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Abstract – In the context of the general overexploitation of South Pacific reef fisheries, there is a global
push to precisely define fishery parameters such as fishing effort, annual landings, and exploitation levels. In
Bora-Bora, several surveys were performed to define the fishing grounds and the fishing effort of the reef
fishery for the first time. Maps of the fishing grounds under different fishing pressures were created for the
Bora-Bora reef fishery. The average fishing effort throughout the lagoon was 40 trips week�1 km�2. Annual
landings were estimated following two different methods: school participatory surveys and landing based on
the catch per unit effort. These estimations were used to determine that the maximum sustainable yield of the
island’s fisheries was 6.5 tons km�2 year�1. the reported annual yield in 2022 was 5.35 tons km�2 year�1,
under the estimated maximum sustainable yield. The level of exploitation of the fisheries was also estimated
based on the catch size composition of the ten most fished species. This revealed that fishing is responsible
for more than 50% of fish mortality in six of the ten studied species, and that catch length could be increased
to optimize both catches and biomass. Overall, the Bora-Bora reef fishery may be experiencing growth
overfishing (i.e., the catching of fish that are too small to maximise biological sustainability and economical
yield), which can endanger stock recruitment in the future if no actions are taken.

Keywords: Reef fishery / fishing effort / exploitation rate / length-based Bayesian biomass indicator / landing /
maximum sustainable yield
1 Introduction

The concept of reef fisheries refers to all activities related to
theexploitationofnatural biological resourceswithin a lagoonor
on the outer reef slopes, down to depths of about 100m (Morais
andBellwood, 2019). Coral reefs are among themost biodiverse
ecosystems on the planet, home to some 3 million species and
25% of all marine life (Spalding et al., 2001). They also provide
direct or indirect benefits to several hundred million people
worldwide: coastal protection, building materials, food and
income from fishing or tourism (Moberg and Folke, 1999).
Unfortunately, throughout theworld, the coral reefs of inhabited
islands are the stage of a widespread and intensifying
ding author: david.lecchini@ephe.psl.eu
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exploitation of fish resources. For example, across 49 island
countries, half of the reef fisheries were overexploited, with
landings exceeding the maximum sustainable yield (Newton
et al., 2007).Ault et al. (2019) studied the impact offishingon the
spawning potential of six commercial species in Florida and
showed that 5 of the 6 studied species were overexploited.
Similarly, in the South China Sea, 2 of 6 exploited species were
overexploited, and 2 other species were fully exploited (Zhang
et al., 2021). Overfishing often has an impact on the average
trophic level of catches, the size structure of the foodweb, andon
food availability for local inhabitants (Jackson et al., 2001).
Building on these few examples, a better characterisation of the
pressures exerted by fisheries on organisms living on coral reefs
isnecessary toestimateof the sustainabilityof localpracticesand
improve the perception and knowledge of the pressure among
stakeholders.
ttributionLicense (https://creativecommons.org/licenses/by/4.0), which permits
edium, provided the original work is properly cited.
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To better understand fisheries in the frame of a socio-
ecological ecosystem, the area exploited by fisheries must be
described, e.g., based onfield surveys to delimitatefishing areas.
Furthermore,fishery pressuremust be evaluated, for instance by
combining a characterisation of the fishing effort withmodels of
fish population dynamics (Gascuel, 1995). The required
parameters can be difficult to assess, but the outputs can closely
describe the actual pressure exerted on a given stock (Gascuel,
1995). For instance, to evaluate the fishing pressure on a fishery
in the Caribbean Sea,Munro et al. (1973) calculated the nominal
fishing effort with a determined unit, the number of canoes per
km2, combined with the average catch per canoe. However, it is
often difficult to count the number of fishermen to obtain this
nominal fishing effort: many do not officially declare their
activity andfishingschedulescanvary (Taquet, 1998).Tobypass
these issues, landings, which are key information to determine
fishing pressure, can be estimated using participatory surveys
and direct observations (Leenhardt et al., 2016). In addition, the
length frequency distribution of catches can be examined (Pons
et al., 2020).

In data-poor fisheries, such as many South Pacific Islands,
other analysis tools have been developed to estimate fishing
pressure, notably the Length Bayesian Biomass method (Froese
et al., 2018). The length frequency of catches allows to obtain
fitted size and age compositions using Bayesian stock
assessment models. This type of analysis showed for instance
that 60% of the dominantly fished species were overexploited in
the Nansha islands, South China Sea (Zhang et al., 2021). A
particularity of small reef fisheries is the variety in fishing gears,
from fishing rods to spearguns, nets, and traps (Dalzell and
Adams, 1997). Depending on the season, different types of gear
allow to target specific species, which can lead to irregular
landing volumes (Reynal et al., 1998). In South Pacific Islands,
there is often no robust record of landings. Thus, estimating total
landings and distinguishing commercial fishing from recreation
or subsistence through sampling surveys are difficult (Leenhardt
et al., 2016). In French Polynesia, the most recent total landing
estimate of the reef fisheries was 2350 tons per year, mainly
consisting of subsistence fishing (Gillet, 2016).

Overall, the fish stocks on South Pacific reefs are of crucial
importance for local food security and commercial activities
(Leenhardt et al., 2016). However, overfishing of the stocks has
been reported in several islands by local populations
(McClenachan et al., 2016). Therefore, the present study seeks
firstly to define the location of the fishing grounds and the
pressure exerted by fishing activities on the reefs of the South
Pacific Island ofBora-Bora. Secondly, the study aims toquantify
the fishing pressure of the local reef fishermen on the marine
resources of the island, and to determine if these resources are
being overexploited, based on multiple exploitation indicators.
Theuseofvariedexploitation indicatorswithdifferent sourcesof
data allowed to better and robustly constrain the current status of
the reef fisheries of Bora-Bora.

2 Materials and methods

2.1 Study area

Bora-Bora is a 38 km2 island in French Polynesia (16°29’S,
151°44’W). The lagoon, which is connected to the open ocean
through a single pass on the west side of the island, has a size of
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69 km2. Bora-Bora is the stage of international luxury tourism,
with around 100 000 tourists visiting the island every year
(IEOM, 2017). Along with the development of tourism over
the past decades, the island has seen its population increase
from 3819 in 1990 to 10 658 in 2022 (ISPF 2022). Preliminary
studies about reef fisheries have been conducted on Bora-Bora
since 2020. Lecchini (2022) qualitatively determined the main
types of fishing gear and the most frequently fished species
around the island. Sociological studies were also performed to
determine the dependence of the population on fish sales and
consumption. Most of the interviewed islanders declared to
have noticed changes in fish stocks over the past few years
(Lecchini, 2022). Bambridge (2020) estimated that Bora-Bora
has 83 professional fishermen that go fishing more than three
times per week. The island also has 1224 non-for-profit
fishermen, who fish one to three times per week. We performed
a survey of the number of private boat gates around the island
in 2022 through visual counts and observed 711 gates destined
to personal use such as leisure activities and fishing. Note that a
sizeable number of fishermen do not own a boat. We made the
assumption that the number of fishermen on the island
remained stable from 2020 (at the time of the study by
Bambridge) to our study in 2022.

2.2 Spatialisation of reef fisheries at Bora-Bora

Interviews were conducted with 100 reef fishermen. Their
homesteads were evenly distributed throughout Bora-Bora in
accordance with housing density). The questions concerned
the location of their fishing grounds, the type of gear used, the
fishing period, and the frequency of outings. In addition,
fourteen-year-old students from local schools that lived in
households with fishermen, conducted the same survey within
their households. Overall, 174 fishermen were interviewed
(i.e., 13%of the total estimated number offishermen). Thefishing
locationsandnumberofvisits perweekduring thedayandat night
were mapped based on the declarations of the interviewees using
QGIS v3.22 to visualize fishing hotspots. The fishermen were
separated into two categories: non-for-profit fishermen that fish
less than three times per week vs. for-profit fishermen that fish
three or more times a week (Leenhardt et al., 2016).

2.3 Estimation of the annual landing 1 based on the
island-wide consumption

Within 178 random households, across two different weeks
in January and February 2023, children from the local schools
were taught to record the species and measure the total length
of the fish that they consume over the course of a week. The
total weight of weekly consumption was then determined using
Le “Cren”s logarithmic transformed length-weight relation-
ship (Le Cren, 1951). Furthermore, local hotels and restaurants
provided the quantity of fish that they use monthly (only
reporting about fish sourced in Bora-Bora). By extrapolating
the household results to the 3500 households of the island, and
based on the assumption that the local consumption of fish
remains constant throughout the year, the island-wide annual
consumption was calculated using restaurant, hotel, and
household data. This provided an estimation of the annual
landings based on consumption surveys.
f 11



Fig. 1. Traditional road-side fish stall in French Polynesia, consisting
of five « tui » (fish hanging along a rope). The white scale on the left
has incrementations (black lines) of 5 cm. In total, the fork length of
1991 fish caught in the lagoon was calculated based on 2022 tui
roadside surveys, fish caught during twelve fishing outings to follow
different fishermen, as well as data from Lecchini (2021).
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2.4 Estimation of the annual landing 2 based on the
fishing effort

The catch per unit effort (CPUE � indicator of the fish
abundance) corresponds to the amount of fish caught during
one trip per category of fisherman (for-profit and semi-
professional) and per type of gear. The CPUE was estimated
based on direct observations performed by the authors in
December 2022 and January 2023. Twelve fishermen who fish
with different gears in different places were also surveyed. For
one trip, the total weight of the fish caught with each type of
gear and by each category of fisherman was estimated by
measuring the total length of each fish based on photographs
(with Imagemeter 3.6.2) and by the logarithmic transformation
of the length-weight relationship of Le Cren (1951). The fork
length of each fish was also measured. The annual landing was
estimated with the CPUE of each type of gear and category of
fisherman, the interview results about the type and location of
usage of each gear, and the estimated number of fishermen on
Bora-Bora from Bambridge (2020). This fisherman-based
annual landing was compared with the one based on the
consumption surveys.

2.5 Catch size collection from roadside sales

The catch sold along the road was documented by taking
pictures of “tui” (fish hanging along a rope) from October to
December 2022 (Fig. 1). In French Polynesia, fishermen
usually sell their catch of the day directly on the roadside, in
front of their house, or near their boat, using tui (Minier et al.,
2022). All pictures of tui were taken at a distance of two
meters. The fish were identified at the species-level whenever
possible, and the fork length of each fish was measured with
ImageMeter v3.6.2.

2.6 Maximum sustainable yield estimation

The stock under study includes all commercial species in
the Bora-Bora reef fishery. This assessment was based on
underwater visual surveys performed in 2020 and 2022 and
previously published (Lecchini, 2022). During these counts,
the weight of each surveyed fish was estimated based on its
species and size, using the length-weight relation developed by
Le Cren (1951). Based on the assumption that the body length
increases in accordance with the Von Bertallanfy equation
(1938), the total commercial biomass per km2 in the Bora-Bora
lagoon was calculated. The total biomass mortality was
estimated with a survival equation (Eq. (1)) under the
assumption that the stock is in equilibrium (Gascuel, 2022).

Zt ¼ ln
Btþ1

Bt

� �
ð1Þ

Bt: Commercial species total biomass at the instant t
(tons km�2) estimated from the underwater visual surveys.

Zt: Total mortality at date t (year�1) of the studied stock.
To calculate total fishing mortality (Eq. (2)), the annual

yield was calculated based on the annual landings from the
consumption-based survey and from the fisherman-based
survey (Munro, 1985).
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FS ¼ Y
B

ð2Þ

Fs: Fishing mortality of the commercial fish stock (year
�1)

Y: Annual yield (tons km�2)
B: Mean total biomass of commercial fish (tons/km2)

estimated from the underwater visual surveys (Lecchini, 2022).
The maximum sustainable yield (YMSY) across all species

was then calculated with the protocol from Leenhardt et al.
(2016) based on the estimated total landing and fishing
biomass mortality (Eq. (3)).

YMSY ¼ X ðY þMs∙BÞ ð3Þ

YMSY: Maximal sustainable yield Annual Catch (tons km�2

year�1)
X: Corrective factor (0.3–Galzin, 1985)
f 11
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Ms: Natural mortality of the stock deduced with Zt and Fs

(Eq. (6)) (year�1)
Y: Annual yield (tons. km21) from the school and the CPUE

surveys
B: Mean total biomass of commercial fish (tons km�2)

(Lecchini, 2022).

2.7 Exploitation rates determination

Fishing effort varies depending on the fish species. The
fishing mortality index of the 10 most caught species
(Myripristis amaena, Scarus psittacus, Naso lituratus, Naso
unicornis, Lutjanus gibbus, Chlorurus microrhinos, Chlorurus
frontalis, Acanthurus xanthopterus, Acanthurus nigricafuda,
Monotaxis grandoculis) was calculated based on the catch size
database to obtain the exploitation ratio (defined as the
proportion of the exploited population). This is an indicator of
stock health (Fatihah et al., 2021). For this assessment, the
catch length composition, growth coefficient, and asymptotic
length of each studied species were used. The total mortality
per species was calculated based on a formula from Beverton
and Holt (1956) (Eq. (4)). This approach assumes steady-state
conditions with infinite exploitable lifespans (Hicks and
McClanahan, 2012). The natural mortality was assessed based
on a formula from Charnov et al. (2013) (Eq. (5)) and
subtracted from the total mortality to estimate fishing mortality
F (Eq. (6)) and deduce the exploitation rate (Eq. (7)). This
exploitation rate was compared to the optimum exploitation
rate (Eopt) based on the assumption that Eopt is equal to 0.5–i.e,
assuming that the sustainable yield is reached when F=M. If
the exploitation rate E is superior to Eopt, the stock is
considered as overfished (Hicks and McClanahan, 2012).

Z ¼ K
L∞ � Lav
Lav � L0

ð4Þ

Z: Total mortality of a specific species (year�1)
K: Growth coefficient (year�1)
L∞ : Asymptotic length of the studied species (cm)
Lav: Average sampling length (cm)
L’: Minimal catch size of the studied species(cm)

M ¼ Lav
L∞

� �
�1:5∙K ð5Þ

M: Natural mortality of a specific species (year�1)
Lav: Average sampling length (cm)
L∞: Asymptotic length of the studied species (cm)

Z ¼ FþM ð6Þ

F: Fishing mortality (year�1)

E ¼ F
Z

ð7Þ

Z: Total mortality for a given population (year�1)
E: Exploitation rate
The percentage of individuals caught below their maturity

size at 50% was calculated for the 10 most caught species
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(Appendices 1 and 2) to estimate the impact of fishing on the
spawning biomass and on recruitment.

2.8 Length Bayesian Biomass assessment

Using the catch size database containing the data of the
“tui” and the fisherman-based survey (Appendix 3), the species
length frequency distribution of the four species for which
more than 100 fish were sampled (893 fish in total, of the
species M. amaena, C. frontalis, C. microrhinos, A.
xanthopterus) was analysed with the R package Length
Bayesian Biomass (LBB) (version 1.6.1). This package is
based on strong assumptions such as constant recruitment and
a cohort in equilibrium with a constant M/K ratio of 1.5 for
each species (Froese et al., 2018). Using the field-assessed
selectivity of the gear by fishermen with the first catch length
(Lc) (the length at which the gear captures 50% of the
individuals), and biological parameters of each species, the
natural mortality rate (M) relative to somatic growth rate (M/K)
and fishing mortality rate (F) relative to somatic growth rate
(F/K) were calculated with the LBB package. The approximate
optimal catch length (Lc_opt) (i.e., the catch length at which the
stock is optimized biologically and economically) was
estimated for spear gun, which was the most common type
of gear in Bora-Bora. Lastly, the ratio between the fishing
mortality and the natural mortality (F/M), current vs. unfished
biomass (B/B0), and current vs. maximum sustainable yield
biomass (B/BMSY, with B/BMSY > 1.2: non-fully exploited
fishery; 0.9–1.2: fully exploited, <0.9: overexploited �
Amorim et al., 2019) were calculated. These final proxies
were obtained under the assumption that the natural mortality
is equal to the fishing mortality (F =M).

3 Results

3.1 Fisheries spatialisation

In total, 27 professional and 147 non-for-profit fishermen
were interviewed (respectively 32% and 12% of the fishermen
from each category on Bora-Bora � Bambridge, 2020).
Among all interviewed fishermen, 39% only fished during the
day, 24% only at night, and 37% did both. The average fishing
effort on the reefs of Bora-Bora was estimated to be 40.3
fishing trips per week and per km2, with a daytime fishing
hotspot in the Teavanui pass, which is the only pass of the
island linking the lagoon with the open ocean (430 trips
week�1 km�2; Fig. 2). The fishing effort was higher on the
west side of the island in the vicinity of the more densely
populated villages. Four main fishing grounds of a total area of
less than 4 km2 (6% of the lagoon area) were identified, where
over 55% of the total fishing pressure was exerted (Fig. 3).

3.2 Landings and maximum sustainable yield
estimation

The landings across the reefs of Bora-Bora were estimated
to be 327 ± 36 tons per year (4.8 tons km�2 year�1) based on
the consumption-based survey (Tab. 1). Using a different
approach (fisherman-based survey), the landings were
estimated to be 410.5 tons (5.9 tons km�2 year�1) based on
f 11



Fig. 2. Heatmap of the fishing effort distribution during the (a) night and (b) day Bora-Bora.
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an average CPUE of 2.7 kg trip�1 (Tab. 2). Combining both
sources of data, the analyses below used an average landing of
369.7 ± 40.7 tons per year, which corresponds to an average
yield of 5.3 tons km�2 year�1 across the Bora-Bora reef. It was
also estimated that 90.8 tons of commercial fish are landed
each year within the most visited fishing ground, the 1 km2

Teavanui pass. This represents 24.5% of the total annual
landing on Bora-Bora.

On Bora-Bora, the biomass of commercial fish was
estimated to be 40–83 tons km�2 based on visual surveys
performed in 2020 and 2022 respectively. Using the average of
these two estimations (61.5 tons km�2), the average total
mortality rate for all commercial species was calculated to be
0.37 per year (Eq. (1)), and the average fishing mortality was
predicted to be 0.09 per year (Eq. (2)). Thus, the Maximum
Sustainable Yield for all commercial species combined was
estimated to be 6.5 tons km�2 year�1 (Eq. (3), Tab. 3).
3.3 Exploitation rate process

The exploitation rate of 6 of the 10 most fished commercial
species (all assessed species apart fromAcanthuridae) exceeded
0.5 (Eq. (7)), which indicates an overexploitation of their stocks
(Tab. 4). In addition, the percentage offish caught below the size
at maturity (Lm(50)) ranged from 0 to 67%, with 6 of the 10
species above 45% (Appendices 1 and 2).
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3.4 Length based Bayesian assessment

Over 100 individuals were recorded during the fisherman-
based surveys as well as the roadside surveys: Myripristis
amaena, Chlorurus frontalis, Chlorurus microrhinos, and
Acanthurus xanthopterus. All four species had current vs.
maximum sustainable yield biomass ratios (B/BMSY) ranging
from 1.6 to 1.9 (Tab. 5). Such values correspond to a not-fully
exploited status (Amorim et al., 2019). However, the most
fished length class of these four species was below the optimal
length at which maximal biomass would be achieved (Lc/Lc(opt)
between 0.74 and 1; Tab. 5). There were only a few large
individuals among the catches. This LBB assessment indicates
that the fishing strategy could be optimised to increase
sustainability both from an economic and ecological point of
view.

4 Discussion

Coral reef fisheries are of great importance to the
inhabitants of coastal tropical regions, providing around half
of the protein they consume (Teh et al., 2013). But the
population’s dependence on this activity may come up against
the problem of resource depletion, as the population continues
to grow (nowadays, the population of French Polynesia is
growing by 0.7% per year) (Teh et al., 2015). Unsustainable
f 11



Fig. 3. Length Based Bayesian assessment for the four most commonly caught species ((a) Chlorurus microrhinos, (b) Chlorurus frontalis, (c)
Myripristis amaena, and (d) Acanthurus xanthopterus). Lopt is the catch size that maximizes both catches and biomass, Linf is the species-specific
asymptotic length, and Lc is the length at which 50% of the size class is caught. Note the different scales for the y axes of each graph.

Table 1. Number of households involved in the schoolchildren-led fish consumption survey on Bora-Bora in January and February 2023.

Week 1 Week 2

Number of questioned households 55 123

Total number of households in Bora-Bora 3045 3045
Weekly consumption for the sample (kg) 125 220
Weekly consumption for the whole island (kg) 6920 5446
Annual consumption for hotels and restaurant (tons) 5.4 5.4
Mean annual landing estimation (tons) 365.26 288.59
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fishing has been identified as the most widespread local threat
to coral reefs. Over 55% of the world’s reefs are threatened by
overfishing and/or destructive fishing (Burket et al., 2011). As
suggested by Zamborain-Mason et al. (2023), sustainably
managing fisheries requires regular and reliable evaluation of
fish stock status, but we lack long-term research and
monitoring capacity in many of the world’s reef fisheries,
which prevents from having reference points against which
stocks can be estimated. Our study is the first assessment of
exploitation indicators for the Bora-Bora reef fishery, and one
of the only reports for islands across French Polynesia and the
Page 6 o
South Pacific (Lenhardt et al., 2016). The used methodology
can be readily implemented across other islands with similar
socioeconomical contexts in the region to improve resource
management in without the need for an extensive timeseries,
which is often lacking in remote regions. It is important to note
that this study makes the assumption that fishing and
consumption rates remain stable through time (by combining
sparse data from multiple years between 2020 and 2022). This
may not be as accurate as a multi-year exhaustive dataset (Roos
et al., 2015) but is the most efficient way to assess fisheries
status in a data-poor context.
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Table 2. Number of fishermen using rod/nylon thread, fish traps, nets, or guns among the semi-professional and non-for-profit fishermen of
Bora-Bora in 2022, estimated total number of fishermen across the island (extrapolation based on Bambridge, 2020), estimated Catch Per Unit
Effort (CPUE), number of fishing trips, and annual landing per type of gear and category of fisherman.

Category Semi-professional Non-for-profit
Gear Rod/nylon thread Fish

trap
Net Spear gun Rod/nylon

thread
Net Spear

gun

Number of interviewed fishermen using each gear type 12 2 7 8 63 15 64

Estimated total number of fishermen using each gear type
(extrapolation from Bambridge, 2020 and 2022 surveys)

34 6 20 23 538 134 551

Estimated CPUE based on each gear type (kg/outgoing to sea) 13.6 12 13.3 14.6 1.45 3.8 1.98
Estimated total trips at sea per year 6364 1123 3744 4305 44 761 11 148 45 843
Estimated annual landing (tons) 86.5 13.4 49.8 62.8 64.9 42.3 90.8

Table 3. Estimation of the maximum sustainable yield for Bora-
Bora’s reef fisheries following the Leenhardt’s protocol. Visual
surveys allowed us to estimate at 39.51 tons/km�2 in 2020 and
83.25 tons/km2 in 2022 yielding an average value of 58.8 tons/km2

(B), assuming that the fish population evolution follows a Von
Bertalanffy Growth.

Corrective factor X 0.3

B 58.7

Zt (1) 0.37
Fs = Y/B (2) 0.09 ± 0.009
Ms = Z � F (6) 0.28 ± 0.009
YBora (t km

�2 an�1) 5.3 ± 0.54
YMSY (= X (Y þ M � B)) (3) 6.5 ± 0.3
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Our study highlighted that the fishing pressure on the reefs
of Bora-Bora is not homogeneous. This may be partially linked
to uneven distributions of fish across the reefs. The only pass of
the island is the location of high densities of fish (notably with
reproductive aggregations). It is the most visited fishing
ground of the island, with over 90 tons of fish (or a quarter of
all landings across the island’s reefs) caught in an area of less
than 1 km2 annually. Fishing pressure on the reefs is also
strongly related to ease of access; apart from the pass, the most
intensely visited fishing grounds are close to densely populated
areas. Note that the map of the fishing grounds of Bora-Bora is
based on interviews � there may be inaccuracies in the
reporting of the fishing location and trip frequency by the
fishermen. Fishermen may be reluctant to provide this
information due to their competition for limited resources
(Van Campenhoudt et al., 2017). In addition, the different
fishing grounds are subjected to variables such as the weather,
season, and lunar cycles, leading to variability in usage that
may not be captured through our interviews.

Across the island, the average fishing effort was 40.3 trips
week�1 km�2. Based on direct observations by joining
fishermen on their boats, the gear-specific CPUE values
calculated for the fisheries of Bora-Bora were similar to those
of a Great Barrier Reef fishery (Frisch et al., 2008), with
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1.98 kg trip�1 for spearfishers and 1.45 kg trip�1 for line-
fishers on Bora-Bora and 1.95 kg trip�1 and 1.27 kg trip�1 in
Australia. The annual yields per km2 calculated based on the
fishermen CPUE observations and schoolchildren surveys
among their families (5.9 and 4.8 ± 0.5 tons km�2 year�1) on
Bora-Bora were similar in magnitude, and reconciled the use
of both types of approaches (catch and consumption
monitoring) on a South Pacific island. On Moorea, a nearby
island with a similar sized-lagoon and slightly larger
population, various surveys conducted since the end of the
1980s had led to yield estimations of approximately 1–28 tons
km�2 year�1 depending on the methodology used, with
underestimates linked to the lack of information from off-
market sales, and overestimates due to issues in the lack of
standardised reporting of consumption by households (Leen-
hardt et al., 2016). At a larger scale, Newton et al. (2007)
reported, across 49 island nations with coral reefs, an annual
yield of coral reef fisheries of 0.2–40 tons km�2 year�1 with a
median of 3 tons km�2 year�1, similar to our results on Bora-
Bora. Lastly, the Maximum Sustainable Yield was of 6.5 tons
km�2 year�1 across the studied commercial species, which is of
the sameorderofmagnitudeas the averageof5 tonskm�2year�1

from coral reef island nations (Newton et al., 2007) (Tab. 6).
Our Bora-Bora study found an average annual landing of

around 370 tons of fish. Thus, each year, excluding hotel and
restaurant consumption (5.4 tons), each of the 10 658
inhabitants of Bora-Bora has access to 34 kg of reef fish on
average. This result can be compared to the average annual
consumption of large and small pelagic and reef fish per capita
in French Polynesia, which is estimated to be 70 kg (Gillet,
2016). A precautionary 10% removal of exploitable biomass
has been proposed to promote long-term exploitation of stocks
(Lauck et al., 1998). However, in Fiji reef fisheries, an annual
removal of 5% of the existing biomass can cause significant
changes in reef ecosystems (Jennings and Polunnin, 1996). On
Bora-Bora, the estimated commercial biomass is 58.8 tons
km�2 and the annual yield is estimated to be 5.3 tons km�2

year�1: the annual removal represents 9% of the existing
biomass. From this perspective, it places the reef fisheries of
Bora-Bora at the upper limit of landings hypothesised to allow
for sustained exploitation when all commercial fish species are
considered together, and above the threshold identified in Fiji.
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Table 4. Number of caught individuals, exploitation rate, and percentage of fish below FLm(50) (cm) among the 10 most fished species on Bora-
Bora during the study.

Species Number of individuals Exploitation rate % caught below Lm(50)

Myripristis amanea 468 0.54 33%

Scarus psittacus 96 0.62 36%
Naso lituratus 50 0.32 0%
Naso unicornis 71 0.48 45%
Lutjanus gibbus 51 0.51 49%
Chlorurus microrhinos 101 0.50 57%
Acanthurus xanthopterus 100 0.19 54%
Chlorurus frontalis 223 0.52 48%
Acanthurus nigricauda 82 0.26 32%
Monotaxis grandoculis 58 0.68 67%

Table 5. Estimation of exploitation indicators for the 4 most fished stocks.

Species Lc/Lc_opt B/Bmsy F/M B/B0 Status

Myripristis amaena 1.0 1.9 0.3 0.7 Non-fully exploited

Chlorurus frontalis 0.8 1.6 0.3 0.5 Non fully exploited
Chlorurus microrhinos 0.7 1.6 0.3 0.6 Non fully exploited
Acanthurus xanthopterus 0.8 1.6 0.3 0.6 Non fully exploited

Table 6. Comparison of fisheries-related parameters between the two French Polynesia islands of Bora-Bora andMoorea. It is worth noting that
the Maximum Sustainable Yield process in Moorea was carried out with the entire lagoon biomass, rather than just commercial fish biomass,
which may explain the difference between the Bora-Bora results.

Bora-Bora data
Moorea data from Brenier, 2009
and Leenhardt et al., 2012

Inhabitants 10 658 16 608

Estimated number of fishermen 1307 3773

Fishermen density 18.9 Fishermen km�2 77 Fishermen km�2

Average trip/week/km2 40.3 trips week�1 km�2 120 trips.week�1 km�2

Average catch per unit effort (CPUE) 2.7 kg trip�1 1.6 kg trip�1

Total annual landing 369.7 ± 40.6 t 490 t

Annual yield
Biomass estimation

5.35 t km�2 year�1

58.8 t km�2 year�1
10 t km�2 year�1

103 t km�2 year�1

Maximum Sustainable yield (MSY) 6.5 t km�2 year�1 23 t km�2 year�1

Fish landing/inhabitant/year 34.7 kg inh�1 year�1 27.98 kg inh�1 year�1
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There are a few methodological limits to note about our
study, with improvements possible through further inves-
tigations on Bora-Bora and in other similar island reef
contexts. Firstly, we were not able to estimate all input
parameters for the various equations used; some were set based
on the literature (e.g., the size at first maturity of the
commercial reef fish was defined based on the literature; the
relative natural mortality was set to 1.5 for the Length Based
Bayesian assessment). This may not be accurate for all
commercial species of Bora-Bora (Hordyk et al., 2019).
Secondly, we extrapolated interview results for a subset of
fishermen to all fishermen on island, and we observed only 12
fishermen over two months to calculate the CPUE. Thirdly, we
assumed that the fishing effort and efficiency are constant
throughout the year, and that fish recruitment is stable from
year to year, which may not be the case in reef fisheries (Reynal
et al., 1998). Furthermore, the low landing volumes observed
overall on the island can lead to high variability in the CPUE
(Dalzell and Adams, 1997). Lastly, the multi-species nature of
reef fisheries (with over 200 species exploited worldwide �
Dalzell and Adams, 1997) can lead to issues to accurately
assess fishing effort. In Bora-Bora, we estimate that at least 100
species are commercially exploited. Catches vary greatly in
time across species, making it difficult to define overall and
species-specific exploitation levels (Reynal et al., 1998).
Nevertheless, our results echo previous findings in similar
settings (notably in Moorea � Brenier, 2009; Leenhardt et al.,
2016). This study makes full use of the readily available data
for the Bora-Bora fisheries and sets the grounds for similar
assessments in other island reef fisheries of the South Pacific.

Overall, the different indicators assessed for the reef
fisheries of Bora-Bora paint a contrasted picture of the state of
the fisheries. Only two stocks (Monotaxis grandoculis and
Chlorurus microrhinos) exhibited a significant percentage of
immature individuals in the catch. Others indicators such as the
ratio between the biomass and the biomass at the maximum
sustainable yield (MSY) and the exploitation rate for the major
part of the 10 fish stocks highlight that overall, the state of the
fisheries does not seem alarming. The Length Based Bayesian
assessment indicates that the fishery is “non-fully exploited”;
the Maximum Sustainable Yield has not been reached.
However, older fishermen have pointed towards the fact that
the fish caught were bigger before the 1980s, and there were
more fish in the lagoon than nowadays. Bora-Bora is a small
island with high human demand and reliability on fish
resources. Yet, many fisheries assessment methods are
designed for high seas and deep-sea fisheries (Appeldoorn,
2008; Bunce, 2000). Therefore, as a precautionary approach,
we would recommend that steps are taken to improve the
sustainability of the fisheries of Bora-Bora and avoid the
overexploitation of all commercial species. To improve
fishing practices, information about the size at maturity of the
commercial fish species should be made available to raise
awareness and empower the local fishermen to actively
promote population growth and allow for increases in fish
sizes (Leonchyk, 2020). Furthermore, no-take zones or
periods can be put in place; in French Polynesia, traditional
“rahui” are placed on certain reef areas to ban fishing for
given periods. Such practices can help fish stocks recovering
(McClanahan and Kaunda-Arara, 1996). To design and
monitor the efficacy of such practices, it is of high importance
Page 9 o
to use quantitative fisheries assessments. Lastly, we would
recommend a re-evaluation of the reef fishery landings across
all French Polynesia, which was estimated to be 2350 tons
year�1 (Gillet, 2016). French Polynesia has 75 inhabited
islands; to date, the fisheries of three islands � Bora-Bora,
Moorea, and Tikehau (representing 10% of the French
Polynesia population) � have been assessed quantitatively.
Combining the results, we found a total landing of 1010 tons
year�1 on three islands, and we thus hypothesise that the
fisheries landings across all French Polynesia are currently
underestimated. At the global scale, coral reefs are subjected
to climate change (global warming, rising sea levels, ocean
acidification). However, we must not forget to find solutions
for the sustainable management of reef fisheries, so that coral
reefs could continue to provide food (fish, crustaceans,
molluscs) for millions of people, especially in the Pacific
Islands.
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Appendix 1. Size (fork length in cm) at first maturity (length at with 50% of individuals are mature) for the 10 studied species.

Family Species Size at first maturity
(Lm(50)) (fork length)

Location of the study Source

Holocentridae Myripristis amaena 18 cm Hawai Dee et al., 1994

Scaridae Scarus psittacus 21 cm Hawaii De martini et al., 2016
Chlorurus microhinos 37 cm Fidji Prince et al., 2019
Chlorurus frontalis 30 cm New Caledonia Prince et al., 2019

Acanthuridae Naso lituratus 18 cm Hawaii Taylor et al., 2014
Naso unicornis 35 cm Hawaii Taylor et al., 2014
Acanthurus xanthopterus 31 cm New Caledonia Prince et al., 2019
Acanthurus nigricauda 16 cm Micronesia Longnecker et al., 2016

Lutjanidae Lutjanus gibbus 29 cm Fidji Moore et al., 2019
Lethrinidae Monotaxis grandoculis 34 cm Fidji Prince et al., 2017

Appendix 2. Population parameters used for the of Length Bayesian Biomass. The size is the fork length in cm (length range) and at first
maturity (length at with 50% of individuals are mature).

Species Number of individuals Length range Maturity size

Myripristis amaena 469 11–25 cm 18 cm

Chlorurus frontalis 223 21–49 cm 30 cm
Chlorurus microrhinos 101 25–59 cm 37 cm
Acanthurus xanthopterus 100 16–50 cm 31 cm

Appendix 3. Overall table of all used methods and their sources.

Dataset (representativeness) Key information Process Exploitation indicators

Spatialisation interviews
(13% of the total estimated
fishermen number)

Places of fishing, fishing gear,
outings frequencies

Qgis, Extrapolation to the total
fishermen number (2.2)

Fishing hotspots, Nominal effort
(outings/week/km2)

Children participatory survey
(5% of the total household number)

Weekly consumption Ricker formula, extrapolation (2.3) Annual landing 1

Fishermen survey (0.9% of the total
estimated fishermen number)

Quantity of fish caught per trip
Size composition of catches

CPUE (2.4)
LBB (2.8)
Mortality calculation (2.6)

CPUE, Annual landing 2
B/BMSY ratio, Lc_opt

Exploitation rate
“tui” survey (3 months) Size composition of catches LBB (2.8)

Mortality calculation (2.6)
B/BMSY ratio, Lc_opt

Exploitation rate
Annual landings 1, 2 Average MSY process (2.7)

(Leenhardt et al., 2012)
Maximum sustainable
yield landing
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