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Abstract — The blue economy agenda has generated tensions over marine space use, often marginalising
small-scale fisheries in development policies. Boat tracking technology has only recently begun to be
applied in these fisheries, but it offers a promising approach to accurately map fishing distribution. In this
study, we explored how environmental, technological, and social factors influenced fishers’ spatial
behaviour and catches at sea in one of the Madagascar's most heavily exploited coral reef fisheries. We
recorded boat movements at 30 s intervals and reef fish catches simultaneously during a 12-month
participatory survey. The spatial distribution of annual fishing effort (h-ha~') and fish catch rates (kg-ha™ ")
was characterised by fishing community and gear type (beach seine, mosquito net trawl, gillnet, handline,
and speargun) at 250—m resolution. A total of 75 reef fish families were recorded in catches (1,466 t-yr—')
across approximately 218 km?. Annual catch rates of the seven dominant families (comprising 62% of
total catches) were highly variable and heterogeneous (mostly 1-391 kg-ha™') across marine habitats.
A total of 7,359 tracks by 521 boats were recorded. Fishing pressure was highly variable spatially (mostly
1—150 h-ha™") among communities and gear types. The results revealed preferential target areas, informal
marine tenure, limited travel distance to fishing grounds, and overexploitation patterns within the fishery,
offering critical insights for fishery management and inclusive marine spatial planning. This study showed
the usefulness and opportunities of deploying combined boat tracking and catch surveys in small-scale

fisheries through participatory research.
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1 Introduction

Small-scale fisheries have experienced declining catch
rates globally over the past 50 yr, largely due to overfishing and
environmental change (e.g., Muallil et al., 2014; Zeller et al.,
2015). Their heterogeneity, diversity, and informality, coupled
with limited institutional capacity, contribute to chronic data
scarcity and policy invisibility compared with industrial
fisheries (Basurto et al., 2025). In addition, dominant,
economic and conservation interests have threatened local
livelihoods, seafood value chains, and access to marine
resources through ocean grabbing (Bennett et al., 2015; Blythe
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etal., 2023). The blue economy agenda, which seeks to balance
marine exploitation and conservation while improving coastal
livelihoods, has generated additional tensions and conflicts over
marine resource and space uses, often marginalising small-scale
fisheries (Cohen et al., 2019; Gill et al., 2023). This challenge is
further exacerbated by climate change, since shifting target
species distribution drives change in fishing practices, necessi-
tating adaptive management approaches (Beckensteiner et al.,
2023). Addressing the monitoring gap is therefore critical for
small-scale fishery sustainability. Evaluating the sustainability
of small-scale fisheries necessitates accurate quantitative and
spatial data on fishing effort, catches (Wilen, 2004; McCluskey
and Lewison, 2008; Navarrete Forero etal.,2017), and its drivers
(Turner et al., 2013). For instance, in the absence of high
resolution spatial information, it remains unclear which fishing
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activities are most impacted by decline or how they affect
ecosystems (Prince and Hordyk, 2019). Spatial fishery
knowledge is also crucial in marine spatial planning (Grantham
etal.,2009; JanBen et al., 2018), e.g., for assessing the economic
and/or conservation value of fishing areas or for revealing
fishers’ behaviour based on local rules (Pellowe and Leslie,
2020).

Diverse methodologies have been developed to spatially
characterize fishing activities in small-scale fisheries based on
coarse indicators and proxy variables such as distance to ports,
markets, or vessel density (Thiault et al., 2017; Chollett et al.,
2022) and through fisher surveys (Guillemot et al., 2009;
Turner et al., 2013). Map-based fisher interviews remain a
cost-effective and widely used approach to assess the spatial
distribution of fishing pressure across countries, fisheries, and
target species using local knowledge (Grati et al., 2022).
However, the reliability and precision of such data may be
questioned due to multiple factors, e.g., fishers’ mistrust
(Couclelis, 2003), intentional or unintentional reporting errors
(Close and Brent Hall, 2006), limited sampling representa-
tiveness of fisher interview surveys (Scholz et al., 2011; Gill
et al., 2019), and/or the fact that such surveys hardly capture
the temporal variability of fisher behaviours (Léopold et al.,
2014). The development of affordable global positioning
system (GPS) devices has recently provided viable alternatives
to participatory fisher surveys and new opportunities for
mapping small-scale fisheries precisely and reliably, as in
industrial fisheries using vessel monitoring system (VMS) and
automatic identification system (AIS) technologies. Industrial
fisheries have been extensively characterised over the last 15 yr
using VMS and AIS data to analyze the temporal and spatial
dynamics of fishing activities across different fleets and gear
types (e.g., Lee et al., 2010; Gerritsen and Lordan, 2011;
Watson et al., 2018; Tassetti et al., 2019). Real-time tracking
data allows for mapping fishery patterns accurately to better
assess the spatial distribution of fishing pressure and improve
quantitative fishery-dependent indices, such as spatial catch-
per-unit-effort (CPUE). In small-scale fisheries, boat tracking
tools have increasingly been employed to map resource
exploitation distribution and support fishery assessment and
management (e.g., Burgos et al., 2013; Fernandez-Boan et al.,
2013; Tassetti et al., 2019; Méndez-Espinoza et al., 2020;
Tilley et al., 2020; Thoya et al., 2020; Palmer et al., 2024).
However, tracking surveys remain uncommon, often limited in
duration and/or geographic scope, and rarely coupled with
detailed catch data due to methodological and operational
constraints. In this perspective, extensive tracking-based
studies combining spatial fishing effort and catch data look
critical in small-scale fisheries to further investigate the
usefulness of such integrated, high-technology monitoring
programs for guiding management.

The objectives of the study were to describe the fine-scale
spatial distribution of fishing effort and catches of fish taxa and
explore fishing patterns among fishing villages in one of the
most heavily exploited coral reef fisheries in Madagascar. We
recorded small-scale fishers’ movements and fish catches
through a 12-month tracking survey. We then examined the
annual distribution of fishing effort (in h-ha~") and fish catches
at 250-m resolution according to villages, gear types, and reef
geomorphology through spatial and statistical analysis of
tracking and catch data. We discussed the value of map outputs
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Fig. 1. Survey area in the bay of Toliara, southwestern Madagascar.
Reef geomorphology units are shown as distinct colours. Numbers
correspond to the villages with Ambohitsabo (1), Besakoa (2),
Mabhavatsy 2 (3), Ankiembe-bas (4), Mahavatsy 1 (5), Ankiembe-haut
(6), Ankilibe (7), and Sarodrano (8). Recent fishing settlements are
shown in italics.

in revealing key spatial fishery characteristics, including
preferential target areas, informal access rules, overexploita-
tion patterns, and the implications for management and marine
spatial planning in the context of increasing coverage of
marine protected areas in the Western Indian Ocean (WIO).

2 Materials and methods
2.1 Study area

The study was carried out in Southwest Madagascar, near
the regional capital city of Toliara (approx. 320,000
inhabitants). The marine area in the bay of Toliara
(170 km?) includes three primary reef geomorphological units
(Andrefouét et al., 2013; Fig. 1). A large shallow terrace (64.2
km?) features internal reef patches and intertidal seagrass beds.
The lagoon area (59.4 km?), reaching depths of up to 15—m, is
bounded by the southern and northern passes. Barrier reefs
include the Nosy Tafara reef and the Grand Récif de Toliara
reef (42.1 km” and 18-km long), which is the largest
continuous barrier reef in the WIO. Mangrove areas
(4.3 km?) are distributed in isolated patches. The external
reef slope extends in open water, reaching depths of
approximately 200-m.

Coastal small-scale fishing is the primary livelihood and
income source of households in six urban (Mahavatsy 2,
Besakoa, and Ambohitsabo, Ankiembe-haut, Mahavatsy 1,
and Ankiembe-bas) and two rural (Sarodrano and Ankilibe)
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villages. The population of these villages (approx. 36,000
inhabitants) is composed of diverse ethnic groups (mainly
Vezo, Sara, Tanalana, Masikoro, Mahafaly, and Tandroy).
Fishers operated traditional sailing monoxyl outrigger
pirogues (2.5-m to 7.5-m long) with no outboard power or
refrigeration. Five main fishing gear types were used: gillnet
(n=358), handline (n=142), speargun (n=133), mosquito net
trawl (n=131), and beach seine (n=128) (Tab. 1). Although the
bay of Toliara falls within the “bay of Ranobe” marine
protected area, no formal fishing regulations were enforced in
the coral reef fishery.

In addition to fishing activities, seaweed (red algae
Kappaphycus alvarezii) and sea cucumber (sandfish Holo-
thuria scabra) farming has developed since 2014 in suitable
coastal marine habitats with the support of scientific
institutions and private investments (Fig. 1). Maritime
infrastructures in the study area remained limited, including
the commercial port wharf for international shipments and
national cabotage while tourism activities were anecdotal

(Fig. 1).

2.2 Data collection
2.2.1 Boat GPS tracking

In 2017, a total of 892 fishing boats (employing around
2,000 fishers) operated in the area (Behivoke et al., 2021). We
recorded fishing boat trajectories using GPS trackers (i-GotU
GT600 and CatLog Gen2) for 12 consecutive months from
May 2018 to April 2019 (hereafter “GPS dataset”) (Fig. 2). A
total of 100 boats were sampled each month and proportionally
distributed across villages and fishing gear types (Tab. 1).
Because strict random selection of boats was not achieved due
to the voluntary and participatory nature of the monitoring
protocol, boat samples partly overlapped across months,
resulting in 560 boats (62.7% of total boats) being surveyed
during 1-3 months over the study period. Participating fishers
received a fixed monthly incentive of USD 9 boat™'. A local
assistant was trained and hired in each village to help
coordinate the work of volunteer fishers.

GPS trackers recorded boat position at 30 s intervals for
about 25 consecutive days. High temporal resolution was
required due to the expected short duration of fishing
operations as generally observed in small-scale fisheries
(Rufino et al., 2023). GPS data were downloaded monthly in
CSV format and uploaded into a PostgreSQL database for
statistical processing and spatial analysis.

2.2.2 Reef fish catch monitoring

Tracking data on fishing trips was combined with reef fish
catch monitoring. The study focused on reef fishes due to their
economic and nutritional importance. Catch per trip was
recorded through a participatory catch survey (quantity) and a
landing survey (composition) (Ranaivomanana et al., 2023)
(Fig. 2). As part of the participatory catch survey, all sample
fishers recorded fishing and non-fishing days in a logsheet as
well as the total reef fish catch weight per trip using scales
(precision 0.25 kg). As part of the landing survey, one trip of
each sample boat was randomly sampled at landing sites once
every two months (i.e., in May—June 2018, July—August 2018,
September—October 2018, November—December 2018,

January—February 2019, and March—April 2019) for fish
identification. For each sample trip, reef fishes were identified
at the family level from a 1—3 kg subsample of the catch using
regional fish identification guides (Fisher and Bianchi, 1984;
Taquet and Diringer, 2012). The number of individuals by
family and the length of each specimen in the subsamples were
then measured using standardised photographs following
Andrialovanirina et al. ’s (2020) method.

2.3 Data analysis
2.3.1 Estimating and mapping annual fishing effort

Tracking data was processed as follows. First, fishing hauls
were identified for each trip (Fig. 2; step E1). As mentioned in
the introduction, reliable automated analytical frameworks
using machine learning techniques have been developed for
modelling boat movements and differentiating fishing and non-
fishing activities during fishing trips across diverse gear types
and contexts, which allows for high-resolution spatial and
hourly temporal quantification and localization of harvesting
events. We used an automatic classification method developed
by Behivoke et al. (2021) for this study area. This model was
deemed to detect fishing events at 74% to 89% accuracy
across the five gear types based on 306 ground-truthed fishing
tracks used to train a random forest algorithm following
a cross-validation procedure (see Behivoke et al.,, 2021
for methodological details). The raw GPS fishing
positions were aggregated for each trip (with 1 reconstructed
position ~ 1 min) to estimate fishing effort per trip (in min).
Trips shorter than 30 min were excluded to remove artefacts
and non-representative data based on empirical evidence of the
minimum fishing trip duration in the area.

Second the spatial distribution of the total fishing effort of
the GPS dataset was characterised by counting the number of
fishing positions within a 250 x 250 m square grid (Fig. 2; step
E2). Grid resolution (250 x 250 m, or 6.25 ha) was chosen to
match the spatial precision suitable for fishery mapping in the
area. The cumulative duration of fishing (in hours) in
the sample data was straightforwardly calculated in each cell
of the grid. Third, the fishing effort derived from the GPS
dataset was extrapolated by sample stratum (village x gear
type) for the total number of boats at the annual level through
statistical inference following Ranaivomanana et al. ’s (2023)
method (Fig. 2; step E3). Finally, annual fishing effort was
mapped (in h-ha™') i) by village and by gear type and ii) for the
whole fishery by summing up these spatial estimates across
villages and gear types (Fig. 2; step E4).

2.3.2 Travel time and distance to fishing grounds

The travel distance, time, and speed to and from the fishing
sites were derived from the 306 fishing tracks of the
observational dataset used for the random forest training
procedure at step E1 (Fig. 2). The number of GPS non-fishing
positions categorised as “travel” to the fishing ground and back
to the landing site was first counted in each fishing track. The
travel time (in min) per trip was then estimated as the
average of the outgoing and returning travel times. The travel
distance per trip (in km) was calculated as the cumulated
distance between two consecutive GPS non-fishing positions
during travel time. The travel speed per trip (in km-h™') was
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ANALYTICAL PROCEDURE bl
Step E1 Automated processing of GPS tracking data Step C1 Catch composition in sample data

Identification of fishing hauls per trip
Estimated travel time (h) and distance (km)

Step E2 Cumulated fishing time (h) in sample data
Number of fishing GPS positions (1 min)
per 250m x 250m cell

Step E3 Estimated spatial fishing effort (h) in the fishery
Extrapolated annual fishing time (h)
per Village x Gear type per cell and in total

Step E4 Maps of annual fishing effort in the fishery
—

Spatial distribution of annual fishing fime (h.ha)
per village and gear lype and in the whole fishery

Estimated catch weight (kg)
l of each reef fish family per trip

Step C2 Average catch composition

per trip in sample data
Average catch weight (kg) per trip
of each family per Village x Gear type

Step C3 Extrapolated catch composition
in the fishery

Contribution (%) of each family
in total annual catches

Dominant reef fish families All reef fishes

Step C4 CPUE (kg.h")in sample data
C4a - Removing missing data
l C4b - Statistical modelling

Step C5 Maps of annual catches in the fishery
Cb5a - Estimated annual catches (kg) in the fishery
C5b - Spatial distribution of total annual catches (kg.ha™)
C5c - Spatial distribution of family-level annual
catches (kg.ha)

Fig. 2. Sampling and analytical procedure of fishery data used for characterizing the spatial distribution of fishing effort and catches in the coral

reef fishery.

derived by dividing the travel distance by the travel time for
that trip. Few trips (<5% of total trips) with speeds above 7
knots were flagged as potential outliers (e.g., GPS error) and
excluded from final analysis. To investigate potential effects of
geographical factors, the average travel distance, time, and
speed were finally estimated for each village using a
generalised linear mixed model (GLMM). The village and
gear type were incorporated as fixed and random effects,
respectively, which accounted for the nested data structure
(gear types within villages).

2.3.3 Estimating and mapping catch level and
composition

A total of 15,903 and 525 fishing trips were monitored by
the participatory catch survey and the landing survey,
respectively (Tab. 1). During the landing survey, 75 families
were observed from a total of 23,164 fish. Catch estimates
were calculated for 74 out of the 75 families following the
procedure described below. The 590 fishes (2.4% of the total)
belonging to the Caracanthidae family were excluded in the
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analysis due to unavailable information on length-weight
relationships.

To analyse catch composition at the family level in the
fishery, we first retrieved the length-weight relationship
coefficients from Fishbase for each reef fish species of the
families recorded both during the landing survey and in
Madagascar’s checklist (Fricke et al., 2018), computed the
average coefficients for each family, and estimated the weight
of each family in the catch samples for each sampled trip of the
landing survey (Fig. 2; step C1). To account for the variability
in sampling effort across villages and gear types, we then
computed the average catch weight per fishing trip for each
unique combination of fish family, gear type, and village
(Fig. 2; step C2). We finally aggregated the extrapolated annual
catch weight of each fish family across all gear types and
villages and calculated their respective percentage contribution
to the estimated total catch (Fig. 2; step C3). The most
abundant families, contributing over 50% of the total annual
catch, were identified as “dominant families”.

The spatial distribution of annual catches — both total and
by dominant families — was then mapped within the fishery
using the participatory catch survey dataset and the landing
survey dataset, respectively. The mean catch-per-unit-of-effort
(CPUE, inkg-h™') of all species and the dominant families was
first estimated for each village and gear type (Fig. 2; step C4)
by combining the participatory catch data and landing survey
data, respectively (cf. step C1), with the processed tracking
dataset (cf. step E1). We filtered to retain only trips with
complete fishing trips with no missing data on fishing time and
catch, including zero-catch records (Fig. 2; step C4a). Then,
we estimated total CPUE per village and gear type using two-
part hurdle generalised linear mixed models (Fig. 2; step C4b).
Random-effect hurdle models are commonly used to account
for zero-inflated distribution and right skewness in fisheries
data (catch per trip) to generate reliable estimates of fish catch
within a haul (e.g., Cantoni et al., 2017). Such models include
two random processes. The first component of the GLMM
used a binomial distribution to predict the probability of non-
zero catch while the second component used a Gamma
distribution with a log link function to model the positive, non-
zero CPUE values. Villages and gear types were included as
fixed effects of the models. Individual fishers were included as
a random intercept effect to account for repeated measure-
ments over time, since total catch measurements were repeated
among multiple sampled fishers over time as described in the
participatory survey. For model selection and validation, we
assessed the significance of the hurdle gamma model for total
CPUE estimates using analysis of variance (ANOVA). The
binomial and the gamma model outputs were multiplied to
estimate CPUE for each village-gear type combination. Model
fit was evaluated using the R-squared and root mean squared
error (RMSE) by comparing observed mean catch rates of all
reef fishes in each sampling stratum (village x gear type).

The mean CPUE (in kg-h™") in each stratum (cf. step C4)
was multiplied by the corresponding extrapolated annual
fishing effort (in h) i) for that village and gear type (cf. step E3)
and ii) within each 250 m x 250 m grid cell (cf. step E4) to
compute annual catch estimates (in kg) for that stratum in total
(Fig. 2; step C5a) and per cell (Fig. 2; step C5b), respectively.
Finally the annual catch estimates per cell were multiplied by

the mean percentage contribution of each dominant family to
the annual catches for that village and gear type (cf. step C3), i.
e., assuming a homogeneous catch composition at the family
level in each stratum (Fig. 2; step C5c¢). Spatial annual catches
in total and at the family level were then derived by summing
up the respective estimates across villages and gear types in
each cell. These spatial catch estimates per cell were divided
by 6.25 ha to convert to standardised catch rates (in
kg-ha 'year ).

Statistical analyses and data manipulations were performed
using R statistical software (R Core Team, 2024). The primary
packages used were adehabitatLT R (Calenge, 2006) to
interpolate boat positions at a regular 1 min intervals,
geosphere and ggdist for estimating travel distance, glmmTMB
(Brooks et al., 2017) for mixed-effects modelling, dplyr
(Wickham et al., 2023) for data manipulation, and ggplot2
(Wickham, 2016) for visualisation. Model diagnostics were
performed using the car (Fox and Weisberg, 2018) and
DHARMa (Hartig, 2024) packages.

3 Results
3.1 Spatial distribution of fishing effort

A total of 7,359 trips by 521 boats (58% of all boats) were
spatially monitored during the survey period (Tab. 1),
representing an average of 14 tracks per boat (SD = 9.4).
The total annual fishing effort was estimated at 578,376 h
(mean = 648 h boat ™ '-year ' and 3.3 h- trip~ ') and distributed
over 218 km? (mean = 2,652 h- km2) both within and outside
the bay of Toliara (72% and 28% of the fishing area,
respectively; Tab. 3). Line, speargun, and gillnet fishing were
widespread across the villages while the use of mosquito net
trawl and beach seine was more developed in one and two
villages, respectively (Fig. 3; Tab. 2). Gillnet accounted for the
highest share of fishing effort (38.6%), used mainly in the three
most active villages (Ankilibe, Ankiembe-bas, and Mahavatsy
1), while the other four gear types contributed between
12.9—-18.1% of total fishing effort (Tab. 2). Overall each
village contributed from 4.0% to 29.7% of annual fishing
effort, which was aligned with the respective number of fishing
boats recorded in each of them (Tab. 1).

Fishing occurred over 88—98% of most marine habitats
(excluding mangrove) although intensity varied greatly
(Tab. 3, Fig. 3F). The sea cucumber farming area was the
only place where no fishing was observed within the bay of
Toliara. Overall, low-intensity fishing (<1 h-ha'-year '
lowest quantile) was observed over 29.1% (63.4 km?) of the
area fished, and ranged between 1 and 1,300 h-ha~' elsewhere
(154.7 km?, median = 6.5 h-ha~'- year ). Fishing pressure
peaked on the barrier reef (mean = 53.0 h-ha™' - year ', SD =
84.6) and the shallow terrace (mean =36.3 h-ha~'- year ', SD
= 69.5) while it ranged between 8.4 h-ha™'- year ! (SD=17.1)
and 15 h-ha™" - year ' (SD = 38.0) outside the bay and in the
lagoon area, respectively (Fig. 3F).

Gear-specific use patterns also varied significantly across
marine habitats. Gillnet, handline, and speargun were deployed
over much larger areas (144 km?, 155 km?, and 115 km?,
respectively) than those of mosquito net trawl (71 km?) and
beach seines (61 km?) (Figs. 3A-3E). Gillnet use was the most
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Fig. 3. Spatial distribution of fishing effort by fishing gear type and in total (F) in the coral reef fishery in the study area. The fishing villages
are indicated: Ambohitsabo (1), Besakoa (2), Mahavatsy 2 (3), Ankiembe-bas (4), Mahavatsy 1 (5), Ankiembe-haut (6), Ankilibe (7), and

Sarodrano (8).

ubiquitous, covering 48% to 60% of marine habitats (except
mangroves) throughout the bay, although it was more heavily
used on the barrier and intermediate reefs than in the outer reef,
lagoon, and shallow terrace (Fig. 3A). Handline effort showed
similar widespread, although scattered, spatial patterns as
those of gillnet use (Fig. 3B). Spearfishing was concentrated on
the barrier reef and the outer slope, with only occasional use in
the lagoon and shallow terrace zones (Fig. 3C). Mosquito net
trawl and beach seine were mostly used on soft bottoms
habitats of reef flats and seagrass beds (Figs. 3D-3E).

Mean fishing frequency was 16.5 fishing trip-fisher -
month™'. Overall, the average travel distance (3.5 km) and
time (1.25 h) to fishing grounds were highly variable between
villages and gear types (ANOVA, p<0.05; Tab. 4). Villages’
fishing zones varied in size (39-164 km? representing
17—72% of the total area) and up to a 14—km distance from

their respective landing sites (Figs. 4A—4H; Tab. 4). Tracking
showed that only a few fishers occasionally undertook multi-
day, long-distance fishing trips southwards and northwards
over the survey period.

The villages deployed varying fishing pressure over
their respective fishing grounds, highlighting preferential
target areas over the shallow terrace and the barrier reefs (Figs.
4A—4H). Ankilibe had the largest high-intensity fishing zone
(>20 h-ha ) compared to other villages (Fig. 4G).

Fishing zones were unevenly distributed among villages.
Most villages had overlapping fishing areas within the bay of
Toliara while about 36% of the total fishing area was
exclusively targeted by fishers from a single village (Fig. 41).
Indeed, both rural villages (villages #7 and #8, Fig. 6I) and
two urban villages (villages #2 and #6, Fig. 612 showed large
exclusive fishing areas (about 30 km?, 11 km?, 23 km?, and
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Table 3. Distribution of fishing pressure and fish catches across habitat types in the study area. Data include total fishing area (% of total per
habitat between brackets), low-intensity fishing area (% of total per habitat between brackets), and average fishing pressure (standard deviation
between brackets) in each habitat. Data about fish catches include average and median catch rates (standard deviation between brackets) and total
and relative (% of total between brackets) catches in each habitat.

Habitat types Total
Mangrove Shallow terrace Lagoon Barrier reef Open water

Fishing area
Total (km?) 0.9 58.2 56.8 413 60.9 218.1
(% of habitat area) (20.9%) (90.6%) (95.6%) (98.1%) -
Mean fishing pressure (h-ha™") 53 36.3 15.0 53.0 8.4 26.5
(SD) (6.0) (69.5) (38.0) (84.6) (17.1) (57.5)
Low (<1 h-ha™") fishing pressure (km?) 0.7 6.7 4.9 0.9 50.2 63.4
(% of total) (81.2%) (11.6%) (8.6%) (2.1%) —
Fish catch
Total (t-yr™") 1.1 642.6 229.6 512.6 80.1 1466
(% of total) (0.1%) (43.8%) (15.7%) (35.0%) (5.5%)
Average catch rate (kg-ha™") 12.9 1104 40.5 124.1 132 67.2
(SD) (18.2) (301.1) (135.4) (281.6) (38.2) (213.1)
Median catch rate (kg-ha™") 7.4 54.0 10.7 49.7 2.3 16.4

Table 4. Accessibility to fishing grounds by village in the bay of Toliara as derived from the fishing tracks of the observational dataset. Fishing
trip characteristics include mean and median travel time (in h), distance (in km), and speed (in km-h™ 1) to fishing grounds along with standard
deviations (SD), and the minimum and maximum distance travelled (in km). Numbers correspond to the villages with Ambobhitsabo (1), Besakoa

(2), Mahavatsy 2 (3), Ankiembe-bas (4), Ankilibe (7), and Sarodrano (8).

Villages

1 2 3 4 7 8
Average travel time (min) 71.2 53.1 93.5 53.5 83.8 37.8
(SD) 3.1) (45.1) (56.3) (47.0) (39.1) (19.0)
Average travel distance (km) 39 32 5.5 2.9 3.6 1.7
(SD) 0.2) (2.5) (3.6) (2.9 (1.9) (0.9)
Travel distance range (km) [3.7-4.1] [0.6-10.2] [2.2-10.9] [0.2-13.6] [0.5-10.0] [0.5-4.1]
Average travel speed (km-h™ ') (SD) 33 4.2 3.9 3.1 2.7 2.9

0.1) (1.3) (0.7) (1.6) (0.9) (0.6)

12 km?, respectively; Tab. 2). These zones were located either
on the shallow terrace up to (4—6 km from rural villages) or
on the outer barrier reef (§—14 km distance from urban
villages).

3.2 Catch composition and distribution

Total annual reef fish catches were estimated at 1,466
tonnes, corresponding to an average of 1.6 t-boat™'-year ' and
2.5 kg'h™! based on total fishing effort estimates. Overall
CPUE significantly varied across gear types (Type Il ANOVA,
X2(4)=306.734, p<0.001) and villages (Type Il ANOVA, x*(7)
=88.215, p<0.001). Mosquito net trawl and beach seine
provided highest average CPUE estimates (5.9—7.3 kg-h™!
and 2.0—3.5 kg-h™'; Tab. 2) while handline CPUE yielded the
lowest (0.3—1.5 kg-h™'; Tab. 2). Fish catch was very unevenly

distributed by village, ranging between 1.7% and 44.5% of the
annual total (Tab. 2). Annual catch rates varied considerably
across habitats, ranging from <1 kg-ha~' over one third of the
fishing area to 1,560 kg-ha ' (mean = 48.4 kg-ha ') (Fig. 5 H;
Tab. 3). The average catch rate was 10 times higher over the
shallow terrace (mean = 102 kg - ha™'- year™', SD = 189) and
the barrier reefs (mean = 86.1 kg-ha™". year !, SD = 139) than
in open waters (8.7 kg-ha™'- year !, SD = 32.7) and the lagoon
area (23.0 kg-ha™'- year !, SD = 58.9). Altogether, 82% of the
catches occurred over the terrace (653 t-year ', 53%) and
barrier reefs (362 t-year ', 29%), while the open water and
lagoon areas accounted for 82 t-year '(6.6%) and 136
t-year”'(11%), respectively.

The seven dominant families accounted for 62% of total
annual catches, as follows: Labridae (17.7%), Scaridae
(11.5%), Acanthuridae (9.5%), Lethrinidae (7.5%), Siganidae
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(5.7%), Gobiidae (5.4%), and Mullidae (4.4%) (Fig. 5). Those
families were targeted by all gear types except the Gobiidae,
which were harvested by fishers using mosquito net trawls and
beach seines. The distribution of catch rates of the dominant
families followed two main spatial patterns associated with
reef geomorphology and gear use (Fig. 6). The Gobiidae were
harvested within the shallow terrace and, to a lower extent, the
seagrass beds of the great barrier reef (Fig. 6E), while
the catches of the other families were widespread throughout
the fishing area (Figs. 6A—6D, 6F and 6G). Annual catch rates
of dominant families generally ranged from 10 kg-ha™' to
50 kg-ha~! with Labridae and Gobiidae reaching higher levels
(50-200 kg-ha™") over a large part of the areas fished (Figs. 6A
and 6E).

4 Discussion

We combined GPS tracking data with catch monitoring
data through a 1 yr extensive survey of the multi-gear,
multispecies fishery of the Bay of Toliara in southwestern
Madagascar, that supports the livelihoods of hundreds of
fishing households. Spatial analysis revealed the allocation of
fishing effort and reef fish catches at fine spatial scale and
allowed for characterizing fishing pressure and catch rates
among villages, gear types, and reef geomorphology units
accurately. Map outputs provided critical new insights into
preferential fishing areas, overexploitation patterns, and
marine space uses.

4.1 Drivers of fishers’ behaviour at sea

We observed that environmental, technological, and social
interactions structured fishers’ behaviour at sea in the study
area. Our study revealed fine-scale spatial use of marine areas,
highlighting villages’ shared and exclusive fishing grounds,
which challenged the common perception of the bay of Toliara
as communal and open-access (Bruggemann et al., 2012;
Baker-Médard and Kroger, 2023). More specifically, we found
that four out of eight villages have established large exclusive
fishing areas up to 25% of their community fishing grounds.
These exclusive areas were strategically located nearby
southernmost rural villages while the fishers of both urban
villages have established their respective exclusive fishing
areas outside the bay of Toliara, at a larger distance from their
place of residence (Fig. 4). Those patterns suggest tacit spatial
appropriation of specific fishing grounds, which is a critical
component of informal territoriality (Turner et al., 2013). This
may result from a range of territorial behaviours influenced by
gear type, competition, and enforcement cost and capacity
(Begossi, 2001). For instance, Ankilibe’s fishers, i.e. the
largest fishing community group in the area, can hardly access
open waters through the southern and northern passes due to
the village location. Since the 2000s, they have intensively
used mosquito net trawl in the nearby seagrass beds and
excluded fishers from other villages, which allows for high
annual catch levels of juvenile fishes (Ranaivomanana et al.,
2023) and benthic crustaceans (Herinirina et al., 2023). This
suggests that they have actively claimed this easily-accessed
productive area as a “nucleated” territory to secure harvest of
seagrass-associated resources and income (Acheson, 1988).

The fact that no other gear is used by this community in this
restricted area further suggests that the latter is actually
beneficial to a small fisher group of the village (mosquito net
trawl users).

Overall, the spatial organization of fishing activities
provide evidence that communities have self-regulated access
to shared and territory fishing grounds as driven by
technological constraints, social relationships at varying scale
(i.e., among and within villages), and fishers’ reliance on coral
reef resources. For instance, defending village-based fishing
territories in the middle of the bay and close to Toliara urban
area may not have been possible or worthwhile due to the high
number of villages close one to another and/or the distance of
the fishing areas (Acheson and Gardner, 2004). In this context,
alternative forms of perimeter-defended territories associated
with specific groups of fishers from a single or multiple village
(s) have emerged, based on technological and social spatial
factors (King, 2019). Handline fishers of two other urban
villages (Besakoa and Ankiambe-haut) have established
fishing territories in the deeper waters alongside the barrier
reef slope that are not accessible to other gear types, while
beach seiners from three urban villages (Mahavatsy 2,
Ankiembe-bas, and to a lower extent, Mahavatsy 1; Tab. 1)
were the exclusive user group of most of the shallow terrace
nearby the city of Toliara (Figs. 3 and 4). The fishery maps
revealed gear- and village-based communities of practice,
which shed light on the undocumented local marine tenure that
convey fishers’ sense of place (Randriatsara et al., 2025). This
self-organization may foster the resilience of the fishery
system so as to accommodate ongoing resource and catch
decline as described below (Berkes and Turner, 2006). Further
anthropological research is needed to understand the origins
and functions of these informal rules within and among
communities and that shape everyday fishing practices,
including its potential implications for collaborative fishery
management and marine spatial planning.

4.2 Spatial resource overexploitation and
management issues

Fine-scale spatial catch distribution highlights significant
overexploitation of the fishery, as shown by different key
indicators. Firstly, the average annual catch rate declined from
12 t. km ™" year ' in the 1990s (Laroche and Ramananarivo,
1995) to 6.7 t- km ™' year '(—44%), which is close to the
recovery threshold (5-15 t km™'. year™') commonly
suggested in coral reef ecosystem (Spalding et al., 2001;
Newton et al., 2007). Secondly, annual catches declined by
about 30% despite a 25% increase in fisher numbers and the
growing use of efficient gear types (Laroche and Ramananarivo,
1995). Indeed gillnet, mosquito net trawl, and beach seine are
now the dominant gears in terms of total fishing effort and
catches and provided fishing yields one order of magnitude
larger than those of handline use, that showed significant decline
over time. Thirdly, gear diversification led to a >100% increase
in the number of reef fish families harvested, since Laroche and
Ramananarivo’s 1995 survey, which identified 35 families in
catches. Catch diversification is commonly observed in coastal
fisheries facing serial overexploitation as a harvest strategy to
maintain catch level and income (Robinson et al., 2020). For
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instance, low economic value and small fish species, such as
Apogonidae, Blenniidae, and Gobiidae are now harvested by
small-mesh gears in shallow seagrass areas as described above
and used for self-consumption or sale (Herinirina et al., 2023;
Ranaivomanana et al., 2023). Increased fishing effort has failed
to offset the decline in resource abundance, resulting in fishers
getting a decreasing annual catch level and share.

Fishers’ behaviour was constrained by limited boat fishing
power and flexibility, which has likely shaped territoriality and
exacerbated the overexploitation process as described above.
Fishers mostly performed short travel distances and daily trips
limited to the terrace-lagoon-reef complex within or nearby the
bay of Toliara, although rare distant trips northwards and
southwards were tracked during the survey period. Globally,
improvements in vessel power have been central to fishing
success to increase the amount of gear onboard,
fishing frequency, crew number, trip duration, choice of
fishing location, and/or access to distant fishing grounds
including offshore waters (e.g., Engelhard, 2016). In contrast,
traditional sailing pirogues in Southern Madagascar have
smaller capacity and flexibility than motorised fishing boats, e.
g., the speed, distance, and direction of fishing trips depended
on the combination of wind direction and strength and one’s
place of residence. As a result, fishing frequency remained low
(about every other day) while the geographical extent of the
fishery outside the bay of Toliara (Tab. 3) has been marginal
since the 1990s (Laroche and Ramananarivo, 1995). Lack of
technical innovation in fishing boats may stem from limited
financial capital and poor access to public loan, which are
strong determinants of fishers’ investment and adaptive
capacities (Hallén et al., 2023). Alternatively, fishers have
intensified and diversified gear technology to target new reef
fish species as well as valuable invertebrates and pelagic fish in
surrounding areas as described above (Maka et al., 2022;
Herinirina et al., 2023). Evidence also suggests that some
fishers temporarily migrate to other regions in search of more
abundant commercial resources, such as sharks or sea
cucumbers (Muttenzer, 2015; Cripps and Gardner, 2016).
Further research is needed to determine whether local fishers
are caught in an overexploitation trap, to help better
characterise social ecological interactions, and to understand
fishers’ coping and exit strategies and opportunities.

This study confirmed that fine-scale spatial analysis of
fishery data advances the knowledge base for designing
spatially-explicit tools for the use of the marine environment.
Catch and effort maps quantify losses and identify which
fishers are most affected in the development of maritime
activities alternative to fishing. Specifically, we found that the
privatized enclosures for sea cucumber farming were
surrounded by the Ankilibe village’s territory fishing area,
suggesting disproportionately affected local fishers within that
community and particularly mosquito net trawl fishers. Catch
rates for key species near the privatized site were low
suggesting that the resulting fishers’ catch and associated
income loss was likely low, but still significant in the local
context of poverty. From this perspective, sea cucumber
farming may have led to marine space dispossession, which
was interpreted as the cause of thefts and violence in recent
years (Baker-Médard and Kroger, 2023). Our spatial analysis
can help quantify the fishery-related costs of aquaculture and
identify who bears them, as compared to the level and

distribution of socioeconomic benefits between and within the
neighbouring fishing communities (Lavitra et al., 2024). Such
detailed spatial knowledge may therefore facilitate reconci-
liating fishers’ livelihoods and informal local tenure with
aquaculture development and fishery sustainability targets
(e.g., conserving fish nursery seagrass areas currently
harvested by beach seines and mosquito net trawls). More
broadly, such analysis can support more equitable and
inclusive marine spatial planning so as to engage marginalized
actors such as small-scale fisher communities, as demonstrated
in other coastal zones worldwide (Trouillet 2019; Chollett
et al., 2022; Papageorgiou et al., 2024). The challenges and
complexity of the social ecological system within the Bay of
Toliara cannot however be underestimated.

4.3 Up-scaling tracking surveys in small-scale
fisheries

This is, to our knowledge, the first study to map annual
fishing effort (in h-ha™') and catch rates (in kg-ha™') using
GPS tracking data in a small-scale fishery in the Global South.
Reef fisheries in particular exhibit high diversity in gear use,
species, and target marine habitats in these countries, such as in
the WIO marine biodiversity hotspot (McClanahan, 2015),
which raises multiple monitoring challenges (e.g., routine
visual species identification). Replicating this approach
elsewhere and at larger scales will require tailored technical
and logistical strategies. Given the spatial temporal heteroge-
neity of small-scale fishery activities, intensive data collection
was required for capturing the distribution of fishers’
movements and catch rates representatively (e.g., 64% of
fishing boats were sampled over 1 yr). By contrast previous
GPS-based small-scale fishery monitoring surveys were not
generalized temporally or acquired vessel positioning data at
lower temporal resolution. Small boats typically cannot carry
expensive equipment like VMS or AIS, but recent alternatives
have made tracking feasible in small-scale fisheries (e.g.,
Galotto-Tébar et al., 2022; Tassetti, et al. 2022). Furthermore,
the statistical processing of large tracking dataset may be
automated (Guitton and Soumah, 2023; Tilley and al., 2024),
which should facilitate the broader adoption of this technology
without expertise in complex statistical analysis. Further
research should however explore spatial inference methods
(e.g., geostatistics) to produce map representations of fishing
intensity and catch gradients based on tracking data (e.g.,
Thorson et al., 2015; Le Guyader et al., 2017).

To simultaneously collect tracking and catch data from a
large sample of fishers as described above, fishers’ participa-
tion was required. Participatory monitoring offers multiple
benefits from community engagement to cost-effective data
collection, such as engaging communities in marine resource
management, producing low-cost data for data-poor fisheries,
and empowering fishing communities through learning (e.g.,
Hind, 2014; Stephenson et al., 2016; House et al., 2023). In
order to collect GPS tracking data on a large scale, the tracking
device operating mode, the data actually recorded, and the
results produced should be clarified to local fishers and
communities as part of a transparent, collaborative approach.
When fishers are trained to collect data, they can lower costs
and enhance data quality for fisheries assessments and
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management, particularly for collecting sensitive spatial
temporal data via on-board GPS (Méndez-Espinoza et al.,
2020). This participatory protocol may offer a scalable, cost-
effective model for small-scale fisheries, particularly in
developing countries, where operational costs are low.

5 Conclusion

We investigated the fine-scale spatial distribution of fishing
activities in a small-scale coral reef peri-urban fishery in
southwestern Madagascar. The fine-scale resolution maps of
fishing effort and catches revealed informal, gear- and village-
based tenure as well as strong overexploitation patterns. These
findings offer critical insights for fishery management, marine
conservation (e.g., fish nursery seagrass areas), inclusive
marine spatial planning, and participatory governance involv-
ing small-scale fisher communities in a heavily-used coastal
area. This study underscores the potential of boat tracking and
catch surveys as powerful tools for small-scale fisheries
assessment through participatory research. Further anthropo-
logical research is needed to deepen our understanding of
social interactions driving the informal spatial fishing
behaviours and arrangements.
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