 7.184
west Reefs 41.768 21.120
Pa_10 7.1541333 134.285116 Patch reef | Inner reef S°“‘fhe’” 2,921 11.397 29.121 12.801 484 121.999 33.778 21.474 4142
Reefs 8.325 8.325
Pa_11 7.3726666 134.6068083 Patch reef | Inner reef Babeldaob 3.000 1.437 15.466 5.323 2455 19.312 3.194 2784 3.938
2.489 2.489
Pa_la 7.6425333 1345862832 Patch reef | Inner reef Babeldaob - - 2793 2.953 35.622 4.448 185 118.830 3.839 0.459 5.079
Pa_2 7.450375 134.40026 Patch reef | Inner reef Babeldaob 6.326 8.136 14.256 8.052 334 148.453 8.611 4.486 12.290
2.339 2.339
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Pa_3a 7.2201995 134.3841166 Patch reef Inner reef Southern 4.387 1.131 16.467 14.688 11444 32.021 20.894 21.474 6.463
Reefs 4.906 4.906

Pa_4 7.192745 134.26287 Patch reef | Inner reef S°“‘fhem 2132 11.397 28.202 16.676 484 3.034 33.131 21.474 6.829
Reefs 3.217 3.217

Pa_5a 7.23786665 134.2645497 Patch reef Inner reef S"“‘fhe’” 5.289 3.520 25.440 21.668 484 50.835 30.467 21.474 3.004
Reefs 2.900 2.900

Pa_6 7.180275 134.3657248 Patch reef | Inner reef S°“‘fhem 7.385 1131 21.262 19.501 484 8.006 25.508 21.474 7.164
Reefs 3.286 3.286

Pa_7 7.24977 134.4288 Patch reef Inner reef S"“‘fhe’” 6.627 5.883 11.160 9.520 11444 142.121 15.154 21.474 4.167
Reefs 1.036 1.036

Pa_8a 7.22668 134.27174 Patch reef Inner reef S"“‘fhe’” 5.829 11.397 25.334 20.484 484 5.917 30323 21.474 4.278
Reefs 6.614 6.614

Pa_9 7.368425 134.355895 Patch reef | Inner reef S°“‘fhem 9.661 0.118 12.943 11.974 11444 202.023 15.803 4.486 15.413
Reefs 6.763 6.763
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Appendix 3: List of commercially important reef fish observed during this study including total
biomass and abundance

Fish species Total biomass (g/m?) Total abundance
Acanthurus nigricauda 69.22 485
Acanthurus spp. 3.94 46
Acanthurus xanthopterus 4.22 7
Aethaloperca rogaa 0.91 7
Anyperodon leucogrammicus 1.38 3
Aprion virescens 12.11 14
Bolbometopon muricatum 121.52 49
Carangoides ferdau 11.99 8
Carangoides fulvoguttatus 8.60 13
Carangoides orthogrammus 16.49 65
Carangoides spp. 59.84 105
Caranx ignobilis 7.22 6
Caranx melampygus 65.91 95
Caranx sexfasciatus 362.44 721
Caranx spp. 0.15 1
Cephalopholis argus 12.11 83
Cephalopholis spp. 0.16 1
Cetoscarus ocellatus 44.10 106
Chanos chanos 1.12 1
Cheilinus undulatus 41.91 44
Chlorurus bleekeri 1.27 13
Chlorurus frontalis 0.62 2
Chlorurus japanensis 1.35 10
Chlorurus microrhinos 109.69 101
Chlorurus spilurus 56.33 560
Chlorurus spp. 0.42 2
Choerodon anchorago 0.14 4
Cromileptes altivelis 4.08 4
Elagatis bipinnulata 15.79 65
Epinephelus corallicola 0.30 2
Epinephelus fuscoguttatus 14.01 9
Epinephelus melanostigma 0.40 2
Epinephelus polyphekadion 2.99 2
Epinephelus spp. 1.19 2
Gracila albomarginata 0.80 4
Grammatorcynus bilineatus 0.38 1
Hipposcarus longiceps 48.78 203
Kyphosus cinerascens 7.54 53
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Kyphosus spp. 40.51 93
Kyphosus vaigiensis 72.59 252
Lethrinus erythracanthus 0.39 3
Lethrinus erythropterus 1.64 9
Lethrinus harak 1.04 7
Lethrinus obsoletus 6.58 46
Lethrinus olivaceus 23.53 36
Lethrinus spp. 0.39 4
Lethrinus xanthochilus 1.15 3
Lutjanus bohar 149.47 205
Lutjanus ehrenbergii 6.45 17
Lutjanus fulvus 2.74 25
Lutjanus gibbus 497.30 2712
Lutjanus monostigma 85.21 273
Lutjanus spp. 0.14 1
Monotaxis grandoculis 39.19 284
Naso lituratus 162.35 1314
Naso spp. 1.17 1
Naso unicornis 18.55 25
Parupeneus barberinus 10.07 116
Parupeneus cyclostomus 3.95 22
Plectorhinchus albovittatus 37.75 22
Plectorhinchus chaetodonoides 40.84 81
Plectorhinchus chrysotaenia 7.53 14
Plectorhinchus gibbosus 2.98 2
Plectorhinchus lessonii 7.21 27
Plectorhinchus lineatus 84.10 130
Plectorhinchus picus 0.17 1
Plectorhinchus spp. 2.95 6
Plectorhinchus vittatus 17.26 59
Plectropomus areolatus 19.38 54
Plectropomus laevis 6.71 17
Plectropomus leopardus 25.66 122
Plectropomus spp. 0.60 2
Scarus altipinnis 2.30 20
Scarus chameleon 0.23 2
Scarus dimidiatus 6.08 87
Scarus flavipectoralis 1.54 18
Scarus forsteni 18.21 116
Scarus frenatus 4.45 13
Scarus ghobban 10.70 45
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Scarus globiceps 0.08 1
Scarus niger 2.43 25
Scarus oviceps 11.96 53
Scarus prasiognathos 19.68 98
Scarus psittacus 1.23 15
Scarus quoyi 0.31 3
Scarus rivulatus 1.25 14
Scarus rubroviolaceus 73.66 280
Scarus schlegeli 22.55 255
Scarus spinus 2.24 22
Scarus spp. 66.92 1074
Scarus tricolor 0.36 4
Scarus xanthopleura 0.27 1
Scomberomorus commerson 11.05 6
Siganus argenteus 10.64 152
Siganus corallinus 0.55 11
Siganus doliatus 4.09 67
Siganus lineatus 1.12 10
Siganus puellus 15.69 216
Siganus punctatissimus 0.4 4
Siganus punctatus 9.42 88
Siganus spp. 0.41 6
Sphyraena barracuda 4.98 2
Sphyraena genie 292.01 135
Symphorichthys spilurus 0.75 4
Variola albimarginata 1.82 5
Variola louti 5.13 37
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