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ABSTRACT

1. The dugong population of New Caledonia was recently assessed as endangered by the TUCN due to its low genetic diversity, its
limited number of mature individuals and the continuing threats from poaching, collisions, incidental capture and seagrass
degradation. No-take marine protected areas (MPAs) implemented in critical dugong habitats may efficiently safeguard the
remaining population by directly or indirectly reducing these threats.

2. The goal of the present study was to develop scenarios of MPAs targeting dugongs in New Caledonia, focusing on the central
west coast where they are known to aggregate during austral winter.

3. We combined 7h of video surveys from a light airplane and habitat modelling to derive regional predictions of dugong density.
We then used these predictions to (1) assess the proportion of dugong population abundance protected by existing no-take
MPAs and (2) develop spatial prioritization scenarios based on explicit dugong abundance targets.

4. We found that existing no-take MPAs only protect 11% of the estimated dugong population in the study region, leaving most
dugong hotspots unprotected. For the same protected area coverage, prioritization based on abundance would allow protect-
ing nearly five times more dugong individuals.

5. Given the endangered status of the population, a 70% abundance prioritization scenario is warranted, requiring the expansion
of existing MPAs toward reef passes and shallow nearshore areas where dugong abundance is the highest. Our study offers
an opportunity for dynamic spatial management through the implementation of a seasonal closure strictly restricting human
activities in areas where dugongs aggregate in winter.

1 | Introduction evaluated by the International Union for Conservation of

Nature (IUCN) are at risk of extinction based on their rates
Marine megafauna includes iconic marine mammals, sea of decline, low population sizes, reduced geographic distribu-
turtles, sharks and rays that are increasingly threatened tions and high habitat fragmentation (IUCN 2022). These spe-
worldwide (Ripple et al. 2019; Pacoureau et al. 2021; Chen cies face disproportionate risk in tropical coastal waters where
et al. 2022). Today, over 30% of marine megafauna species human population growth, industrial intensification and
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rapid development have led to overfishing and habitat degra-
dation (Dulvy et al. 2021; Li et al. 2023; Sherman et al. 2023).
To mitigate these threats, halt species decline and promote
their recovery, marine protected areas (MPAs) constitute im-
portant spatial conservation tools, as long as they are well-
designed, restrictive and properly enforced (Grorud-Colvert
et al. 2021). While MPAs provide little conservation benefits
for highly mobile megafauna (Gilmour et al. 2022; Hampton
et al. 2023), even small no-take MPAs can effectively protect
species with more restricted spatial occupancy such as certain
sharks and sea turtles (Dwyer et al. 2020; Hays et al. 2021;
Roberts et al. 2021; Heldsinger et al. 2023).

The dugong (Dugong dugon), globally listed as vulnerable on
the TUCN Red List of Threatened Species and locally facing
high risks of extinction, is present in the coastal waters of 38
countries spanning the Indo-Pacific (Marsh and Sobtzick 2019).
As megaherbivores, dugongs primarily base their spatial occu-
pancy patterns on the seagrass meadows they feed on (Sheppard
et al. 2010; Tol, Coles, and Congdon 2016; Cleguer, Garrigue,
and Marsh 2020). As such, no-take MPAs implemented in crit-
ical dugong habitats could contribute to their conservation by
directly or indirectly reducing the risks of incidental capture in
fishing gear, poaching and collision that are major threats for
this species (Marsh and Sobtzick 2019).

The location of the New Caledonian dugong population at the
eastern limit of the species’ Indo-Pacific distribution range
makes it particularly vulnerable to extinction. A recent study
revealed the very low genetic diversity of this population and
its strong differentiation from all genetically documented
populations, confirming its low recovery potential (Garrigue
et al. 2022). This information combined with the low number
of mature individuals (estimated under 900) and the continu-
ing threats from poaching, collisions with boats, incidental
capture and seagrass degradation prompted the reassessment
of the New Caledonian population from vulnerable to endan-
gered in the TUCN Red List (Hamel et al. 2022). Another study
by Cleguer et al. (2015) revealed a spatial mismatch between
existing MPAs and areas with the highest dugong density off
the central west coast of New Caledonia. This mismatch was
likely driven by the omission of information on dugong distri-
bution in the planning of MPAs, as well as the lack of quan-
titative conservation targets (Cleguer et al. 2015). Expanding
MPAs to better safeguard remaining dugongs is now vital to
protect the species from abatable threats and ensure its per-
sistence in New Caledonia.

With the international commitment to protect at least 30% of
the oceans by 2030 (CBD 2022), coined as the “30x 30 target”,
systematic conservation planning is increasingly used to guide
the expansion of the current MPA network (Pike et al. 2024).
Systematic conservation planning relies on optimization algo-
rithms to select areas that meet desired targets of species pro-
tection while minimizing the costs of conservation (McIntosh
et al. 2017). Species protection targets are typically set as per-
cent area coverages of species distributions (Jones et al. 2020;
Jefferson et al. 2021), with the 30% target often used as a base-
line reflecting the international area-based conservation target
(Harris and Holness 2023). However, when it comes to pro-
tecting locally endangered populations, spatial conservation

plans based on area coverages can miss important aggregation
zones. Such aggregations are known to occur for dugongs in
New Caledonia, with high reported abundances near passes of
the barrier reef in the central west coast during austral winter
(Garrigue, Patenaude, and Marsh 2008; Cleguer et al. 2017). To
effectively protect these aggregations, it is critical to incorpo-
rate information on abundance in spatial conservation plans.
Indeed, prioritization based on abundance has been shown to
lead to more efficient conservation by targeting fewer sites with
higher numbers of individuals compared to area-based priori-
tization, thus maximizing population-level benefits (Johnston
et al. 2020). Conservation planning should also be tailored to
the local context, setting higher targets for threatened popula-
tions in their core distribution zones (Harris and Holness 2023)
while integrating socio-cultural considerations (Sandbrook
et al. 2023).

In this study, our objective was to derive conservation planning
scenarios for the protection of endangered New Caledonian
dugongs in their core distribution zone during austral winter.
We opted for video surveys using a GoPro fitted to an ultralight
plane due to its ability to provide high-resolution data while
minimizing observer bias (Mannocci et al. 2021). We first mod-
elled dugong density distribution obtained from video surveys
as a function of environmental predictors to infer regional abun-
dance patterns. We then used these predictions to (1) assess the
proportion of dugong population abundance protected by exist-
ing no-take MPAs and (2) develop MPA scenarios based on ex-
plicit dugong abundance targets. Our study reveals conservation
opportunities for New Caledonian dugongs, calling for a prompt
rezoning of the MPA network to protect this endangered popu-
lation facing a high risk of extinction.

2 | Methods
2.1 | Study Region

The study region is located on the central west coast of New
Caledonia’s mainland (Figure 1a), which was previously identi-
fied as the core distribution area of dugongs in New Caledonia
(Garrigue, Patenaude, and Marsh 2008; Cleguer et al. 2015). The
central west coast is characterized by relatively shallow (<20m)
and narrow lagoons (2-10km wide) protected by a barrier reef,
interrupted in several locations by deeper passes (<30m). This
region includes four no-take MPAs (IUCN category IV), namely,
Roche Percée/Baie des Tortues, Ile Verte and Ouano and Poé
created in 1993, 1995, 2004 and 2006, respectively. These MPAs
were originally designed to ‘maintain, conserve and rehabilitate
threatened endemic and emblematic species and to restore or
reconstruct altered habitats’; however, neither of them mentions
the dugong as one of the targeted species for protection (Cleguer
et al. 2015). The study region is also included in the ‘Tlagoons
of New Caledonia’ UNESCO World Heritage zone established
in 2008 with dugong presence as one of the explicit reasons
(UNESCO 2011) and in the West Coast Provincial Park created
in 2009 (neither area falls under an TUCN protected area cate-
gory due to unrestricted human activities). Finally, the entire la-
goon and shelf waters of New Caledonia were recently identified
as an Important Marine Mammal Area (IMMA) for the dugong
and two species of cetaceans (IUCN-Marine Mammal Protected
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FIGURE 1 | (a) Map of the area covered by aerial video surveys showing the number of dugong (Dugong dugon) individuals per image (after

removal of duplicates) along the transects (in white) and existing no-take marine protected areas (in orange; 1: Poé; 2: Roche Percée/Baie des Tortues;

3:Ile Verte; 4: Ouano). The pass of Poé is locally referred as faille aux requins. Source of background satellite imagery: OpenStreetMap. (b) Examples

of images with dugongs (single individual observed in the lagoon, mother-calf pair and herd observed near the reef pass). Detailed maps of dugong

observations are provided in Figure S3.

Areas Task Force 2021). However, IMMAS are discrete zones
that have the potential to be identified and managed for conser-
vation rather than legal entities.

2.2 | Aerial Video Surveys

Sirenians, including the dugong and the three species of man-
atees, have been traditionally surveyed from manned air-
planes with onboard observers (Miller et al. 1998; Garrigue,
Patenaude, and Marsh 2008; Hagihara et al. 2018) and more
recently from unmanned aerial vehicles to acquire high-
resolution images (Cleguer et al. 2021; Edwards et al. 2021;
Hodgson, Kelly, and Peel 2023). In this study, we opted for a
hybrid approach, namely, a survey from a manned airplane
equipped with a video camera (Mannocci et al. 2021), which
allowed the collection of high-quality image data for abun-
dance estimation while ensuring large flight endurance (up to

4h) to cover a large area (Mannocci et al. 2021). Specifically,
video surveys were conducted from an amphibious ultralight
motor plane (ULM; AirMax SeaMax) fitted with a GoPro Hero
Black 7 camera. The GoPro camera was mounted under the
right wing of the ULM, pointing downward and configured
to record videos at a rate of 24 frames per second in linear
field of view mode (eliminating the fish-eye effect typically
captured by GoPro's wide-angle lens) at a resolution of 2.7K
(2704 x 1520 pixels) with integrated image stabilization. The
camera was manually triggered before each flight. Telemetry
data, including GPS coordinates and altitude, were recorded
by the GoPro along each flight (at a rate of 8-12 positions per
second). The plane followed 145 predefined transects oriented
perpendicular to the coast and spaced ~1 km apart (Figure 1a).
Transects were flown at a target altitude of 47m and a speed
of 110km-h~!. At this altitude, each image covered a surface of
89 m width (the ‘strip width’) X 50 m length, corresponding to a
ground sampling distance of 3cm per pixel.
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Transects were flown in morning hours to ensure minimum
wind (speed <7 knots) and sun glint conditions whenever
possible. A polarizing filter was fitted to the GoPro to further
reduce sun glint. Due to the large size of the region, the mod-
erate plane autonomy and rising winds around midday, the
area could not be surveyed in a single day. In total, an area
of 62km? was surveyed across four different days during the
austral winter (4 June 2021 and 5 June 2021 for the area east of
Bourail and 29 July 2021 and 4 August 2021 for the area west
of Bourail), corresponding to a total video duration of 7h and
4 min.

2.3 | Video Annotation

All videos were watched entirely by a team of trained observ-
ers who recorded the times at which they spotted dugongs
along with other megafauna species. All videos were then
imported into a custom online application for annotation.
Frames were extracted from the videos at a rate of three per
second to allow the same individual to be visible in consecu-
tive images (with a 20% forward overlap), helping to confirm
species identification. Only frames that were previously found
to contain dugongs (based on recorded observation times from
the corresponding videos) were annotated. The annotation
procedure consisted of manually drawing rectangle bound-
ing boxes around the individuals and associating the ‘dugong’
label to these boxes. Only individuals for which at least three-
quarters of the body was visible were annotated. All annota-
tions were checked by an independent expert observer. For
each video, the custom application returned the GPS coordi-
nates of all images extracted from this video along with their
annotations (i.e., pixel coordinates of the bounding box and
labels). Postprocessing of these annotations was performed to
(1) flag and remove duplicates of individuals (i.e., when the
same individual was detected in consecutive images; in that
case, only the first sighting of the individual was counted) and
(2) determine whether each individual was as an adult or a calf
(defined as an individual at least half smaller than the adult it
was closely associated with).

2.4 | Survey Data Aggregation

A spatial grid of 500 m resolution cells was chosen to provide a
relatively fine grain of our study area while avoiding an excess
of zeros in dugong counts. The grid was projected in the equal-
area Lambert New Caledonia system (final area of the cells:
0.25km?) over the study region. This grid was used for aggre-
gating survey effort by summing the area surveyed (square ki-
lometre) per cell after removing off-effort portions of transects
(corresponding to transits from/to the airport). This grid was
also used for summing the numbers of dugongs per cell after
applying corrections for availability bias, as described hereaf-
ter. The numbers of dugongs were divided by availability cor-
rection factors obtained from depth use data corresponding to
different time periods and depth ranges in New Caledonia, as
well as four levels of an Environmental Condition Index (ECI)
(Hagihara et al. 2018). We stress that these correction factors
were originally designed for observer-based surveys and their
applicability to imagery surveys has not been assessed so far.

Images were classified into the different ECIs based on visual
examination. In the absence of information on precise depth
of our dugong sightings, availability correction factors were
averaged for the three depth ranges documented in Hagihara
et al. (2018). The 8:00-16:00 time period that corresponded
to the timing of our aerial survey was selected. The resulting
availability correction factors were 1 (i.e., no correction) for
ECI 1 (clear water and clearly visible bottom), 0.63 for ECI 2
(variable clarity and bottom visible but not clearly), 0.83 for
ECI 3 (clear water but bottom not visible) and 0.47 for ECI
4 (turbid water and nonvisible bottom) (Hagihara et al. 2018).
Contrary to previous studies (e.g., Hodgson, Kelly, and
Peel 2023), we did not attempt to apply corrections for percep-
tion bias, as we did not compile the differences in annotations
between observers.

2.5 | Environmental Variables

Environmental variables were derived over the 500 m resolu-
tion grid of the study region from various datasets (Table S1
and Figure S1 in Supporting Information). Distance to shallow
seagrass and percentage coverage of shallow seagrass were
obtained from a nationwide effort to characterize seagrass
meadows in New Caledonia (Andréfouet et al. 2021). Distance
to passes of the barrier reef was derived from a typology of reef
passages in New Caledonia (Breckwoldt et al. 2022). Distance
to reef, distance to land, percentage coverage of reef flat and
percentage coverage of deep lagoon (considering a threshold
of c¢. 10m for the classification of deep lagoon) were derived
from the Millennium Coral Reef Mapping Project (Andréfouét
et al. 2009). Median depth and median slope were derived
from a digital terrain model of New Caledonia at 100 m reso-
lution (Roger 2020). All variables but distance to reef passes,
coverage of deep lagoon and coverage of reef flat were pre-
viously used in a modelling study of dugong habitat utiliza-
tion from satellite tagging data in New Caledonia (Derville,
Cleguer, and Garrigue 2022).

2.6 | Habitat Modelling

Generalized additive models (GAMs) were used to predict du-
gong density as a function of the above environmental covari-
ates in the study region. GAMs are the preferred technique for
modelling species relative densities from line or strip transect
surveys owing to their ability to cope with nonlinear and non-
monotonic relationships (Miller et al. 2013). GAMs were fitted
as follows:

E(f\\lj> =A; exp [ﬁo + ka (ij>]-

where N, is the number of dugongs in cell j (response variable),
A;is the surveyed area in cell j (model offset), f, are the smooth
functions of environmental covariates z, and S is the model
intercept.

Pearson correlation coefficients were first calculated between
all pairs of covariates to explore their collinearity. Distance
to land and slope were discarded because they had strong
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correlations with distance to seagrass and depth, respectively
(coefficients 0.87 and 0.91). Saturated GAMs (i.e., including
all remaining covariates) were fitted using the mgcv pack-
age (Version 1.8.41) (Wood 2023) in R. Restricted maximum
likelihood, which is known to penalize overfitting and lead
to more pronounced optima, was used as the criterion for
estimating smooth parameters (Wood 2011). Tweedie and
negative binomial distributions were considered to model du-
gong abundance, which was characterized by a heavy tailed
distribution and a high proportion of zeros. The best fitting
distribution was selected based on Akaike's information cri-
terion score followed by an examination of diagnostics plots
(including quantile-quantile plots of deviance residuals, auto-
correlogram of residuals and plots of response vs. fitted val-
ues). A backward stepwise procedure was applied for variable
selection, considering a p value of 0.05 as the threshold for
removal of nonsignificant covariates.

The ability of the model to discriminate between cells of du-
gong presence and absence was assessed based on true skill
statistic (TSS, ranging from —1 to 1) (Allouche, Tsoar, and
Kadmon 2006). To convert dugong abundance data to pres-
ence-absence data, we relied on the sensitivity-specificity
sum maximization approach for the selection of a presence
threshold (Liu et al. 2005). The predictive accuracy of the
model was further assessed geographically by computing the
ratios of observed-to-predicted abundances across three geo-
graphic strata (corresponding to the northern, central and
southern parts of the study region) (Becker et al. 2020).

The model was then used to predict the relative density of
dugongs (number of individuals per 0.25km? cell) while
holding the offset (i.e., surveyed area) constant. Predictions
were geographically interpolated throughout the study region
while being constrained to the multidimensional environ-
mental space of the surveyed data using the dsmextra package
(Version 1.1.5) (Bouchet et al. 2020). A coefficient of vari-
ation (CV) map was produced alongside the prediction map
to document the uncertainty within the model. Abundance
predictions (number of individuals) were used to assess the
proportion of the estimated dugong population protected by
existing no-take MPAs.

2.7 | Spatial Prioritization

The prioritizr package (Version 7.2.2) (Hanson 2021) with the
Gurobi optimizer in R was used to derive spatial prioritiza-
tion scenarios protecting various targets of dugong abundance
in the study region. We also derived prioritization scenarios
protecting various area-based targets of the study region, rep-
resenting ‘control’ scenarios in the absence of dugong abun-
dance data to inform prioritization. Abundance prioritization
scenarios are aimed at identifying a set of sites that contained
a given proportion of the population whereas control scenarios
simply identified a set of sites that contained a given propor-
tion of the study region’s area. In prioritizr, optimization prob-
lems are expressed using integer linear programming (ILP) so
that they can be solved using exact algorithm solvers. ILP has
been shown to outcompete conventional spatial prioritization
algorithms in terms of cost-effectiveness (Hanson et al. 2019).

Prioritizations were generated using the 500 m resolution cells (the
same equal-surface cells used in habitat modelling) as planning
units. We identified the minimum set of cells to protect in order to
reach percentage targets of dugong abundance or of region area,
an optimization problem referred as to the ‘minimum-set ob-
jective’ (Ball, Possingham, and Watts 2009; Hanson et al. 2019).
We explored targets from 10% to 90% (with a 10% increment) for
both abundance and area, selecting three values based on heu-
ristic principles (Harris and Holness 2023): a ‘baseline target’ of
30%, a ‘core use target’ of 50% accounting for the fact that the
region is a core use zone for dugongs (Cleguer et al. 2015; Derville,
Cleguer, and Garrigue 2022) and an ‘endangered status target’ of
70% adjusting for the endangered status of the population (Hamel
et al. 2022). The cost was set to a constant value of 1 in all plan-
ning units, since the goal here was to identify priority areas for
dugong conservation independently of socioeconomic consid-
erations. Abundance and control prioritization scenarios were
compared by calculating their respective proportions of protected
individuals and surface area in the study region.

3 | Results

The aerial survey led to the collection of 74,375 images covering
atotal area of 62km? through the 753km? surveyed block (corre-
sponding to a sample rate of about 8%) in the central west coast
of New Caledonia (Figure S2). Of these images, 35 contained at
least one dugong, representing a mean number of dugongs per
image of 2.7+3.9 standard error. After the removal of dupli-
cates, a total of 119 unique dugong sightings (100 adults and 19
calves) were counted across these 35 images. The highest num-
bers of dugongs (up to 24 individuals per image) were observed
just outside the passes of Poya and Poé (on the outer slope of
the barrier reef), as well as inside the pass of Moindou (Figure 1
and Figure S3). Fewer individuals (one to three per image) were
observed inside the lagoon and on the barrier reef.

Dugong numbers counted on images were then corrected for
availability bias and summed per grid cell, resulting in 25
cells with nonzero abundance out of the 1,733 surveyed cells.
The negative binomial distribution was selected based on
its best fit to the dugong count data. The selected covariates
were distance to reef passes, depth and coverage of shallow
seagrass, accounting for 39.1% of the deviance in the GAM.
Dugong abundances increased close to reef passes, but also
in areas with shallow depths and high coverage of seagrass
(Figure 2a). Abundances were predicted to be the highest
near barrier reef passes with a decreasing gradient toward
the shore (Figure 2b). The associated CV map revealed higher
uncertainty on the outer reef slope where depth values were
the highest (Figure S4). The model had a good discriminatory
ability (TSS=0.49), with a slightly better ability to model ab-
sences than presences, indicated by a specificity of 0.88 and
a sensitivity of 0.61. Finally, the model had a spatially unbi-
ased predictive accuracy, as revealed by ratios of observed-
to-predicted abundances of 0.68, 0.84 and 0.71 for northern,
central and southern strata, respectively.

Based on these predictions, existing no-take MPAs (representing
58km? or 7% of the region area) would only protect 11.2% of the
estimated dugong population (orange triangle; Figure 3), hence
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FIGURE 2 | (a) Statistical relationships between dugong abundance (log-transformed) and environmental covariates estimated from the

generalized additive model. Solid lines represent the marginal effects of covariates on dugong abundances and dashed lines represent the 95%

approximate confidence intervals. Rug plots represent the distribution of the data. The y-axis indicates estimated smooth functions of each covariate

with respect to log-transformed abundance. (b) Predicted abundance (individuals/500m resolution cell) of dugongs. Existing no-take marine

protected areas are overlaid in orange. Source of background satellite imagery: OpenStreetMap. The associated coefficient of variation map is

displayed in Figure S4.

leaving most high abundance sites unprotected (Figure 2b). For
a similar MPA coverage, prioritization informed by abundance
would allow securing nearly 50% of the estimated population, so
representing nearly a five-time increase (orange arrow; Figure 3).

Abundance prioritization scenarios selected cells near reef
passes and shallow nearshore areas where dugong abundance
was the highest (Figure 4a—c and Figure S5) in contrast to ran-
domly selected cells in control scenarios that ignored abundance
(Figure 4d-e and Figure S6). When informed by abundance,
prioritization scenarios required between 47 and 2 times less
area to reach protection targets of 10% and 90%, respectively
(Figure 3). For the ‘baseline’ target (30%), the abundance sce-
nario required a protection coverage of 20km?, representing
just 3.5% of the region area. Increasing from the baseline to
the ‘core use’ target (50%) resulted in a three-fold increase in
protection coverage (from 20 to 63km?), representing 8.7% of
the region area. For the ‘endangered status’ target (70%), protec-
tion coverage increased to 150km? (19.3% of the region's area),

representing a 2.4 times increase in MPA coverage compared to
the ‘core use’ target.

4 | Discussion

In this study, we combined aerial video surveys, habitat model-
ling and spatial prioritization informed by abundance to derive
spatially explicit zoning scenarios for the protection of endan-
gered dugongs in New Caledonia. Our study expands on the work
of Cleguer et al. (2015) who identified a spatial mismatch be-
tween dugong hotspots and existing restrictive MPAs (including
no-take MPAs) in New Caledonia. We highlight underprotected
dugong hotspots on the central west coast of New Caledonia in
winter, going further by examining different MPA scenarios to
improve their protection. While the existing network of no-take
MPAs only protects 11.2% of the estimated dugong population,
for the same spatial coverage, prioritization based on abundance
would provide protection for nearly five times more individuals
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(Figure 3). Given the endangered status of the population, a 70%
abundance protection scenario is warranted, requiring the ex-
pansion of existing MPAs toward reef passes and neighbouring
nearshore areas, especially Nepoui, Poya, Cap Goulvain, Poé,
Mouindou and Ouano.

4.1 | Pros and Cons of Aerial Video Surveys

Contrary to previous dugong aerial surveys in New Caledonia
that involved human observers (Garrigue, Patenaude, and
Marsh 2008; Cleguer et al. 2017), the present survey relied on
video footage recorded from an off-the-shelf camera fitted to a
light aircraft. There is evidence that aerial video surveys pro-
vide more accurate and precise abundance estimates of marine
megafauna than observer-based surveys (Ferguson et al. 2018;
Garcia-Garin et al. 2020; Kelaher et al. 2020). For dugongs spe-
cifically, Hodgson, Kelly, and Peel (2023) recently compared
sightings obtained from simultaneous imagery surveys from a
fixed-wing drone and observer-based surveys from a manned
aircraft. While group sighting rates were similar between the
two platforms, group sizes detected in drone images were sig-
nificantly larger (Hodgson, Kelly, and Peel 2023). Their study
shows that imagery surveys may provide higher quality data
than observer surveys, although the potential transferability of
these findings from unmanned to manned aircraft imagery re-
mains to be investigated. In fact, observer biases due to missed
individuals or misidentified species may have led to discrep-
ancies between dugong abundance estimates obtained from
observer-based surveys conducted in New Caledonia in 2003 and
the following years (Cleguer et al. 2017). In addition to limiting

these biases, video surveys from manned aircraft reduce carbon
emissions, as they can be conducted from smaller and lighter
airplanes with just a pilot onboard. However, these surveys gen-
erate large amounts of data that require automated treatments.
A deep learning algorithm is available for the automated count
of dugongs in New Caledonia (Mannocci et al. 2021), but its
current recall of 0.80 means that 20% of individuals remain un-
detected. To avoid underestimating abundance, we thus opted
for the manual review of images by human observers. Improved
algorithms allowing the full automated and accurate processing
of images should decrease image processing costs in the future,
thereby substantially improving the cost-effectiveness of video
surveys. Finally, a perspective of this study is to compare indi-
vidual counts obtained from observer- and video-based tech-
niques onboard the same manned aircraft, as previously done
for other megafauna (Garcia-Garin et al. 2020). A higher accu-
racy of dugong abundance estimates derived from video-based
surveys would support the application of this technique across a
broader geographical scale, with potential direct benefits to du-
gongs and other sirenians in other parts of the world.

4.2 | Comparison With Previous Dugong Studies
in New Caledonia

Our results are consistent with previous findings on dugong dis-
tribution and densities on the central west coast of New Caledonia.
A New Caledonia-wide map of dugong densities (binned into
low, medium, high and very high categories) was previously de-
rived from observer-based aerial surveys analysed with a krig-
ing technique not incorporating environmental predictors (all
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FIGURE 4 | Prioritization scenarios targeting the protection of 30%, 50% and 70% of dugong abundance in yellow (a—c) and of region area in red

(d-f). Source of background satellite imagery: OpenStreetMap. Prioritization scenarios for all targets are shown in Figures S5 and S6 for abundance

and area, respectively.

seasons and years combined: 2003, 2008, 2011, 2012) (Cleguer
et al. 2015). Although the map's resolution (1.6km) was coarser
than that of our study (500m), it similarly showed high dugong
densities in the Cap Goulvain, Nepoui and Mouindou areas. Our
results also align with observed high densities over the fore reef
shelf off Cap Goulvain during a year-round fine scale study of
dugong habitat in 2012-2013 (Cleguer et al. 2024). Moreover,
our study confirmed the potential for dugongs to aggregate in
large groups outside of the Poé's pass locally referred as faille aux
requins (one observation on 29 July 2021, n =28 individuals), an
area where herds were only anecdotally reported before (Derville
pers. comm.). The comparison of our results with those of previ-
ous surveys suggests that dugongs have displayed relatively con-
sistent winter habitat across two decades in this part of the New
Caledonian west coast. Yet, considering the decline of the New
Caledonian dugong population (Hamel et al. 2022) and the rapid
climate change directly and indirectly affecting dugongs (Marsh
et al. 2017), monitoring their potential shifts in geographic or
habitat distribution will be a priority in the future.

Highest dugong abundances recorded from our aerial survey
were found on the fore reef shelf in proximity to passes of the

barrier reef (large herds) as well as in areas of high seagrass
coverage and shallow depth (small groups of <3 individuals).
The preference of dugongs for shallow waters (< 20m) was pre-
viously identified by Derville, Cleguer, and Garrigue (2022)
who modelled individual's spatial intensity of use from satellite
tracking data. Dugongs also displayed a preference for waters
inside the lagoon (<5km from the coast), but their intensity
of use varied across three ecoregions, with seagrass coverage
and distances to the barrier reef and intermediate reef patches
identified as significant predictors in the central west coast
ecoregion (Derville, Cleguer, and Garrigue 2022), the one tar-
geted by the present study. Dial patterns in habitat use were
also identified, suggesting that dugongs come closer to shore
at night (potentially to feed in higher density seagrass mead-
ows) and that excursions to the fore reef shelf generally occur
at dawn (Derville, Cleguer, and Garrigue 2022). This dial pat-
tern influences dugong habitat use in combination with tides
(Derville, Cleguer, and Garrigue 2022; Cleguer et al. 2024), as
also observed in Australia (Sheppard et al. 2010). Since the spa-
tially explicit zoning derived from our study is based on daytime
aerial transects conducted at variable tidal phases (two flights
during ebb and two flights during flow), it cannot account for
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nighttime distribution of dugongs or tide effects on their habi-
tat use. Nevertheless, our aerial video surveys have added to the
current knowledge of important dugong habitats derived from
satellite telemetry (Cleguer, Garrigue, and Marsh 2020; Derville,
Cleguer, and Garrigue 2022) by emphasizing the importance of
the fore reef shelf for this species. To better account for the dy-
namics of dugong distribution in relation to dial patterns and
tides, future studies should incorporate both abundance and
dial habitat use information into zoning scenarios.

4.3 | Temporal Aspects

Since aerial surveys were only conducted during austral winter,
the abundance predictions and zoning scenarios derived from
this study should not be extrapolated outside this colder season.
Dugong distribution is known to vary seasonally, with large
herds forming off Cap Goulvain during winter months when
the lagoon's temperature drops below the temperature of off-
shore waters (Cleguer et al. 2024). Dugongs are quite sensitive to
changes in temperature, with evidence of seasonal movements
and behavioural thermoregulation at the high latitude limits of
their Australian range (Sheppard et al. 2006; Zeh et al. 2018).
Seagrass coverage, canopy height and caloric content also
vary throughout the year (Van Wynsberge et al. 2013; Aller
et al. 2019; Andréfouet et al. 2021), likely influencing dugong
seasonal patterns of habitat use. It is thus unlikely that our sce-
narios would apply to other seasons, since dugongs can disperse
over large areas, as shown by tagged individuals who moved
up to 75km from their tagging location (Cleguer, Garrigue, and
Marsh 2020).

The observed high abundances in specific habitats of the central
west coast in winter may provide the basis for dynamic spatial
management through the implementation of a seasonal closure
in the proposed zoning areas. To support such a seasonal closure,
multiy-ear aerial surveys are warranted to better inform statisti-
cal models and confirm the consistent importance of central west
coast habitats for dugongs in winter months. Spatial prioritiza-
tions incorporating model outputs from both abundance surveys
and movement studies may also help to more realistically incor-
porate connectivity in reserve scenarios (Williams et al. 2020).

4.4 | Implications for Dugong Conservation

None of the existing no-take MPAs within the study region were
designed to protect dugongs, partly due to the absence of dugong
distribution data at the time of their creation (Cleguer et al. 2015).
In addition, the environment code of the New Caledonian South
Province does not list the species that are targeted by each no-take
MPA (Province Sud de la Nouvelle Calédonie 2009). However,
the West Coast Provincial Park (WCPP) encompassing most of
the study region mentions the dugong as one of the emblematic
species inhabiting the park. The management plan of the WCPP
(2018-2022) includes several specific objectives for dugongs,
such as population monitoring, seagrass mapping, opportunis-
tic observations reporting by tourism operators and awareness-
raising (Province Sud de la Nouvelle Calédonie 2018). Despite

its classification as a UNESCO World Heritage zone, the WCPP
does not fall under an IUCN protected area due to its unrestricted
human activities; it can be considered as a minimally protected
areas sensu Grorud-Colvert et al. (2021). Our proposed zoning
scenarios are therefore valuable for dugong conservation because
they have the potential to inform the creation of highly protected
MPAs in high dugong abundance areas within the WCPP. For
example, our 70% abundance protection scenario proposes the
creation of no-take MPAs near reef passes and neighbouring
nearshore areas off Cap Goulvain, Poya, Nepoui and Mouindou
to safeguard 70% of the dugong abundance. Importantly, the pro-
tection of these areas may also benefit other vulnerable species
of megafauna such as sharks (Bonnin et al. 2019) and sea turtles
(Barbier et al. 2023) that regularly occur in these waters.

Although we propose the designation of no-take MPAs to safe-
guard dugong aggregation hotspots in winter, we acknowledge
that a diverse array of regulations may be more appropriate to
allow the long-term protection of dugongs while composing with
the conservation and sustainable use of other resources in the
western lagoon of New Caledonia. These regulations may in-
clude no-entry MPAs that not only prohibit fishing but also boat
traffic and recreational nautical activities that can induce colli-
sions—one of the main anthropogenic causes of dugong mortal-
ity in New Caledonia (Garrigue et al. 2023). Mandatory reduction
in boat traffic speed in areas where dugong abundance peaks in
winter (e.g., near reef passes) would also help to reduce the risk
of collision, as proposed for other sirenians (Rycyk et al. 2018).
As poaching continues despite strict legislation rules that pro-
hibit dugong hunting in the southern province and require
special permits in the Northern Province (Hamel et al. 2022), in-
creased police patrols would act as deterrents to stop these illegal
activities. However, a restrictive system of MPAs with seasonal
regulation of boat traffic and recreational activities may not be
socially acceptable. A possible alternative would be to enhance
the sustainable use of MPAs, with a focus on reducing poaching,
boat collisions, incidental captures and regulating coastal devel-
opment (including construction, mining and aquaculture). To
implement a more holistic approach to MPA design, future zon-
ing scenarios should also include relevant spatially explicit socio-
cultural data (Sandbrook et al. 2023), as they become available
in the region. Finally, actions toward education, outreach and
community engagement on dugong and seagrass conservation
will be critical to allow the appropriation of future management
measures while ensuring public compliance.
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