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Abstract

Accelerating rate of human impact and environmental change severely affects marine bio-
diversity and increases the urgency to implement the Convention on Biological Diversity
(CBD) 30×30 plan for conserving 30% of sea areas by 2030. However, area-based con-
servation targets are complex to identify in a 3-dimensional (3D) ocean where deep-sea
features such as seamounts have been seldom studied mostly due to challenging method-
ologies to implement at great depths. Yet, the use of emerging technologies, such as
environmental DNA combined with modern modeling frameworks, could help address
the problem. We collected environmental DNA, echosounder acoustic, and video data at
15 seamounts and deep island slopes across the Coral Sea. We modeled 7 fish community
metrics and the abundances of 45 individual species and molecular operational taxonomic
units (MOTUs) in benthic and pelagic waters (down to 600-m deep) with boosted regres-
sion trees and generalized joint attribute models to describe biodiversity on seamounts and
deep slopes and identify 3D protection solutions for achieving the CBD area target in New
Caledonia (1.4 million km2). We prioritized the identified conservation units in a 3D space,
based on various biodiversity targets, to meet the goal of protecting at least 30% of the
spatial domain, with a focus on areas with high biodiversity. The relationship between bio-
diversity protection targets and the spatial area protected by the solution was linear. The
scenario protecting 30% of each biodiversity metric preserved almost 30% of the consid-
ered spatial domain and accounted for the 3D distribution of biodiversity. Our study paves
the way for the use of combined data collection methodologies to improve biodiversity
estimates in 3D structured marine environments for the selection of conservation areas
and for the use of biodiversity targets to achieve area-based international targets.
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INTRODUCTION

Human disturbances and climate change strongly affect bio-
diversity worldwide (Andrello et al., 2022) and have severe
impacts on the well-being, food security, and socioeconomic
situation of billions of people (Eddy et al., 2021). This bio-
diversity crisis is particularly acute in the oceans (Pacoureau
et al., 2021), including on seamounts and other deep-sea envi-
ronments where overfishing, mining, pollution, and changes
in physical and chemical water properties increasingly threaten
species and associated ecosystem services (Rogers, 2018). To
safeguard ecosystems, a key response of governments, through
the Convention on Biological Diversity (CBD), is to set area-
based conservation targets, for example, the call to protect
30% of sea areas by 2030 (30×30, target 3) (CBD, 2021).
Besides the area goal, the CBD also advocates that protected
areas are of particular importance for biodiversity if they are
effectively and equitably managed, ecologically representative,
and well connected. The 3-dimensional (3D) distribution of
biodiversity in the ocean introduces challenges for achieving
area-based conservation objectives (Magris et al., 2018; Rogers,
2018).

Marine life occupies a vast vertical expanse, stretching from
the ocean’s surface to its deepest seafloor. Although species
richness decreases with depth, community compositions are
distinct in deep continental slopes and mesophotic reefs and
are as threatened as shallower ecosystems (Cruz-Acevedo et al.,
2018; Rocha et al., 2018; Vieira et al., 2018). These deep ecosys-
tems serve as essential spawning and feeding areas for valuable
fish stocks, offer potential refuge for shallow-water species in
changing climate, and are essential to the ocean’s carbon cycle
(Pinheiro et al., 2021; Rutterford et al., 2015). Seamounts are
ubiquitous features of the deep sea, spanning a territory as vast
as Europe (Kvile et al., 2014), and are among the least stud-
ied areas in the ocean, with only 0.002% of world’s seamounts
sampled for scientific purposes (Rogers, 2018). Very little is
known about fish biodiversity on seamounts, and no studies
have yet compared seamounts to other deep-sea areas, such as
continental or island slopes (Watling & Auster, 2021).

Although they are hotspots and refuges for many different
taxa (Letessier et al., 2019), seamounts are presently under-
represented in no-take marine protected areas (MPAs); only
2% of the world’s seamounts are in the global MPA network
(Letessier et al., 2019; Yesson et al., 2011). Large no-take MPAs
are the most efficient tools for protecting many aspects of
biodiversity (McClanahan, 2021), but most MPAs have been
designated in national coastal waters, without explicit consid-
eration of the different depth domains, and in areas of least
necessity and lowest fishing pressure (Devillers et al., 2015;
Jacquemont et al., 2024; Levin et al., 2018). Fisheries affect
marine ecosystems at all depths and target deep-sea features,
such as seamounts (Kerry et al., 2022). Benthic fishing extends
to the lower bathyal zones, and mesopelagic fishing is most
intense in regions above abyssal depths. This widespread fishing
activity disrupts ecosystems, affecting biodiversity and the intri-
cate balance of marine life across these various oceanic layers

(Jacquemont et al., 2024). Therefore, 2-dimensional (2D) spatial
prioritization schemes may fail to achieve ecological represen-
tation and to protect species habitats and refugia from climate
change (Brito-Morales et al., 2022; Doxa et al., 2022; Maxwell
et al., 2020). Designing MPAs in areas that include seamounts
is challenging because the depth gradient between the base and
the top of the seamounts leads to highly structured biodiversity
across depths. Three-dimensional frameworks for conserva-
tion planning are crucial for designing effective protected area
systems around seamounts.

Frameworks for planning the use and conservation of the
oceans have recently started to include depth so as to consider
oceans as a volume and not just a surface and to include cli-
matic data to provide resilient and realistic plans for the future
(Brito-Morales et al., 2022; Doxa et al., 2022; Venegas-Li et al.,
2018). However, the main obstacle to 3D conservation plan-
ning has been the lack of comparable biological data along the
depth gradient from the surface to the abyss, a problem that can
be overcome thanks to recent technological advances. Environ-
mental DNA (eDNA) metabarcoding, video, and echosounder
surveys allow quantitative data to be collected in a standardized
way at any depth. The metabarcoding of eDNA, based on the
retrieval and analysis of genetic material naturally released by
organisms in their environments, was recently shown to outper-
form dive and video surveys for estimating marine biodiversity
(Mathon et al., 2022) and to be efficient in the study of fish
assemblages on seamounts (Baletaud et al., 2023; Muff et al.,
2022). Yet, the drawback of eDNA metabarcoding is the lack of
knowledge about organism size, abundance, and biomass and
the relatively small extent of the sampled surface; only a few
liters of water are filtered from the vast ocean. Stereo baited
remote underwater video stations (BRUVS) can efficiently esti-
mate species abundance and biomass in any marine habitat
(Langlois et al., 2020), and acoustic echosounders can pro-
vide continuously a proxy of fish biomass across vast oceanic
areas (Proud et al., 2018). Thus, these 3 methods seem com-
plementary for surveying marine biodiversity and prioritizing its
conservation in 3 dimensions.

We aimed to describe and model biodiversity on seamounts
and deep island slopes and to identify 3D protection solu-
tions for achieving the CBD area target in the vast archipelago
of New Caledonia (1.4 million km2). This South Pacific bio-
diversity hotspot has been a UNESCO World Heritage Site
since 2008 and home to the world’s second-largest marine park
(1.3 million km2) since 2014. To achieve our objective, we first
collected eDNA, BRUVS, and acoustic echosounder data on
the benthic and pelagic areas of 15 seamounts and island slopes
down to 600-m depth across the archipelago. Using this unique
data set, we used modeling to predict fish richness, abundance,
and biomass and individual species abundances in 3 dimensions
on island slopes, seamounts, and pelagic surroundings. We also
identified areas of conservation priority, across 3 depth layers,
at the scale of the archipelago to achieve protection of 30%
of the spatial domain in high-biodiversity areas. Ours is the
first 3D spatial conservation planning exercise for this global
biodiversity hotspot.
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FIGURE 1 Framework of 3-dimensional (3D) conservation planning: (1) sampling at 4 study sites on deep island slopes ∼150 m (yellow), 4 sites on seamounts
with summit ∼50 m (green), 4 sites on seamounts with summit ∼250 m (red), and 3 sites on seamounts with summit ∼500 m (purple); (2) modeling of diversity
metrics with boosted regression trees (BRTs) and generalized joint attribute models (GJAMs); (3) predictions of each diversity metric; and (4) 3D conservation
planning (BRUVS, baited remote underwater video stations; eDNA, environmental DNA; MOTU, molecular taxonomic unit).

METHODS

Data collection and processing

Data were collected from April 2019 to September 2020 at 15
sites in New Caledonia, including 11 seamounts and 4 deep
island slopes (Figure 1). Sampling sites were spread through-
out the archipelago in order to obtain a wide range of human
and environmental conditions. Deep slopes were sampled from
100- to 220-m deep. Seamounts were chosen so as to have dif-
ferent summit depths. Four summits were <200-m deep in the
euphotic zone, 4 summits were 200- to 320-m deep in the inter-
mediate zone, and 3 summits were 320- to 500-m deep in the
aphotic zone.

At each site, we deployed 5–10 stereo BRUVS (total of 120)
and collected 10 benthic (total of 150) and 6 pelagic eDNA sam-
ples (total of 90). The BRUVS were deployed for 2 h with 1
kg of bait. The eDNA was collected by pumping 32 L of sea-
water through 0.2-µm filters. Pelagic eDNA was sampled at 6
depths: 20, 80, 150, 250, 500, and 1000 m. Benthic BRUVS and
eDNA samples were collected at 45–570 m. Acoustic data were
recorded continuously at 38 kHz from depths of 10 to 800 m
with an EK60 echosounder (see Appendices S1–S18 for details
on data collection).

Fish eDNA metabarcode sequences were amplified with the
teleost-specific 12S mitochondrial rRNA gene primer pair teleo

(Valentini et al., 2016). There were 12 PCR replicates per sam-
ple, conducted by the SPYGEN company. Sequencing was done
with Illumina MiSeq or NextSeq sequencers at Fasteris. Reads
were clustered with Swarm (Mahé et al., 2015) to estimate
the number of species with molecular operational taxonomic
units (MOTUs) (Marques et al., 2020). Postclustering clean-
ing removed errors. Taxonomic assignment of MOTUs was
carried out with the lower common ancestor algorithm eco-
tag implemented in the Obitools toolkit (Boyer et al., 2016).
We used the European Nucleotide Archive (ENA; Leinonen
et al., 2011) as a reference database (release 143, March 2020).
Videos were processed with CAL and EventMeasure software
(http://www.seagis.com.au). We used MaxN to estimate abun-
dance (corresponding to the maximum number of individuals
of a particular species seen in any one video frame across the
video) (Langlois et al., 2020) and the length–weight relation-
ship to derive biomass for each fish species recorded on video.
Raw acoustic data were processed with the Matecho software
(Perrot et al., 2018) and integrated in 500-m distance by 10-m
depth bins, which provided the nautical area scattering coeffi-
cient (NASC) (sA.nmi−2), a proxy for marine organism biomass
(Dornan et al., 2019), in 5064 vertical profiles down to 800-m
depth. Acoustic data were divided into benthic (mean sA in the
20 m above the seafloor) and pelagic (vertical profiles of sA from
10 m to the start of the benthic layer) compartments. Details on
eDNA and data processing are in Appendices S1–S18.
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Modeling and predicting abundance, richness,
and biomass

For each station, we calculated 7 fish community metrics,
including benthic species richness, abundance, and biomass
(BRUVS); benthic and pelagic MOTU richness (eDNA); and
benthic and pelagic acoustic biomass (echosounder). We also
extracted individual species abundance and individual MOTU
read numbers for species and MOTUs present in at least 30%
of stations per habitat (deep slope, shallow, intermediate, deep
seamounts).

Seventeen variables were collected as potential explanatory
variables for fish biodiversity patterns. At each station, we
recorded the sampling depth, the bottom depth, the site type
(seamount or deep island slope), and the depth of the summit.
We calculated the summit area (km2) and the summit rugos-
ity. For deep slope stations, the summit depth was set at 0, and
the summit area was calculated as the area of cells with a depth
<60 m. For each station, we extracted maximum and mean
sea surface temperature (SST), mean surface salinity, eastward
and northward current velocity, surface suspended particulate
matter, seafloor potential temperature, and chlorophyll a over
the last 10 years. We calculated the travel time from Nouméa
(Januchowski-hartley et al., 2020) and the minimum distances
from our sampling sites to reefs and land. Although travel time
represents accessibility of the locations to fishers (among other
industries) (Maire et al., 2016), the distance to land also reflects
the distance to land-based sources of stressors (pollution, sedi-
ment run-off) and enrichment from terrigenous inputs, and the
distance to reefs is a proxy for the influence of reef productivity
and complexity of fish assemblages.

Boosted regression trees (BRTs) (Elith et al., 2008) were
used to model total species richness and biomass, benthic and
pelagic MOTU richness per sample, and benthic and pelagic
acoustic biomass. The BRUVS biomass and abundance, acous-
tic biomass, and MOTU richness were log transformed. To find
the combination of parameters producing the best fit, we used
the function gbm.step, which assesses the optimal number of
boosting trees using k-fold cross validation, from the dismo R
package (Hijmans et al., 2017).

Parameters were tree complexity (from 1 to 5), learning rate
(0.01, 0.005, or 0.001), and the bag fraction (0.5 or 0.75). All
possible combinations of tree complexity, learning rate, and bag
fraction were run (number of folds set to 10, initial number
of trees set to 700, step size 25). The combination with the
lowest deviance and standard error was then selected to iden-
tify best parameters. Models were computed with the function
gbm.fixed, which uses the best parameters and a fixed number
of trees identified previously. The predictors contributing the
most to the models were selected, and the final models were
computed with gbm.step.

The species abundance data obtained from BRUVS and the
numbers of benthic and pelagic eDNA reads were used in
generalized joint attribute models (GJAMs) that were run in
the gjam function in the gjam R package (Clark et al., 2017).
The explanatory variables included in each model were selected
with a stepwise procedure. To avoid multicollinearity among

variables in our models, only variables with a variance infla-
tion factor (VIF) <10 were kept in the final model. Pearson’s
correlation coefficient r was computed between observed and
predicted values to estimate the model’s goodness of fit.

Using the best models, we predicted values for the 7 biodi-
versity metrics and the abundances of individual species and
MOTUs at the scale of the New Caledonian EEZ on an equal-
size grid with a 1 × 1-km resolution. Predictions from the 7
BRTs were calculated with the function predict from the R pack-
age dismo, and predictions from the 3 GJAMs were made with
the function gjamPredict from the R package gjam (Appendix
S1). The choice of 1 × 1-km grid size corresponded to the
resolution of our explanatory variables and was considered
appropriate in the context of conservation planning because the
smallest MPA in New Caledonia had an area of 1.5 km2 (Juhel
et al., 2019). Using a finer grid scale would unnecessarily slow
the computations with regard to the size of the maritime space
considered.

All analyses were computed in R 4.2.2 (R Core Team, 2022)
(model details in Appendix S1).

Spatial conservation planning in 3 dimensions

The benthic prediction rasters were divided in 3 depth layers
(seafloor at 0–200, 200–400, and 400–600 m, approximately
corresponding to euphotic, intermediate, and aphotic zones,
respectively), and the pelagic predictions were aggregated within
these 3 depth layers (sum of SA and mean of MOTU richness).
We used the spatial prioritization prioritizr R package (Han-
son et al., 2022) with the Gurobi optimizer (version 10; Gurobi
Optimization, LLC, 2023) to identify conservation priority areas
across the 3 depth layers.

To perform the 3D spatial prioritization, we modified the
input data required for the 2D prioritization to include each
1 × 1 km (horizontal resolution) × 200 m (vertical resolution)
cubic unit as a volume. Each planning unit was identified by
a unique identifier, a 2D identifier, and a depth identifier. The
total number of planning units was 212,684 (85,247 in first
depth layer, 69,688 in second depth layer, and 57,749 in third
depth layer). Then, we computed the boundary area between
each pair of planning units so that each planning unit shared
surface boundaries with its 2D neighbors and with units in the
upper and lower depth layers.

The prioritization was computed with the minimum set
objective function to minimize the cost of the solution while
ensuring that all targets were met (Rodrigues et al., 2000) and
with an optimality gap of 10%. Instead of an area-based tar-
get, we set relative targets to ensure adequate representation
for each of the 7 biodiversity metrics and 45 important species
distributions (details in “RESULTS”). Specifically, we generated
multiple prioritizations under a range of different relative targets
for each of the biodiversity metrics (i.e., 10%, 20%, 30%, 40%,
and 50%) to examine trade-offs between biodiversity conserva-
tion and the total volume of sea protected. We then computed
the surface protected by each solution as the 2D spatial cov-
erage to find a solution that would allow protecting 30% of

 15231739, 0, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/cobi.14368 by IR

D
, W

iley O
nline L

ibrary on [04/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CONSERVATION BIOLOGY 5 of 13

the spatial domain while protecting high-biodiversity areas. We
computed a theoretical marine spatial planning (MSP) based
solely on biodiversity (not influenced by already protected areas
or fisheries impact) because it is usually done for realistic and
applicable MSPs. We thus set an equal cost of 1 to all the
planning units. We also compared areas prioritized by our the-
oretical MSP with areas already included in existing MPAs in
New Caledonia, including the newly created (2023) MPAs in the
archipelago of New Caledonia Sea (Decree n◦2023-2955/GNC
from 18 October 2023).

The formulation of the problem with prioritizr includes a
factor referred to as boundary length modifier (BLM), which
controls the compactness of selected units. Lower BLM val-
ues provide more spatially fragmented solutions, whereas higher
BLM values emphasize compact solutions. Spatially and ver-
tically compact protected areas may more efficiently protect a
wide range of species and be easier to manage (cover large spa-
tial and depth ranges, limit the fishing pressure on the edges,
and protect the entire water column). For the solution allowing
protection of 30% of the spatial domain, we computed 8 itera-
tions of our prioritization problem with BLM values from 0 to
100 (0, 10−4, 10−3, 10−2, 10−1, 1, 10, 100) with the function
add_boundary_penalties, which adds penalties to favor solu-
tions that spatially clump planning units based on the overall
boundary area, and assessed the efficiency of each solution. For
each solution, we computed the total cost and the total bound-
ary area (a proxy of fragmentation). We used the technique for
order of preference by similarity to ideal solution (TOPSIS) to
rank the solutions and find the best trade-off between total cost
and total boundary area (Greene et al., 2011; Hwang & Yoon,
1981) (details in Appendix S1).

The data used for this article are archived in a public repos-
itory Zenodo: https://doi.org/10.5281/zenodo.11480777. The
codes used for the analyses are available at https://github.com/
lmathon/Seamounts_3Dmodeling.

RESULTS

Abundance, richness, and biomass

We identified 190 species from 53 families with the BRUVS and
596 MOTUs from 93 families with eDNA. The species and
families had different distributions among site types. Twenty-
three species, 12 benthic MOTUs, and 10 pelagic MOTUs were
retained for the GJAM analyses (Appendices S19–S24).

The modeling of the 7 fish community metrics with BRTs
all reached moderate to high cross-validation accuracy (mean
R = 0.7) (Figure 2a). The relative contribution of each explana-
tory variable varied largely among models, but depth (seafloor
depth and summit depth), remoteness (travel time to Nouméa,
distance to reef and land), and temperature (SST and seafloor
temperature) appeared to be the most important factors.
Among all models, seafloor depth ranked first (mean [SD]
contribution of 20.7% [25]) and was most important in explain-
ing BRUVS fish abundance and biomass, whereas sampling
depth most influenced pelagic acoustic biomass. Travel time

had a mean contribution of 13.8% (11) and was a major factor
explaining eDNA benthic MOTU richness, acoustic biomass,
and BRUVS species richness. All the fish community met-
rics showed varying relationships with the explanatory factors
(model results in Appendices S25–S32).

The modeling of 45 individual species abundances and
MOTU read numbers with GJAMs provided moderate to high
goodness of fit (R = 0.62–0.68). The GJAM on BRUVS species
abundance revealed 3 clusters, mostly explained by salinity, habi-
tat, and distance to land (Figure 2b). The first cluster included
species associated with great depth, either on seamount or
deep slopes. The second group was species associated with
seamounts and shallow depth, and the third group was species
associated with deep slopes and low salinity.

The GJAM on benthic MOTU reads revealed 3 clusters
mostly influenced by SST, suspended particulate matter, and dis-
tance to reef. The GJAM on pelagic MOTU reads highlighted 2
clusters influenced by salinity, SST, and site type (model results
in Appendices S33–S38).

Archipelago-wide predictions

Predictions of the 7 community metrics, the 23 selected species
abundances, and the 22 selected MOTU read numbers at
the scale of the New Caledonian archipelago reflected well
the influence of each explanatory variable and showed spa-
tial heterogeneity horizontally and vertically (prediction results
in Appendices S39–S44). For example, fish species richness
predicted from the BRUVS data set was higher on shallow
seamounts and remote island slopes (e.g., on reefs in the north-
ern and southern lagoons and Fairway) in the first depth layer
(0- to 200-m deep) and on deep seamounts (e.g., south of Bel-
lona and Grande Terre) in the third depth layer (400- to 600-m
deep) (Figure 3a,b). Likewise, strong spatial differences existed
in the 3D distribution of modeled species and MOTUs. For
example, the commercially important deep-water snapper (Pris-

tipomoides filamentosus) was more abundant on relatively shallow
island slopes, whereas the dogfish shark (Squalus megalops) was
more abundant on deepest slopes and seamounts (Figure 3c,d).
To account for such a horizontally and vertically heterogeneous
seascape, benthic and pelagic predictions were included in 3
depth layers in the 3D prioritization computation.

Spatial conservation planning in 3 dimensions

The different targets of biodiversity protection yielded solutions
with different spatial coverages. There was a strong linear rela-
tionship between protection targets of biodiversity metrics and
area of the spatial domain protected (R2 = 1, slope = 1.07 [SE
0.001], intercept = 2.84 [0.06]). Protecting 30% of each bio-
diversity metric led to protecting 34.9% of the spatial domain
considered (29,788 km2 out of 85,247 km2). Lower biodiversity
targets led to solutions protecting <30% of the domain (13.5%
and 24.3% for biodiversity targets of 10% and 20%, respec-
tively). Higher biodiversity targets protected larger surfaces
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FIGURE 2 (a) Relative contribution of each variable in each boosted regression tree model (0%, variable not included in the model; blue points, mean
contribution of each variable among models; error bars, standard deviation among models; BRUVS, baited remote underwater video stations; eDNA, environmental
DNA) and (b) strength of correlation between fitted species abundances from BRUVS and predictors of species in the generalized joint attribute model (left panel,
correlation among species in terms of their responses to predictors with associated correlation scale; right panel, correlation of each species with predictors with
associated correlation scale; dotted lines, 3 species clusters).
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CONSERVATION BIOLOGY 7 of 13

FIGURE 3 Predicted fish (a, b) species richness and (c, d) individual species abundance, as measured from baited remote underwater video stations, from the
fitted values of the boosted regression trees and generalized joint attribute models in all seamounts and deep slopes of the New Caledonian economic exclusive zone
down to 600-m deep for (a) cells <200-m deep, (b) cells with seafloor 400- to 600-m deep, (c) Pristipomoides filamentosus down to 600-m deep, and (d) Squalus megalops

down to 600-m deep.

(45.7% and 56.3% for biodiversity targets of 40% and 50%,
respectively). Details of prioritization results are in Appendix
S45.

The solution obtained with biodiversity targets of 30% and
no penalty on fragmentation (BLM = 0) was highly fragmented
and prioritized 60,241 planning units (Figure 4a). With this solu-
tion, 44% of planning units were prioritized across all depth
layers, mostly located on remote deep slopes and on several
seamounts. Twenty-four percent of planning units were prior-
itized only in the first depth layer (0–200 m), mostly on the
shallow slope around Chesterfield and on shallow seamounts,
whereas 8% of planning units were prioritized only in the inter-
mediate depth layer (200–400 m) and 10% only in the deepest
depth layer (400–600 m).

The ranking of the different prioritization solutions obtained
with the target of 30% and various BLM values with the TOP-
SIS method identified the best solution with a BLM value of 10
(Appendices S46–S47). This solution had 63,112 planning units,
total boundary area of 30,557 km2 (vs. 51,583 km2 for BLM0),

and total surface of 23,913 km2, including 13,213 km2 on slopes
and 10,700 km2 on seamounts (Figure 4b). This corresponded
to 28% of the total spatial domain (total area of 85,247 km2),
30.5% of the slopes, and 25.4% of the seamounts considered
in the study down to 600-m depth. More than 70% of plan-
ning units prioritized by this solution were across all depth
layers. Protection targets were met for all metrics included in
the prioritizing algorithm, with low disparity in effective pro-
tection (mean = 32.7%, maximum = 47%) (Appendix S48).
This conservation solution comprised 17 main areas: 6 areas
on slopes and seamounts of the Chesterfield–Bellona alignment
(Lord Howe ridge), one area on the Fairway ridge, 2 areas on the
slopes of Entrecasteaux and the Great Northern Lagoon, one
area on the northeast of Grande Terre, 3 areas on the slopes and
seamounts of the Loyalty islands ridge, and 4 areas on slopes in
the south of Grande Terre and on southern seamounts (Nor-
folk ridge). Existing MPAs in the archipelago of New Caledonia
cover shallow areas in Grande Terre, the Chesterfield, Bellona,
Entrecasteaux, Petri, and Astrolabe remote reefs, and deeper
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8 of 13 Mathon ET AL.

FIGURE 4 Priority conservation areas across space and depth and along a compactness gradient: (a) solution with boundary length modifier (BLM) of 0 (i.e.,
fragmented solution) and (b) solution with BLM = 10 (best solution identified by technique for order of preference by similarity to ideal solution score) (colors,
depth in meters at which each planning unit is prioritized, as shown by the Venn diagram; dark gray, land; light gray, planning units not prioritized by the solution;
histograms, percentage of planning units across depth layers and habitats).

areas on the ridges of Fairway and Norfolk. Overall, 36.5% of
the areas covered by our solution are already in MPAs, mostly
shallow areas on remote reefs and ridges. The remaining unpro-
tected 63.5% covered coastal deep slopes off Grande Terre and
Loyalty Islands; deep areas around Chesterfield, Bellona, Capel,

and Entrecasteaux; seamounts on the Lord Howe ridge; and
the whole area on the Fairway Bank (prioritization results in
Appendix S49).

Thus, this solution preserved 30% of the fish biodiversity
in ∼30% of the considered spatial domain while accounting
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for the 3D distribution of biodiversity and offering relative
compactness to implement management plans.

DISCUSSION

We collected and modeled a set of biodiversity metrics on 15
seamounts and deep slopes of the New Caledonian archipelago
and conducted spatial conservation planning in 3D with differ-
ent conservation targets for each of our 52 modeled metrics.
The conservation solution allowing protection of ∼30% (28%)
of the area covered by the studied spatial domain, consis-
tent with the 30×30 CBD target, protected at least 30% of
each diversity metric (32.7% average) and focused on areas of
high importance for biodiversity. This solution was sufficiently
compact to provide a reasonable first draft of an area-based
management plan while accounting for the 3D distribution of
species and biodiversity down to 600-m depth. Furthermore,
there was a remarkable linear relationship between biodiver-
sity conservation target and the area of the prioritized solution.
Therefore, our biodiversity-based approach seems promising to
implement area-based strategic plans in poorly known 3D struc-
tured deep-sea environments and other environments where
habitats and assemblages cannot be precisely defined.

The strong linear relationship between biodiversity conser-
vation target and the area prioritized (R2 = 1, slope = 1.070,
intercept = 2.84) may have resulted from targeting the protec-
tion of a wide variety of species with different ecological niches
and habitats preferences, which may have led to the protection
of a large proportional area comprising all the correspond-
ing habitats. Kujala et al. (2018) found that intermediately rare
species occupying mostly species-poor habitats have the great-
est influence on the spatial extent of the prioritization, whereas
very rare and common species tend to have a small influence.
This relationship may not be linear when considering fewer
species or a 2D space with little variety. However, further studies
are needed in other ecosystems and in other geographic areas to
test the generality of this relationship.

The solution of 3D conservation planning with no penalty
for compactness was highly fragmented both horizontally and
vertically; many planning units were selected in only one or
2 depth layers. Adding a penalty for fragmentation, with a
higher value of BLM, led to a more horizontally and vertically
compact solution, which may be more efficient in protecting
diversity, especially for species with large ranges and species that
are more easily managed and surveilled (Edgar et al., 2014).
The solution with a BLM of 10 was almost a 2D solution
that protected the 3D distribution of biodiversity by favoring
the protection of a few large contiguous areas, including all
feature types (seamounts and slopes) across the whole water
column. The archipelago of New Caledonia hosts one third of
global wilderness coral reefs, mostly on Chesterfield, Bellona,
and D’Entrecasteaux reefs (Januchowski-hartley et al., 2020),
which are currently included in highly protected areas (Claudet
et al., 2021). Among the areas prioritized by our best planning
solution, derived from the 3D distribution of 52 modeled bio-
diversity metrics, 36.5% are already included in current MPAs,

mostly in shallow waters around Chesterfield, Bellona, and
Entrecasteaux reefs and on the Southern Ridges (Norfolk and
Fairway). However, our solution also prioritized deeper areas on
seamounts and atolls in the Coral Sea Marine Park, where pro-
tection may be easy to achieve due to low human pressure and
deep slopes along the Grande Terre and the Loyalty Islands.

Our study is one of the few comparing biodiversity from
seamounts and deep slopes and combining several novel sam-
pling technologies (Mazzei et al., 2021; Salvetat et al., 2022).
Most studies on deep water diversity focus only on one habi-
tat and use no more than one or 2 sampling methods (Cherel
et al., 2020; Mejía-Mercado et al., 2019). Our modeling frame-
work revealed that each metric was explained by a different
combination of environmental variables and hence had a rather
unique distribution. The 3D optimization was therefore essen-
tial to selecting the planning units that could protect all metrics
in such a heterogeneous seascape. Despite the heterogeneity,
depth, remoteness (travel time, distance to land and reefs), and
temperature were the strongest predictors of our biodiversity
metrics. Most metrics decreased with increasing summit depth
or seafloor depth, which is consistent with previous studies
of fish diversity along depth gradients (Quattrini et al., 2017).
Pelagic acoustic biomass showed a second peak around 500-m
deep, which corresponds to the region of micronektonic con-
centration in the daytime (Ariza et al., 2016). Areas close to
land and reefs with a low human impact showed higher diversity
levels because they benefit from higher habitat diversity, terrige-
nous influence (Carassou et al., 2010), and reef areas supporting
large populations and individuals (Gove et al., 2016). Most bio-
diversity metrics increased with moderate travel time, which
is concordant with a similar relationship shown for reef bio-
diversity, where biomass, but also functional and phylogenetic
diversity, increased with travel time (Maire et al., 2016).

Our biodiversity predictions were mostly higher on deep
slopes around the Grande-Terre and remote atolls (Chesterfield,
Entrecasteaux) and on shallow seamounts (Capel, Fairway).
Deeper seamounts hosted high abundances of species associ-
ated with great depth but had lower biodiversity in general.
These results are consistent with recent studies on seamounts
showing that deep-sea fish assemblages are strongly correlated
with depth, salinity, rugosity, and chlorophyll a (Muff et al.,
2022) and that shallow seamounts are refuges for marine preda-
tors, such as sharks, jacks, tunas, and billfish (Letessier et al.,
2019).

We provide a complete framework for 3D conservation plan-
ning, including steps for collecting field data, preparing data for
analyses, and subsequently generating spatial prioritizations in
3 dimensions. This framework aligns with the goals and targets
of the CBD for 2030 to ensure the sustainable management of
wild species and implementation of biodiversity-inclusive spa-
tial planning (targets 1 and 9). Target 3 calls for the protection
of 30% of land and sea areas, focusing on well-connected areas
of particular importance for biodiversity. By including several
biodiversity metrics and targets (richness, biomass, abundance,
important species) and the penalty on fragmentation, our frame-
work ensures that the areas selected are diverse, functional, and
well connected. The linear relationship between biodiversity and
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area target suggests that using species-based targets may lead
to solutions covering an equivalent area, which can be useful
when habitats are not well known, and protecting the water col-
umn. The collection of a comprehensive data set, with various
methods and metrics, is challenging and costly, but necessary
to include the most accurate data in the prioritization pro-
cess. Video analyses from BRUVS could be more efficient with
deep learning algorithms to identify and measure the species
automatically (Villon et al., 2021), and the costs of eDNA
analyses are decreasing as the method becomes more widely
used.

Despite our massive sampling effort, we could not sample
temporal replicates; thus, the conservation planning resulting
from this sampling reflects a snapshot of the diversity. We could
not sample seamounts deeper than 600 m or deep-sea envi-
ronments, such as abyssal valleys between seamounts. Although
sampling on the valleys would be technically challenging, it may
bring some evidence for seamounts as hotspots of fish diversity
in the open ocean (Campanella et al., 2021). We sampled deep
slopes down to 220-m deep and extrapolated the predictions
to 600 m so as to have similar depth range as seamounts data.
Although other studies confirm that deep island slopes harbor
diverse fish and coral assemblages (Cruz-Acevedo et al., 2018), it
would be necessary to add samples from deep slopes at 600 m to
increase confidence in our interpretation. We sampled modeled
and predicted fish biodiversity only. Although our prioritization
solution reflects the most important areas for the conservation
of fish biodiversity, some other areas may be important for other
taxa. Seamounts have been identified as oases of epibenthic
megafauna (Rowden et al., 2010) and important feeding areas
for cetaceans (Romagosa et al., 2020).

Each of the sampling methods we used had its own limi-
tations. The accuracy of diversity estimates with BRUVS can
be limited by the visibility at the station (Langlois et al., 2020).
The acoustic estimates obtained with the 38-kHz echosounder
corresponded to micronekton and so included mostly fish but
also crustaceans and cephalopods. Fish estimates could be
incomplete because a large biomass of mesopelagic fish with-
out gas-filled swim bladders may be present but hidden to the
acoustic signal by stronger scatterers (Davison et al., 2015). One
way to improve our acoustic estimates could be to use multifre-
quency or wideband acoustic vertical profilers. For the analyses
of eDNA metabarcoding data, we used MOTUs curated by a
conservative pipeline to decrease the number of MOTUs rep-
resenting the same taxa and thus better reflect the true level
of fish diversity (Brandt et al., 2021; Marques et al., 2020).
This methodology may, however, underestimate fish diversity
of rare fish species that are more poorly represented in public
databases. Moreover, the high number of PCR cycles may influ-
ence the detection of species by introducing bias due to PCR
errors and reducing the detection of rare species, depending on
the primer specificity (Kelly et al., 2019). Our models may also
fail to isolate the effect of each variable because our sampling
stations were close to each other at each site, and the variables
may be locally correlated.

Our 3D conservation planning solution remains theoretical.
To obtain a more realistic scenario, we would also have had to

include a broader range of taxa in our process, not just fishes,
and to have given more weight to rare or endangered species
or to areas of special interest (e.g., existing protected areas) and
less weight to areas of special use (e.g., fishing areas). This pro-
cess would require a dialogue with stakeholders, managers, and
decision makers to define their interests, needs, opinions, and
constraints and guarantee their support in the creation of the
conservation plan (André et al., 2021; Frazão Santos et al., 2021;
Markantonatou et al., 2021), but this is outside the scope of our
work. Integrating predictions of future climate change in the
conservation planning and identifying climate change hotspots
and refuges would allow placing MPAs in climate-resilient areas
and limit the impacts of climate change on ocean ecosystems
(Brito-Morales et al., 2022; Queirós et al., 2021). Connectivity
may also be an important parameter to include in the con-
servation planning, through the analysis of species dynamics
and dispersal. A well-connected network of MPA may enhance
the persistence of both large-range and small-range species,
especially at a larger spatial scale (i.e., the Coral Sea) (Magris
et al., 2018). To choose the best solution, we used BLM cali-
bration and the TOPSIS method, but finding the best trade-off
can be challenging because it depends on a range of factors,
and other methods can be used (Arafeh-Dalmau et al., 2021;
Brito-Morales et al., 2022; Venegas-Li et al., 2018).

From extensive deep-sea sampling down to 600 m on
15 seamounts and deep slopes across the New Caledonian
Archipelago and by combining high-tech methods, we pro-
vide a framework for modeling, predicting, and prioritizing
biodiversity across space and depth. Our results suggest that
fish biodiversity is strongly structured across depth, although
each metric had its own spatial distribution in a highly het-
erogeneous seascape. Three-dimensional conservation planning
allowed the definition of a solution that included a few areas
of high biodiversity importance across all depths, covering 30%
of the spatial domain studied. The selected areas, of different
sizes, were scattered throughout the Coral Sea Marine Park at
different latitudes and depths, which is an advantage for the
conservation of a majority of species and habitats against human
pressures and climate change. Our study paves the way for a
new methodological framework for the selection of conserva-
tion areas in 3D structured environments, taking into account
the depth and its biodiversity. This methodology could help pro-
vide solutions compatible with the area-based targets agreed by
the international community.
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