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Small-scale fisheries are an important source of food, income and cultural identity to
millions of people worldwide. Despite many fisher people observing declining catches,
a lack of data remains a barrier to understanding the status of small-scale fisheries
and their effective management in many places. Where data exist, complex analyses
and stock assessments are often beyond the capacity and budgets of local managers.
Working with small-scale fisheries in western Madagascar, we analyze landings data to
provide a description of the fishery and evaluate the top twenty most commonly caught
species for evidence of overfishing. Using length composition data, we use Froese’s
three simple rules: Let them spawn, let them grow and let the mega-spawners live, as
well as Cope and Punt’s decision tree to infer if spawning biomass is less than target
reference points. We then use length-based parameters to calculate fishing mortality and
compare with published estimates of natural mortality to assess overfishing (F > M).
Over 17,000 fishing trips were registered over a 2-year period (2010-2012), landing
just short of 2 million individual fish. Length data were recorded for a sample of over
120,000 individuals. Fish comprised 95% of landings, with the remainder comprised of
other groups including crustaceans (mostly shrimp, crab, and lobster), cephalopods,
and holothurians. We provide some of the first evidence that fish species caught in the
small-scale fisheries of the Menabe region of Madagascar are experiencing overfishing.
The most notable result is that for 13 of the 20 most common species, fishing mortality
exceeds natural mortality. Many species had a large proportion of individuals (in some
cases 100%) being caught before they reached maturity. Very few species were fished
at their optimal size, and there were low numbers of large individuals (mega-spawners)
in catches. Overfishing in western Madagascar presents a serious threat to the income,
food security and well-being of some of the most vulnerable people in the world. The
results of this paper support the call for improved management. However, management
approaches should take account of overlapping fisheries and be inclusive to ensure the
impacts of management do not undermine the rights of small-scale fishers. Further data
are needed to better understand the trends and to improve management but should not
hinder pragmatic action.
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INTRODUCTION

The 2018 status of the world’s fisheries (FAO, 2018) concluded
that 33% of monitored stocks are currently fished beyond
biologically sustainable limits. Yet, these assessed stocks represent
less than 1% of all fished species, indicating that this figure is
likely a vast underestimate of overfishing occurring worldwide.
This is particularly true in small-scale fisheries (SSF), which
in the majority of cases remain unassessed and unmanaged
(Costello et al., 2012). World trade in fish and fish products
continues to grow, and fisheries exports were worth an estimated
$152 billion in 2017 (FAO, 2018). However, the focus on
market contribution often results in an underappreciation of the
importance of small-scale fisheries (Chuenpagdee et al., 2006;
Grafeld et al., 2017).

The small-scale sector provides more than half of all fish
for human consumption, making it a significant contributor
to international food security and nutrition (World Bank,
2012). The marine sub-sector is estimated to support the
livelihoods of approximately 50 million people worldwide
(World Bank, 2012). In low income nations, these fisheries
contribute to the development and stimulation of local and
national economies, and up to 95% of the small-scale marine
fisheries landings are destined for local consumption (Béné,
2006; Chuenpagdee et al, 2006; USAID, 2016; FAO, 2017;
Tilley et al., 2018). Despite SSF delivering many benefits
with a much smaller environmental footprint than industrial
fisheries (Chuenpagdee et al., 2006; Jacquet and Pauly, 2008),
SSF have received much less focus to date. Ensuring they are
managed effectively is critical for maintaining income generation
and food security of the coastal communities who depend
on this resource.

Madagascar is the fourth largest island in the world. It has a
population of almost 26 million that is currently growing at an
annual rate of 2.8% (The World Bank, 2017). The country is listed
as eleventh poorest in the world (International Monetary Fund,
2015). Total Gross Domestic Product (GDP) was estimated at
just over US $11 billion in 2017, and the gross national income
per capita is estimated at US $400. More than 80% of people
live on less than $1.90 per day (The World Bank, 2017) and it is
the only non-conflict country where GDP per capita has declined
since it gained independence (Pilling, 2018), attributed to cycles
of political crisis and being forgotten by other western nations
with regard to aid (Razafindrakoto et al., 2018).

SSF are estimated to provide a livelihood for 100,000 people in
Madagascar (Le Manach et al., 2011), however, the exact number
of small-scale fishers operating in the country is unknown.
Madagascar’s fisheries are data deficient and underreported
with a recent reconstruction estimating catches to be at least
twice the volume reported to the FAO (Le Manach et al,
2012). A large proportion of this underestimate was attributed
to the underrepresentation of the country’s small-scale fishing
sector and a later study conducted in southwest Madagascar
suggested that even these estimates may be overly conservative
(Barnes-Mauthe et al., 2013).

Despite the paucity of data, traditional ecological knowledge
(TEK) and fisher observations are incredibly valuable and have

provided evidence of changes to catches (Brenier et al., 2011;
Jones, 2011; Lemahieu et al., 2018). Small-scale fishers around the
world have been reporting changes in their catches, specifically
observing declines in catch rates and a reduction in the size of fish
caught over time (Jacquet et al., 2010; Martins et al., 2018). Yet,
these observations are generally considered as complementary
information rather than adequate evidence (Martins et al., 2018)
and an insufficient basis on which to base policy change to
support fisheries rebuilding.

The western coast of Madagascar is home to the Vezo,
a semi-nomadic ethnic group of traditional fishers (Astuti,
1995) who have existed and identified as fishers in this region
for their entire history (Astuti, 1991, 1995; Grenier, 2013).
The Vezo harvest predominantly for subsistence with finfish
providing the main protein source for local households (Barnes-
Mauthe et al., 2013). However, the Vezo economy has become
increasingly trade-oriented since the 1970s (Sanders, 2005), and
export markets for octopus, sea cucumbers and shark fin have
operated since the turn of the twenty-first century (Iida, 2005;
Cripps and Gardner, 2016).

In this study, we describe the catch composition from small-
scale fishing practices in the Menabe region of Madagascar.
Fishers in this region have reported changes to their catches
over the last few decades. They have noted both anecdotally and
in structured questionnaires: observations of decreasing catches,
smaller sizes of fish, and having to increase effort or change
fishing gears to sustain their catch rates for income and food
(Brenier et al., 2011; Jones, 2011; Lemahieu et al., 2018). However,
the last studies to document catch status and composition of
SSF in the Menabe region of western Madagascar where this
current study is focused were conducted in 1991 and assessed
catches from only two landing sites (Laroche et al., 1997). Here,
we present results from across the region, summarizing catch
rates, species diversity, and trophic composition for different
gear types being employed in the fishery. These indicators
are presented as baseline data that can be used to inform
management in the future.

Given a lack of temporal data available for the SSF of
Menabe, we use three approaches to assess overfishing. The
first is a simple approach proposed by Froese (2004). This
method relies on well-established relationships between fisheries
management and life-history theory. It uses length composition
data to assess catches for evidence of growth and recruitment
overfishing. It uses three simple ideas of allowing all fish to spawn
and grow, ensuring some survive to become mega-spawners
(Froese, 2004).

In addition to Froeses indicators we use a decision tree
developed by Cope and Punt (2009). The decision tree provides
a set of rules for defining when a stock is below its biological
target or limit reference points. The decision tree is used to infer
overfished status with respect to empirical benchmarks.

Finally, length frequency data are combined with other life
history parameters to calculate the fishing mortality rate (F) for
the most common species found in catches. These are compared
with published figures for natural mortality (M) for those same
species to provide a further estimate of which species may be
experiencing overfishing (Ault et al., 2005, 2008).
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MATERIALS AND METHODS
Study Site

The study was conducted in the western region of Menabe,
Madagascar in proximity to the city of Morondava. In this
region, the climate is tropical and there are three seasons:
asara (December-April; cold and dry), asotry (May-August;
hot and dry) and faosa (September-November; hot and wet)
(Goedefroit, 1998).

Eleven villages were selected (Figure 1), as representative
of the different areas of the region. Fishing occurs primarily
within the lagoon in front of each village, with fishers employing
multiple gears across multiple fishing sites. Catches were
measured at the village landing site(s). In villages with multiple
landing sites, data collectors spent equal time at each landing site
during a tidal cycle to ensure representation.

Fishing is the primary source of both food and income in
this region and takes place on a daily basis (Laroche et al,
1997; Jones, 2011). The fishery uses traditional wooden single
hulled canoes, either paddled (molanga), or rigged with a single
outrigger and a square sail (lakana). Motors are rare in the

traditional fishery of this region and fishers travel from their
villages to and from the fishing sites under the influence of the
tides. Boats are small (<10 m length), do not carry ice, and if
caught in bad weather fishers may be forced to land and sell
fish where they can before returning to their home village when
the weather subsides. Fishing is subsequently highly dependent
on a wide range of environmental conditions which affect both
fisher behavior and fish abundance/availability (Astuti, 1995;
Laroche et al., 1997).

Fishing Gears

Fishers employ mixed gears to catch multiple species. Fishing
gears used in the nearshore coastal fishery were broadly
categorized into eight groups; (1) hand-spear (HS) (2) spear-gun
(SG), (3) handline (HL), (4) longline (LL), (5) gill nets (GN) for
finfish (including set, drive, and drift nets) (6) shark nets (SN)
(set nets with a large mesh size and made with monofilament of
higher tensile strength to support capture of larger and stronger
bony-fish and sharks), (7) beach seine nets (BS), and finally
(8) hand nets or scoops (HN). Each gear may be employed in
a variety of ways depending on the fishing season, the target

ozambique 'TAN (300)
® AMB (1,400)
Y Madagascar
Menabe
./ BOR (916)
® SAB (932)
1000 km i
o KIV (874)
{AVD (3,250)
BET (1,300)
+ ASM (235)
® BSM (1,733)
+ANT (96)
@ AND (2,112)
b " : 50 km
FIGURE 1 | Map of the study area showing the positions of the 11 village landing sites sampled across the Menabe region of western Madagascar. The size of the
circle represents their relative population size in 2011, this is also shown in parentheses (reported by village presidents or in Raharison, unpublished). (TAN,
Tanambao Port; AMB, Ambakivao; BOR, Borongeny; SAB, Sabora; KIV, Kivalo Centre; AVD, Avaradrova; BET, Betania; ASM, Ankevo sur Mer; BSM, Belo sur Mer;
ANT, Antseranandaka; AND, Andranompasy).
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Indicator 1 -
Let them spawn

Indicator 2 -
Let them grow

Indicator 3 -
Let the mega-spawners live
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FIGURE 2 | An example of a length frequency distribution (all fish) with Froese’s indicators of overfishing in red. Indicator 1 — Pmat proportion of fish below the length
at maturity (Lmat) (fish to the left of the red rectangle are considered juvenile fish), Indicator 2 — Popt proportion of optimally sized fish, those between 0.9 and 1.10 of
optimal length (Lopt) indicated by the red dotted rectangle, and Indicator 3 = Prmega proportion of fish more than 1.10 times Lot (fish to the right of the red dotted
rectange). Fish colored in grey represent the length frequency distribution that should be found in the catch in ideal conditions according to Froese’s targets
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species/fishery and the location being fished. Some gears are
always deployed from a boat (shark nets and longlines). Others
(hand-spears and drag nets) can be deployed from a boat or
directly from the beach (Supplementary Table S1). Gear choice
is affected by daily weather and tidal conditions as well as socio-
economic factors including age, sex, wealth, and profitability of
the gear. Some gears are often or solely used in conjunction
with other gear types, e.g., hand-spears (voloso) are used alone
or alongside nets or handlines, while scoop nets (kipao) are used
to secure the fish or crab that has been caught with a handline
(vinta) (updated from Gough et al., 2009).

Landings Assessment

In each village, two local data collectors were selected and
employed to carry out monitoring at the main landing site
(Humber et al., 2017). Data collectors completed a full week
of training including testing of their identification skills.
During this time, they were shadowed by the lead author or
research assistants trained by the lead author and employed by
Blue Ventures. Data collection was piloted in November and
December 2009. Routine follow up training was performed by
the lead author or research assistants to ensure data collectors
were recording data effectively. Sampling was then undertaken

for a minimum of 2 days per week between January 2010
and February 2012.

Data collectors prioritized working during times when boats
were returning to the village and approached each boat as it
landed its catch on the beach. They were stationed in locations
where boats first landed their catches to ensure sampling of
the entire catch. The length of the surveys was variable and
dependent on the volume and diversity of catch, with a survey
time between 15 and 20 min per boat. If multiple boats were
landing at the same time, often fishers would wait to have their
catch measured. However, this did not always happen, and some
boats would not have been sampled. Surveyors received strong
cooperation from fishers in providing information and accessing
their catches. They reported that they surveyed around 60% of
the boats on the days they were working. This suggests that this
monitoring represents around 15-20% of the catches landed.

For each landing that was assessed, the number of fishers on
the trip and the fishing gear type used was recorded, and total
weight (g) of the catch was measured. All fish were identified to
species level (where this was not possible, they were identified
to genus or family level). Standard length (SL) (tip of snout
to posterior end of the vertebrae) was measured for a random
sample of five fish of each species represented in the catch.
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ANALYSIS

Catch Rate

Catch rate per fisher per trip (kg fisher—! trip~!) was calculated
for each gear. Catch rate per trip was used as fishers were not able
to provide an accurate time for their departure, nor the time they
spent fishing. As such the more granular measure was deemed
unreliable for comparison.

Trophic Level

The values of the trophic level estimate for each species were
computed from Fishbase values (Froese and Pauly, 2000) that are
based on the diet of the species. The mean trophic level (TL) of
the catch for each gear was then calculated using the following
formula (Pauly et al., 2001), where Yy is the landings of species i
in year k and TL; is its TL.

m

Yy TL
Tk = =
; 2. i

Species Diversity and Composition

Species richness (SpR) and Simpson’s index of diversity was
calculated for the catch of each gear. Cumulative frequency
distributions of abundance identified the species contributing the
most to overall catch abundance. The main species were ranked
in order of abundance and those contributing to cumulative
abundance of 90% were retained for further analysis.

Assessments for Overfishing
Froese’s method is based on three simple ideas (Figure 2):

e Indicator 1. Let them spawn! (P, = proportion of the
catch > Ly,) — Fish should reach maturity and catches
should aim to be exclusively mature fish. (P, target: 100%
of catch are individuals below the published length at first
maturity (Lpyat) with 90% being a reasonable target)

e Indicator 2. Let them grow! (P,,x = proportion of the
catch between 0.9 Lopt and 1.10Lp ) — Fish should reach
optimal length (the length at which maximum possible yield
is estimated) and catches should aim to consist primarily of
fish at the size where highest yield from a cohort occurs.
(Popt target: 100% of individuals within & 10% of the
published optimal length (Lopt))

e Indicator 3. Let the mega-spawners live!
(Pmega = proportion of the catch greater than 1.1Lgpt) -
Fish should be able to mature 10% above optimum size and
support recruitment as “mega-spawners.” (Ppega target:
0% of individuals 10% larger than the published optimal
length (Limega) although up to 30% would be reflective of a
reasonable stock structure).

Limat and Lop for each species were taken from published
records on Fishbase (Froese and Pauly, 2000). Where
fishbase did not have published length at maturity data
available for Madagascar the closest available data were used
(Supplementary Table S3).

The Cope and Punt decision tree (Cope and Punt, 2009)
was followed for each species. This indicated if the spawning
biomass (SB) of a species was above or below that of the
reference point (RP).

The sum of the catch-based length proportions was calculated
(Pobj = Pmat+Popt+Pmega). The result was used in conjunction
with Popt + Prega or the value of Pgpt to then determine the
selectivity pattern for each species as one of the following:

Catch small, immature fish;

Catch small and optimally sized fish;
Selectivity curve similar to the maturity ogive;
Catch optimally-sized and bigger fish; or
Catch optimally-sized fish.

vk N =

Depending on the selectivity type, the ratio of length at
maturity (Lmat) to optimal fishing length (Lop) was calculated.
This was then used in conjunction with either Pyt or Popy to infer
if the spawning biomass (SB) was at or above the target reference
point (RP). If the SB was below the RP it was inferred that the
species was overfished.

This additional analysis gives a different view of the
status of each species from the Froese indicators alone.
If the fishery catches only small, immature fish (selectivity
type 1), the reference point for Py, is > 0.25 in the
decision tree. Froese’s recommendation, however, is much more
conservative. Suggesting P, should be equal to zero and
allowing more fish to spawn.

Finally, to estimate fishing mortality (F), the total mortality
(Z = F+M) was calculated from the average length (L)
using the method of Beverton and Holt (1957) as modified
by Ehrhardt and Ault (1992). This approach considers the
potential bias of the fishery not exploiting all older age
classes of fish.

(Loo ~ L, )Z/K _ ZLc— D) +K(Los — L)
Loo — Lc " Z(Ly — L)+ K(Leo — L)

Total mortality (Z) was calculated using the bheq function
within the fishmethods package (Nelson, 2019) in R, and
using the Ehrhardt and Ault (1992) bias-correction. The
life history parameters needed for this analysis included;
parameters of the Von Bertalanfty growth equation (K and
L), length at first capture L. (estimated as the length
at which a smooth curve through the cumulative length
frequency histogram reached its maximum slope), and maximum
length in the fishery L\ (the maximum observed length for
each species). For some species, there were a few fish in
the data set that were larger than the rest of the fish of
that species; we excluded these outliers from the calculation
of Lx.

The fishing mortality rate (F) is estimated by subtracting the
natural mortality rate (M) from total mortality (Z). Where F < 0,
it was assumed to be zero; this was true only for two species
Sardinella albella and Chirocentrus dorab. Figures for natural
mortality rate (M) were taken from published values on Fishbase.
The natural mortality rate is often used as a proxy for the fishing
mortality rate that would maximise sustainable yield (Fmsy), and
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a population with F > M may be considered to be experiencing
overfishing (Ault et al., 2008).

Selectivity of Gears

Knowledge of how fishing gears interact with one another, and
understanding their overlap in selectivity in relation to both
species and size, is important for management (Gobert, 1994).
Detrended correspondence analysis (DCA) is a multivariate
analytical method that ordinates similarities between groups.
DCA was applied to assess the similarity in species selectivity
between gears based on the abundance of each species in
catches. This has been used in similar analyses in SSF in Kenya
(McClanahan and Mangi, 2004). Overlap between gear in relation
to size was then assessed for each of the top 20 species by
comparing the median length of individuals caught by each gear
with the length of maturity for that species.

RESULTS

Data collectors surveyed a total of 17,161 fishing trips during
the two-year study. The number of fishers varied between 1
and 11 on a fishing trip, resulting in a total of 22,346 fisher
days. From almost 2 million individual fish recorded during
the survey, length-based measures were collected from 121,954
individuals (Table 1).

Fish represented 95% of the catches overall, and comprised the
majority of catch for beach seines, gill nets, handline, longlines
and shark nets (Table 2). In addition, 94,921 non-fish organisms
were recorded in the catches (Table 1). These were primarily
shrimps and prawns (92,285 individuals and 4.5% of the total

catch abundance) and predominantly caught by beach seines and
gill nets. Crabs contributed to just 0.1% of total catch abundance
(n = 1,727), with the majority caught by gill nets. Octopus
(n = 48), squid (n = 73), and sea cucumbers (n = 588), as well as
3 dolphins and 24 turtles [23 green turtles (Chelonia mydas) and
one leatherback turtle (Dermochelys coriacea)] contributed each
less than 0.1% of the catch abundance (Table 2). However, despite
their small contribution to overall catch abundance, octopus
and sea cucumbers contributed substantially to the catches of
hand-spear and spear-gun fishers (Table 2).

These other groups were excluded from the analyses as,
other than turtles, which are more commonly recognized, data
collectors were not able to identify individuals consistently to
species level, and length measures were not taken consistently,
making them incomparable in relation to trophic level and
length. In addition, data collectors also reported large catches
of shrimp that they were not able to quantify, so numbers
reported are likely to be an underestimate. Octopuses, squid,
lobster, shrimps, prawns and crabs are all commercial species and
would have been sold to local buyers (sous-collectors) or at local
markets, while dolphin and turtle would have been consumed
locally, either by the fisher’s family or the meat would have been
sold to other households in the village (Humber et al., 2011).

Species Composition

Despite the diversity found in catches overall, cumulative
frequency distribution showed that just 20 species accounted
for more than 90% of the total abundance. The top 20 species
were therefore retained for further analysis (Figure 3). The
other 140 species contributed less than 1% of abundance
each (Supplementary Table S2). Of these 20 fish species, ten

TABLE 1 | Summary information for each gear type surveyed during the study.

Gear type Number of trips Fisher days Total weight landed (kg) Number of fish landed Number non-fish landed Number of fish sampled
Beach seine 1,164 3,140 105,234 439,139 32,405 44,513

Gill net 11,035 12,311 173,306 1,441,746 61,885 61,026

Handline 2,911 4,100 30,677 41,470 68 11,010

Longline 747 802 11,840 5,050 290 2,468

Shark net 1,220 1,855 19,386 7,431 18 2,623
Hand-spear 22 27 188 56 93 25

Spear-gun 62 111 516 978 162 280

Total 17,161 22,346 341,146.17 1,935,869 94,921 121,945

TABLE 2 | Composition of catches including non-fish species by gear type (BS, Beach seine; GN, Gill net; HL, Handline; HS, Hand-spear; LL, Longline;

SGm, Spear-gun; SN, Shark net).

Gear type Fish Octopus Squid Lobster Shrimp/ Prawn Crab Sea cucumber Dolphin Turtle
BS 93.1% - - <0.1% 6.8% 0.0% 0.1% - -
GN 95.9% <0.1% <0.1% <0.1% 4.0% 0.1% <0.1% - <0.1%
HL 99.8% <0.1% 0.1% <0.1% 0.0% 0.0% - - -
HS 37.6% 15.4% - - - - 45.6% - 1.3%
LL 94.6% - - - 5.4% - - - -
SG 85.8% 1.3% - 2.9% 0.4% - 9.6% - -
SN 99.8% - - <0.1% <0.1% 0.1% - <0.1% 0.1%
Total 95.3% <0.1% <0.1% <0.1% 4.5% 0.1% <0.1% <0.1% <0.1%
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FIGURE 3 | Relative abundance of top 20 species with the top 10 contributing more than 80% of the total abundance. Top species for each gear type given in
Supplementary Figure S1 and a full species list and relative abundances by each gear type given in Supplementary Table S2.

accounted for 80% of total landings from all gears (Figure 3). In
order of abundance these were: orange mouth anchovy (Thryssa
vitrirostris), Indian mackerel (Rastrelliger kanagurta), bluestripe
herring (Herklotsichthys quadrimaculatus), white sardinella
(Sardinella albella), flathead gray mullet (Mugil cephalus),
tigertooth croaker (Otolithes ruber), Commerson’s anchovy
(Stolephorus commersonii), strongspine silver-biddy (Gerres
longirostris), yellowstripe goatfish (Mulloidicthys flavolineatus),
fourlined terapon (Pelates quadrilineatus). However, these top ten
species were notably absent from hand-spear fisher catches, and
only four were present in spear-gun catches (G. longirostris, M.
flavolineatus, P. quadrilineatus and R. kanagurta), comprising a
small proportion of the catch (Supplementary Figure S1).

Catch Rate

Fishing trips varied widely in their landings. Catch rates during
this study were often below 10 kg per fisher per day (median
8.2 kg per fisher per day Q1 = 4.0, Q2 = 15.0). However, the
exception of a few very large catches, the highest observed catch
from a single trip was > 3 tones, caused a strong right skew in the
data. Large catches are a rarity rather than the norm (Figure 4A).
Indeed, more than 750 fishing trips (4.5%) returned without any
catch, and this was recorded for all gear types. Daily catch weight

also varied among gear types; beach seines had the largest daily
catch rate, followed by longlines and gill nets. Spear-gun fishers
had the lowest catch rates, followed by handline and hand-spear
fishers (Figure 4A and Supplementary Table S4).

Trophic Level

Across all gears the median trophic level for landings was 3.6
(Q1 = 3.2; Q3 = 4.2). Catches from the different gear types
ranged from 3.2 to 4.0 (Figure 4B). Higher levels such as those
for gill nets are likely due to high numbers of omnivorous and
piscivorous fish in their catches. Mean trophic level was lowest for
spear-guns which often target herbivorous fish such as parrotfish
and surgeonfish (Figure 4C and Supplementary Figure S1).

Species Diversity

Across all fishing gears, 160 fish species were identified
representing 59 fish families. Gill net and handline fishers made
the highest contribution to this richness catching 147 and 112
different species, respectively, throughout the study period. All
other gears caught fewer species overall, including beach seines
which caught just 38 different species (Supplementary Table S2).
Daily catches for most gear types included just two or three
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different species, with the exception being spear gun fishers who
landed a median of five species (Figure 4E).

Diversity was highest in landings from gill nets and handline
fishers with Simpson’s index both at 0.96. Simpson’s diversity
index was lowest in longline catches (0.87) followed by beach
seine landings (0.89) (Figure 4D).

Gear Selectivity

There was overlap in both the size and species caught in the
different gear types used in this fishery. The results from the
DCA indicated the strongest overlap occurred between gill
net and beach seine catches. These gears also differed from
others by catching small coastal pelagic species (Supplementary
Figure S3). Indeed, all species caught by beach seines were also
caught by gill nets. Gill nets also caught more than 90% of species
caught by other gears. Both beach seines and gill nets caught fish
with the smallest mean lengths (Figure 5A). They are likely to
catch individuals before they are available for capture by other
gears, often before the species reach maturity.

Length-Based Assessments of

Overfishing

Overall the median length of fish caught in the region was 16 cm
(Q1 = 12; Q3 = 24). Fish were caught as small as 1-2 c¢m in
length. The largest fish caught was a 490 cm shark (of unknown
species) caught by a handline fisher. Beach seines generally caught

the smallest fish. Gill nets and spear-guns also caught small-sized
fish while handline and hand-spear fishers caught larger fish.
Longlines and shark nets caught the largest fish with a median
size of 54cm (Q1 = 44; Q3 = 78) and 50cm (QI1 = 40; Q3 = 59),
respectively (Figure 5A).

While shark nets and longlines caught larger fish, their
catches still contained a large proportion of fish below their
published length at maturity, and 47 and 36% of individuals
caught were identified as juvenile, respectively. Immature
individuals also comprised 36% of fish caught by longlines.
By contrast, 98% of fish caught by beach seines were below
the length at first maturity. However, while only 36% of fish
were below the size at first maturity for hand-spear catches,
handlines also had a high proportion (75%) of immature
individuals (Figure 5B).

Overall, using Froese’s indicators, 66.7% of fish sampled from
the top 20 species were landed below their length at maturity
(Lmat)- Three species (G. unicolor, M. cephalus, and P. lateoides)
were comprised of 100% immature individuals. A further ten
species (C. dorab, G. longirostris, M. flavolineatus, O. ruber, P.
quadrilineatus, S. lysan, S. commersonnii, T. jarbua, T vitrirostris,
and T. lepturus) were comprised of > 80% immature individuals,
and only the four species R. kanagurta, S. albella, L. equluus, and
G. minuta had 20% or less immature individuals (Figure 6A and
Supplementary Figure S2).
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The top 20 species were caught by most of the gear types. In
some species, all gears were catching individuals below the length
of maturity (G. unicolor, M. cephalus, and P. lateoides), while
in other species, mature individuals were being caught by some
gears only, while other gear types were mainly catching juveniles
(e.g., G. minuta, H. quadrimaculatus, M. flavolineatus) (Figure 8).

The proportion of the catch at optimal size was less than
50% in all but Indian mackerel (R. kanagurta) (Figure 6B).
Additionally, in 14 of the top 20 species more than 50% of the
catch was smaller than the lower limit of the optimal size range.

Using the Cope and Punt decision tree, M. cephalus,
P. quadrilineatus, G. unicolor, S. lysan, and P. lateroides all related
to selectivity type 1 (Pobj < 1,and Popt + Ppnega = 0). In all of these
species the P, was less than the reference point of 0.25, and thus
we assume that these species exhibited signs of overfishing since
spawning biomass (SB) is less than the target reference point (RP)
(Table 3). Ten species related to selectivity type 2 (Pop; < 1, but
where Popt+ Pimega > 0). Of these ten species, however, only one
species (S. flavicauda) had a Linat : Lopt ratio and Pt value that
suggested spawning biomass was greater than the target reference
point and thus was not exhibiting signs of overfishing (Table 3).
Finally, R. kanagurta, H. quadrimaculatus, S. albella, G. minuta,
and L. equulus, all related to the selectivity type 3 (Fish maturity
ogive — where Popj was between 1 and 2). Lia:Lopt ratio was

greater than 0.9 in all species, however, the P, was only > 0.9
for G. minuta, suggesting that only this species had a spawning
biomass greater than its target reference point. Suggesting that all
species except G. minuta may be overfished (Table 3).

The value of F relative to M implied that thirteen species,
notably R. kanagurta, M. cephalus, O. ruber, G. longirostris,
M. flavolineatus, P. quadrilineatus, G. unicolor, S. lysan, P.
lateoides, T. lepturus, S. commerson, and S. flavicauda, were
experiencing fishing mortality greater than natural mortality
(F > M) (Table 3).

DISCUSSION

This study uses records from more than 17,000 small-scale fishing
trips sampled over a two-year period. Using catch and length
data from over 120,000 individual fish we provide some of the
first quantitative evidence that Madagascar’s nearshore SSF are
exhibiting signs of overfishing.

Evidence of Overfishing

This study found that thirteen of the 20 most abundant species
in the SSF catches of Menabe are currently overfished or
experiencing overfishing. The Cope and Punt decision tree
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inferred that 18 of the 20 most common species had a
spawning biomass below that of reference points, suggesting
that they may be overfished (Table 3). There was a high
proportion of juvenile fish caught for most species, suggesting
they are at risk from recruitment overfishing if fishing mortality
remains high. Additionally, very few individuals were fished
at or above the optimal size for the species (Figure 6B). This
suggests that they may also be experiencing growth overfishing.
While both the Froese indicators and the Cope and Punt
decision tree can be used to infer overfishing from length-
frequency data, they are not a direct estimate of biomass.
Results should therefore be interpreted with caution, but it
is likely that they would benefit from further assessment and
improved management.

Overfishing is theoretically impossible if all fish had been able
to reproduce before capture (Myers and Mertz, 1998). Froese
suggests that a target between 90 and 100% of fish reaching
maturity would allow each fish to reproduce at least once before
they are caught (Froese, 2004). In this study, none of the 20 most
commonly caught species achieved Froese’s target threshold of
90% achieving maturity. (Table 3). This suggests that most of
the fish being caught have not been able to replace themselves
in the population, and this is quite an alarming result. Further

estimates of fishing mortality (F > M) suggest that overfishing
is likely for only some species. In seven of the twenty species,
fishing mortality does not exceed natural mortality (Figure 7).
This would suggest that the number of fish being removed by the
fishery in these cases is not more than the proportion that would
die from natural causes. It is notable that these species (with the
exception of C. dorab) have a low vulnerability to overfishing
(Cheung et al., 2005).

Describing the Fishery

Catch rate (CPUE) is a common index of stock status as it is
assumed to be directly proportional to fish abundance (Richards
and Schnute, 2008). Comparison of the catch rate for the
region in the present study (mean 9.6 kg fisher™! day~!) with
those reported from two villages in the region (Betania and
Avaradrova) in 1991 (mean 5.9 kg fisher—! day_l) (Laroche et al.,
1997) would suggest that catch rates have increased over time.
The catch rates reported here are also higher than reported in
other SSF in the north (Doukakis et al., 2009) and south of
Madagascar (Davies et al., 2009; Brenier et al., 2011). Catch rates
are similar to those observed in Kenya in the 1980’s (Samoilys
et al., 2017). These comparisons all suggest that the Menabe
fishery is still a productive fishery.
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However, these comparisons should be interpreted with
caution. The Laroche data is from only two villages close to the
regional city and market of Morondava. Proximity to markets
has been shown to have an influence on catch rates (Cinner
and McClanahan, 2006), potentially making comparisons with
the wider region inaccurate. Additionally, inaccuracies in the
measure of effort may be masking changes in effective fishing
effort (Rijnsdorp et al., 2006). For example, fishers had already
reported using longer nets and smaller mesh sizes in the 1990’
(Laroche et al., 1997). However, this information is not available
from the paper, and so we were unable to draw strong conclusions
about how catch rates might have changed.

Almost 5% of fishing boats surveyed returned empty-handed
during the present study. This is likely to be an underestimate as
fishers returning empty-handed would be less likely to participate
in reporting. We cannot say if this is higher than before, however,
social research conducted in the same region at the time of this
study provided further evidence that more than 80% of fishers
have noticed a decline in their catch rates over time (Dewar,
unpublished), This may be a further concern, especially in a

region where coastal communities have limited access to other
protein sources (Barnes-Mauthe et al., 2013).

The mean trophic level was relatively high in this fishery,
ranging across gears between 3.2 and 4.0, when compared to that
reported in a reef fishery in Kenya, which ranged between 2.6
and 3.5 (McClanahan and Mangi, 2004). In this study, the higher
trophic level was likely due to the abundance of coastal pelagic
species in the catch.

The considerable overlap observed in catches across gear types
presents some further concern for the sustainability of the fishery.
Notably beach seine nets and gill nets exhibited low-selectivity
and caught species that were also caught by other gear types
(Figure 8). These gears had the highest catch rates and caught fish
at a smaller size than other gears. This means that they are likely
to catch fish before they are available to other gear types. This is
similar to trends observed in Kenyan fisheries (McClanahan and
Mangi, 2004; Hicks and McClanahan, 2012).

All these measures provide a useful snapshot of the fishery
between 2010 and 2012. However, more recent and continuously
updated data are needed to further assess trends in the fishery
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that might indicate overfishing or provide understanding of the

drivers of overfishing.

provides a useful baseline for future assessments and comparison
with other studies.
Additionally, with the exception of a handful of community-

Limitations of the Study

This study presents data collected more than 7 years ago.
While fisheries monitoring has continued in a handful of
villages in the region it was discontinued in villages north of
Morondava and south of Belo sur Mer when project funding
ended in 2012. This means we were unable to conduct temporal
analyses across the region. However, these data are therefore the
most comprehensive dataset currently available for the whole
Menabe region. This study, due to its geographic scope and
volume of data, forms an important assessment of the fisheries
of Menabe. It provides a useful description of abundance,
size structures and biodiversity patterns. Given the paucity of
published information on the SSF of Madagascar, this study

led and national periodic closures focused on the mangrove
mud crab fishery (Gardner et al., 2017), there has been limited
changes in the management of SSF in the region since the study
was conducted. The authors therefore believe that the results
presented in this study continue to be relevant today.

Many methods for evaluating the status of data-deficient
fisheries are dependent on assumed values of life-history
parameters. Using published data from Fishbase means that the
figures used [e.g., for Liat, Lopt, and natural mortality (M)] may
not be wholly accurate for the fish in the study (Patrick et al,,
2014). Fish life history strategies have also been shown to be
affected by location (Silva et al.,, 2006), fishing pressure, and
fisheries management (Jennings et al., 1999; Miethe et al., 2010;
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TABLE 3 | Values of the life history parameters and indicators of overfishing.

Species Lc Ly Lmax K Lo Lmat M Popj S SB < RP Z (SE) F/M F>M
T. vitrirostris 6 21 20 0.6 25.8 15.5 1.0 0.03 2 Yes 1.5(0.0) 0.4 No
R. kanagurta 12 35 35 1.5 36.6 15.3 2.4 1.60 3 Yes 6.3 (0.0) 1.6 Yes
H. quadrimaculatus 8 25 25 2.0 26.3 9.7 3.5 1.32 3 Yes 5.0 (0.1) 0.4 No
S. albella 6 15 14 1.7 15.9 8.4 2.2 1.59 3 Yes 1.7 (0.0) 0.0 No
M. cephalus 6 27 100 0.3 51.0 28.5 0.6 0.00 1 Yes 2.5(0.0) 3.4 Yes
O. ruber 12 49 90 0.4 59.0 32.5 0.7 0.06 2 Yes 2.1(0.1) 1.9 Yes
S. commersonnii 5 10 10 1.0 11.3 7.4 2.2 0.08 2 Yes 3.5(0.1) 0.6 No
G. longirostris 6 35 37 0.2 48.3 27.2 0.5 0.36 2 Yes 1.4 (0.0) 1.6 Yes
M. flavolineatus 8 43 43 0.2 44.8 18.6 0.6 0.13 2 Yes 1.3(0.0) 1.3 Yes
P, quadrilieatus 10 27 30 0.3 31.5 18.5 0.6 0.00 1 Yes 3.9(0.1) 5.5 Yes
T. jarbua 8 25 36 0.2 35.9 20.8 0.5 0.01 2 Yes 1.9(0.0) 2.8 Yes
G. unicolor 12 73 248 0.1 251.4 119.5 1.1 0.00 1 Yes 9.6 (0.2) 7.8 Yes
C. dorab 18 68 100 0.2 102.8 53.5 0.6 0.05 2 Yes 0.5 (0.0) 0.0 No
G. minuta 23 23 21 1.1 24.2 8.9 2.3 1.81 3 No 3.2 (0.0 0.4 No
S. lysan 8 48 110 0.3 79.9 42.7 0.6 0.00 1 Yes 1.7 (0.0) 1.8 Yes
P, lateoides 8 26 50 0.7 52.0 29.0 1.1 0.00 1 Yes 6.5 (0.1) 4.7 Yes
T. lepturus 24 88 234 0.3 151.0 75.6 0.3 0.01 2 Yes 1.3(0.0) 3.3 Yes
S. commerson 14 190 240 0.4 193.4 76.5 0.6 0.69 2 Yes 1.9 (0.0) 2.3 Yes
L. equulus 6 20 28 1.1 24.7 14.9 2.0 1.65 3 Yes 3.9(0.1) 0.9 No
S. flavicauda 10 98 60 0.3 100.8 25.3 0.6 1.04 2 No 1.6 (0.0) 1.7 Yes

K and Lo, are the parameters of the Von Bertalanffy equation. Lmat is the length at maturity, Lmax is the published maximum length, L. and L, are the minimum and
maximum lengths that are frequently observed in the Menabe fishery. M is the natural mortality, Pop; is the sum of the three Froese catch based indicators, S is the
selectivity type estimated by the Cope and Punt decision tree (Figure 3). SB > RP is whether the spawning biomass is larger than the reference point suggesting
overfishing based on the Cope and Punt decision tree. Z is the total fishing mortality calculated using the Erhardt and Ault equation, and F > M refers to whether the

population is experiencing overfishing.

Liang et al., 2014) as well as by a multitude of climate related
changes (Rijnsdorp et al., 2009; Crozier and Hutchings, 2014).
However, fisheries of Madagascar are highly data deficient. This
study presents a pragmatic and cost-effective starting point for
assessing these fisheries with respect to length-based indicators.

Froese’s indicators and high proportions of juveniles in the
catch should also be interpreted with caution. Results from
meta-analysis over multiple fisheries showed stock status over
a range of stocks to fall below precautionary limits at 30% or
more immature fish in the catch (Vasilakopoulos et al., 2011).
While further studies have provided additional target indicators
including the consideration of a fishery to be highly at risk when
more than 50% of the fish in the catch are immature (Froese et al.,
2016). If we use these perhaps more conservative targets, seven of
the 20 most common species would be considered to be highly at
risk of overfishing (Figure 6A).

Finally, nearshore habitats such as seagrass beds, sandy
lagoons and mangrove channels, are known to be nursery areas
for many fish species (Nagelkerken et al., 2002; Lefcheck et al.,
2019). This may result in high numbers of juvenile fish, and low
numbers of large mega-spawners in the catch as a reflection of
their abundance in the habitat, rather than being reflective of
the population overall. Additionally, the large number of small
mesh sizes being used in the fishery may mean that larger bodied
individuals are not caught, thereby causing some additional bias
in the data. It should be noted, however, that fishers in this study
were fishing across a selection of fishing sites both nearshore
( < 1km) and offshore (>5 km from the village). They also fished

across seagrass, lagoon and reef habitats, and catches should
reflect this variation. During interviews conducted by Dewar
(unpublished), fishers reported a reduction in the size of fish over
time. This also suggests that adult fish were previously caught by
these fisheries, further supporting the theory that their absence
in catches reflects their absence in the population. However, we
cannot draw this conclusion without further time series data.

While not commonly used for fisheries assessment, due to
availability of other data, the methods employed in the current
study have been used in the assessment of other SSF. The
most similar assessments were conducted in the SSF of Glovers
reef in Belize (Babcock et al., 2013, 2018), and on the Pacific
coast of Columbia (Herrén et al., 2018). It has also been used
in assessment of swordfish and bluefin tuna stocks (Hanke,
2017). The results of fisheries assessments like our own indicated
that some species were experiencing overfishing and would
likely benefit from further management, including size limits
or gear restrictions, while others targeted by the same fishery
were not experiencing overfishing. In these fisheries, they also
concluded that estimates of overfishing would be improved
through the collection of additional data to inform more precise
and locally relevant life history values rather than rely on values
generated by Fishbase.

Implications of Overfishing

Marine ecosystems are complex and changes in single
components of systems are likely to have consequences elsewhere
in the same systems (Hutchings, 2000; Jackson etal., 2001;
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Schefter et al., 2005). One of the biggest concerns is that intensive
fishing leads to imbalances in ecosystem function which has
ramifications for community structure overall (Jennings and
Kaiser, 1998; Jennings et al., 1999). Both top down and bottom up
processes are important in governing food webs and ecosystem
function, whether that is the presence of predators or the
availability of food, and it is believed that the indirect effects of
fishing can be even more consequential for marine ecosystem
function, structure and dynamics than simply the removal of
the target organism (Botsford et al., 1997). In fisheries such as
this where multiple species are being targeted by a number of
different gear types, these interactions become increasingly more
complex (Jennings et al., 1999; Jennings, 2005).

Overfishing does not only affect fish populations, food webs
and ecosystems but it also affects the people who rely on fishing
for food, income and cultural identity (Cinner et al., 2012; Daw
et al, 2012; McClanahan et al,, 2015; Purcell and Pomeroy,
2015; Purcell et al., 2016). Fishers in Madagascar, like in many
other SSF around the world, are reported to be some of the
most vulnerable in society (Béné, 2003; Barnes-Mauthe et al,
2013). Trapped in poverty cycles, fishers and their families are
reliant on declining resources, and if they are unable to adapt
to the shifting environment (whether brought about by climate
change or overfishing) they will surely continue to get poorer
(Cinner et al., 2008).

Drivers of Overfishing

With this study, we have provided evidence of overfishing in the
Menabe region of Madagascar. Yet, the assessments used in this
study are limited in helping us to understand the wider causes of
overfishing. We were not able to attribute these results entirely
to the small-scale sector, although it is probable that it makes a
strong contribution.

Fishing for subsistence and local trade has occurred for
centuries in Madagascar (Astuti, 1995), yet it is in the last few
decades that commercial export companies serving international
fisheries markets have increased trade in Madagascar, accessing
more and more remote locations, and enabling fishers to sell
their catches in exchange for money (Le Manach et al,, 2012). In
many remote coastal communities in Madagascar there is limited
access to other income generating activities resulting in a high
reliance on fishing. Coastal populations are growing quickly, both
through high birth rates, due to lack of access to health and family
planning services (Harris et al., 2012), and migration toward the
coast as inland communities seek to make a living when crops fail
(Cripps and Gardner, 2016). This transition from a subsistence to
a commercial fishery coupled with growing coastal populations
reliant on fishing has likely driven a “race to fish” which is
contributing to the overfishing that we observe in this study.

In addition to increased access to markets, small-scale fishers
have co-existed with industrial fisheries in Madagascar since
the late 1960s when shrimp trawl fisheries were introduced (Le
Manach et al., 2011). Where large-scale and small-scale fisheries
sectors co-exist they often target the same species and compete in
the same markets. Efforts to minimize interactions and resulting
conflicts have led many nations to prohibit the large-scale fishing
sector from operating within certain inshore areas reserved
mainly for SSF. However, in Madagascar, a law that reserved a

2 nautical mile zone exclusively for the use of traditional fishers
was rescinded in 1971. This followed a study that estimated
that 85% of Madagascar’s commercially exploitable shrimp stock
(Penaeus sp.) was located within the near-shore zone (Gillett,
2008). Industrial trawlers use fine-mesh (12-15 mm) nets, pulled
behind the vessel to capture their target shrimp species. The
dragging action of the net along with its small mesh size results
in the destruction of habitat, as well as large amounts of bycatch
and subsequently high discard rates (Razafindrainibe, 2010).

In an open access fishery such as Madagascar, it is likely
that the commercialization of SSE, expanding reach of markets
and access to new fishing technologies, coupled with growing
coastal populations and the overlapping industrial fisheries, are
all contributing to the serial depletion of nearshore fisheries
resources and the current status of the small-scale fishery in
the study region.

Management and Further Actions
Management is urgently needed if the fisheries resources of the
country are to continue to feed local communities and support
both the local and national economy in the future.

Local mesh size regulations could be an effective local
management measure, but the implications would need to
be carefully considered before implementation. The results
presented by this study can be useful to communities making
decisions around gear and size restrictions within their local
fisheries. The results suggest that both gill nets and beach seines
being used in the region are currently targeting fish before they
can reproduce and before they are available for capture by other
fishing gears. These results suggest that increasing the mesh sizes
of gill nets would be a suitable management strategy. There are
a number of such local management efforts across Madagascar
and the wider Western Indian Ocean (Rocliffe et al., 2014),
and other small-scale fishing communities have been able to
phase out the use of less selective fishing gears (such as beach
seines) through local regulations (Andriamalala and Gardner,
2010; McClanahan et al., 2014). However, there would likely be
some considerable socio-economic repercussions of excluding
these gears in this region, such as their seasonal use for targeting
small bodied species, and the use of small mesh nets by women
who have limited access to other gear types, which would need
full consideration.

We need better knowledge of local fish recruitment and
spawning, and local communities could be involved in collecting
this information.

One of the limitations of the current study is its reliance on
published length-at-maturity data rather than local data (Froese
and Pauly, 2000). However, although imperfect this should not
stand in the way of fishing communities putting in place local
management measures that aim to allow fish to spawn at least
once before they are caught.

Further methods that build on this study can be employed
by local communities to improve knowledge of local fish
recruitment and spawning (Prince et al., 2015; Prince, 2018) and
be integrated into management measures. These straightforward
methods based on spawning-potential-ratios have been shown
to maintain reproductive capacity and produce useful data
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on sustainable yields, particularly in data poor fisheries,
while also being accessible and engaging to local fishers
(Prince and Hordyk, 2019).

While management is needed, accessible methods such as
those presented above that enable community engagement in
monitoring and local management decisions are necessary to
ensure its sustainability. Yet, it should be noted that local
management alone will do little to address the overall fish declines
if considered and implemented in isolation. Understanding the
impacts of other overlapping fisheries, notably for Menabe the
bycatch and discard rates of the industrial trawl fishery, and
integrating them into fisheries management would ensure that
these important nearshore fisheries continue to support the local
and national economy, contribute to food security, and underpin
traditional cultures and traditions.
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