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Abstract

Marine biodiversity is being rapidly redistributed in response to ocean change, yet
globally consistent datasets that resolve suitable habitat across both depth and time
remain scarce. Here, we present a multi-decadal, depth-resolved Area-of-Habitat (AOH)
dataset for a globally distributed subset of marine species assessed by the [UCN Red
List. We integrated approximately 45.5 million occurrence records with [UCN expert
range maps and physical and biogeochemical ocean reanalysis data spanning 1993—
2025. Species-specific MaxEnt models were successfully fitted for 5,619 species
primarily fishes (4,815 species), together with reef-forming corals, molluscs, lobsters,
marine mammals, marine reptiles, mangroves and seagrasses. The fitted models were
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projected across 50 standard depth layers for 1995, 2000, 2005, 2010, 2015, 2020 and
2025. Phytoplankton, zooplankton and macroalgae were not included. Model
predictions were constrained to the original [IUCN ranges to generate continuous, range-
constrained estimates of environmental suitability, operationally defined here as marine
AOH. The resulting dataset comprises species-level layers and aggregated products
resolved by depth and year. Internal consistency assessments showed that predicted
suitability was generally higher at species occurrence locations across the evaluated
species and depth layers. Independent comparisons with global coral-reef distributions
and FishGlob scientific survey observations further supported the ecological
plausibility and spatial realism of the resulting AOH estimates.

Aggregated analyses revealed pronounced vertical differentiation in marine AOH,
with shallow and deeper waters exhibiting distinct spatial concentrations and temporal
trajectories. By integrating geographic space, ocean depth and multi-decadal
environmental change within a consistent modelling framework, this dataset provides
a standardized resource for investigating marine habitat redistribution, identifying
persistent areas of high suitability and potential climate refugia, and evaluating the
correspondence between suitable habitats and marine protected areas in a changing
ocean. The dataset is publicly available at https://doi.org/10.5281/zenodo.21933262
(Yu and Li, 2026).

1. Introduction

Marine biodiversity is declining under the combined pressures of climate change,
overexploitation, pollution and habitat degradation, with broad consequences for
ecosystem functioning and the benefits that marine ecosystems provide to society
(IPBES, 2019; Portner et al., 2023). In response, the Kunming—Montreal Global
Biodiversity Framework calls for the effective conservation and management of at least
30% of coastal and marine areas by 2030 (CBD, 2022). Achieving this target requires
spatially explicit, repeatable and comparable information on species and their habitats,

enabling biodiversity patterns, conservation priorities and protected-area coverage to
2

Open Access

Earth System
Science

Data

suoIssnoasiq



https://doi.org/10.5194/essd-2026-785
Preprint. Discussion started: 29 October 2026
(© Author(s) 2026. CC BY 4.0 License.

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

be assessed consistently across space and time. Area of Habitat (AOH) mapping
provides a standardized framework for delineating environmentally suitable habitat
within species’ geographic ranges and for aggregating such information across species
to support biodiversity assessment (Brooks et al., 2019; Lumbierres et al., 2022). When
generated consistently across multiple time points, AOH maps can further characterize
changes in the extent and spatial distribution of suitable habitat, thereby supporting
biodiversity monitoring and conservation planning (Yang et al., 2025; Li et al., 2025).
Extending this framework to marine systems therefore offers an important basis for
assessing large-scale patterns of marine habitat suitability and tracking their changes
through time.

Substantial progress has been made in developing standardized AOH datasets for
terrestrial biodiversity, including multispecies products for mammals, birds and
amphibians at regional to global scales (Rondinini et al., 2011; Ficetola et al., 2015;
Palacio et al., 2021; Lumbierres et al., 2022). More recent datasets have further
incorporated historical time series or future scenario projections, enabling dynamic
assessments of habitat change (Yang et al., 2025; Li et al., 2025). The need for dynamic
assessment also extends to marine systems, including deeper waters where species
adapted to long-term environmental stability are nevertheless expected to face
increasing climate velocities even under ambitious mitigation pathways (Brito-Morales
et al., 2020; UNEP, 2026). Comparable global marine mapping has advanced primarily
through habitat-suitability and species-distribution frameworks such as AquaMaps and
AquaX, which combine occurrence records, geographic constraints and environmental
information to estimate suitable areas for thousands of marine species (Kaschner et al.,
2006; Ready et al., 2010; Reygondeau et al., 2026). However, existing global marine
products remain limited in two important respects. First, most represent either
climatological baselines or a small number of widely separated future periods, rather
than a consistent multi-decadal sequence suitable for examining historical changes in

marine habitat. Such limited temporal coverage constrains the ability to distinguish
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persistent redistribution from short-term variability and to identify when suitable
habitats have expanded, contracted or shifted. Second, existing products generally
represent marine distributions in two-dimensional geographic space or distinguish only
broadly between surface and bottom environments. Yet the ocean is strongly vertically
stratified: temperature, oxygen, salinity, light, productivity and pressure vary
substantially through the water column, and both species composition and habitat
suitability can differ markedly among depth layers (Duffy and Chown, 2017; Woolley
et al.,, 2016; Woods et al., 2023; Duhamet et al., 2023). Models that associate
observations collected at depth with surface conditions, or that collapse the water
column into a small number of broad depth categories, may therefore mischaracterize
species’ environmental niches and obscure vertically structured habitat redistribution
(Duffy and Chown, 2017; Robinson et al., 2017; Klaassen et al., 2025). Together,
limited temporal coverage and coarse vertical representation constrain comprehensive
assessments of marine habitat change across space, depth and time.

To address these limitations, we developed a multi-decadal, depth-resolved AOH
dataset for global marine species. We integrated approximately 45.5 million occurrence
records from the Global Marine Biodiversity Dataset (Dou, 2024) with physical and
biogeochemical ocean reanalysis data spanning 1993-2025 from two Copernicus
Marine Service products (Copernicus Marine Service, 2024a, 2024b). Environmental
conditions were harmonized across 50 standard depth layers and used to fit species-
specific MaxEnt models for 5,619 marine species. The fitted models were projected for
seven target years (1995, 2000, 2005, 2010, 2015, 2020 and 2025), selected at regular
five-year intervals to provide temporally consistent snapshots and to include 2020 as a
policy-relevant reference point marking the endpoint of the Aichi Biodiversity Targets
and the transition to the post-2020 global biodiversity framework. These projections
generated species-level estimates of range-constrained environmental suitability across
geographic space, depth and time. We assessed the resulting dataset using

complementary internal consistency checks at the species and depth-layer levels
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together with independent comparisons against global coral-reef distributions and
scientific bottom-trawl observations. By integrating long-term temporal coverage with
explicit vertical resolution, this dataset provides a standardized resource for
investigating marine habitat redistribution, examining depth-dependent changes in
habitat suitability, identifying persistent areas of high suitability and potential climate
refugia, and evaluating the correspondence between suitable habitats and marine

protected areas in a changing ocean.

2. Methods

2.1 Overall workflow

We developed an integrated workflow to generate a multi-decadal, depth-resolved
Area-of-Habitat (AOH) dataset for global marine species (Fig. 1). The workflow
combined species occurrence records, [UCN expert range maps, and depth-resolved
physical and biogeochemical ocean variables to estimate species-specific
environmental suitability across geographic space, depth and time. It consisted of three
main stages: preparation and harmonization of biological and environmental inputs;
species-specific distribution modelling and spatiotemporal projection; and construction,
aggregation and evaluation of the resulting AOH products. First, species occurrence
records, [UCN range maps and depth-resolved environmental variables were compiled,
screened and harmonized to a common spatial, temporal and vertical framework.
Second, independent MaxEnt models were fitted for individual species using
occurrence records together with depth-specific, sampling-bias-adjusted background
points, and the fitted models were projected across seven target years and the depth
layers represented by each species. Third, the continuous suitability predictions were
constrained to the original IUCN ranges to generate species-level marine AOH layers.
These layers were subsequently aggregated using area-weighted metrics to characterize
spatial, vertical and temporal patterns, and their plausibility was assessed through

internal consistency checks and independent external comparisons.
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Fig. 1. Workflow for generating the multi-decadal, depth-resolved marine Area-of-Habitat dataset.

2.2 Species and environmental data

We first compiled accepted scientific names and species-specific depth limits for
marine species. Because the [UCN Red List covers marine species that have undergone
formal conservation assessment, the resulting species pool represents a taxonomically
incomplete subset of described marine biodiversity rather than a comprehensive

inventory of all marine species. In this study, “global marine species” therefore refers
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to the worldwide spatial coverage of the [UCN-assessed marine taxa included in the
analysis, subject to the availability of usable depth, occurrence and range information.
Upper and lower depth limits were available for 16,445 species.

We then obtained approximately 140 million raw marine species occurrence
records from the Global Marine Biodiversity Dataset (Dou, 2024), released by the
Oceanographic Data Center, Chinese Academy of Sciences. This point-based dataset
integrates occurrence records originally sourced from the Ocean Biodiversity
Information System (OBIS) and the Global Biodiversity Information Facility (GBIF),
provides environmental attributes matched to the coordinates, depths and collection
times of individual records, and includes species names matched to the accepted names
provided by IUCN. Records were screened for valid scientific names, geographic
coordinates, depths and collection years. Where an observed depth was unavailable, it
was assigned using the median of the species’ [UCN depth range; records lacking both
observed and IUCN-derived depth information were excluded. Following this initial
screening and matching with the [UCN species list, approximately 45.5 million
occurrence records representing 15,128 species remained, while 1,317 ITUCN species
without usable occurrence records were excluded. To reduce the risk of unstable models
under our depth-stratified, density-weighted background-sampling design, we required
a minimum of 15 valid occurrence records per species for species-level MaxEnt model
fitting, consistent with the threshold adopted in comparable marine MaxEnt
applications (La Manna et al., 2024). Applying this criterion retained 5,673 species for
model training (Section 2.3).

Pairwise correlations among the 11 candidate predictors were evaluated using the
harmonized, spatially continuous CMEMS environmental grids (Copernicus Marine
Service, 2024a, 2024b). These predictors represent environmental variables commonly
used to characterize marine species distributions, including temperature, salinity, ocean
currents, oxygen conditions, nutrient availability, acidity and primary productivity

(Tyberghein et al., 2012; Assis et al., 2018; Pickens et al., 2021). The 11 variables
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included seawater temperature, salinity, eastward current velocity, northward current
velocity, chlorophyll-a concentration, nitrate concentration, phosphate concentration,
silicate concentration, dissolved oxygen concentration, pH and net primary production.
Pairwise Pearson correlations were calculated to assess collinearity, with [r] > 0.8
considered indicative of strong correlation. Based on the observed correlation structure
across representative depth layers, together with ecological relevance, we retained
seawater temperature, salinity, chlorophyll-a concentration, nitrate concentration and
dissolved oxygen concentration. Although temperature and dissolved oxygen were
strongly correlated in some upper-ocean layers, both variables were retained because
they represent distinct thermal and aerobic constraints on marine species distributions,
and their correlation varied substantially with depth. Their selection was also supported
by their established relevance to marine species distributions. Temperature is a major
environmental driver shaping the distribution and diversity patterns of marine
organisms (Tittensor et al., 2010), while dissolved oxygen constrains their aerobic
habitats (Deutsch et al., 2020). Salinity and nitrate reflect hydrographic and resource
gradients and have been identified as important predictors of marine species
distributions, although their relative importance varies among taxonomic groups and
depth zones (Egorova et al., 2025). Chlorophyll-a provides an indicator of
phytoplankton biomass and associated resource availability and has contributed
substantially to explaining the spatiotemporal distributions of pelagic fishes (Wang et
al., 2018).

The selected predictor layers were obtained from the Copernicus Marine Service
(CMEMS) for model calibration and spatiotemporal projection (Copernicus Marine
Service, 2024a, 2024b). Monthly data covering 1993-2025 were aggregated into annual
means. The physical variables were provided at a native horizontal resolution of
approximately 0.083° (1/12°), whereas the biogeochemical variables were provided at
0.25°. To establish a common horizontal grid, the biogeochemical variables were

resampled to the 0.083° physical grid using nearest-neighbour interpolation. Seawater
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temperature and salinity were provided across 50 standard depth layers, whereas
chlorophyll-a concentration, nitrate concentration and dissolved oxygen concentration
were originally provided across 75 depth layers. The biogeochemical variables were
also aligned with the 50 physical depth layers using nearest-neighbour interpolation.
The processed environmental layers were used to extract environmental values for
occurrence and background records and to generate the temporal and depth-resolved
model projections described in Section 2.3. Species range polygons were obtained from
the [TUCN Red List spatial database and used to screen occurrence records and constrain
the spatial extent of the species-level AOH estimates. We retained polygons with
presence classified as Extant, Probably Extant, or Possibly Extant and origin classified
as Native, Reintroduced, or Introduced. Multiple polygons belonging to the same
species were merged by scientific name. To exclude geographically distant occurrence
records while retaining observations near mapped range boundaries, each species' range
was buffered outward by approximately 500 km. Occurrence records were intersected
with the corresponding buffered ranges, and only records located within these areas
were retained for model fitting.

The labels L1-L50 denote the 50 physical-product depth coordinates, from
approximately 0.5 to 5,727.9 m, rather than 50 equal-thickness depth intervals. This
retains the native vertical framework of the CMEMS physical reanalysis (Copernicus
Marine Service, 2024b). For Figures 2—4, eight illustrative levels were used: L1, L2,
L5, L10, L15, 120, L30 and L40 (0.5, 1.5, 5.1, 13.5,29.4, 65.8, 380.2 and 1,941.9 m).
This subset provides a compact view of densely resolved shallow waters and
progressively deeper levels; it is a visualization subset, not a separate ecological
zonation or a statistically optimized selection. Modelling retained the full 50-level
framework, subject to species-level data availability.

The approximately 500-km range buffer was a pragmatic tolerance for screening
occurrences near expert-mapped range boundaries, while excluding geographically

remote records. A 500-km buffering scale has also been used in marine SDMs, for
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example around occurrence-derived domains in clownfishes (Garcia-Jiménez et al.,
2025). That application differs from buffering TUCN polygons and provides a
methodological precedent rather than evidence that 500 km is optimal here. The buffer
does not represent a common dispersal distance across taxa, and it does not expand the
final AOH maps, which remain restricted to the original [UCN polygons. Alternative

buffer distances were not evaluated in this study.

2.3 Species distribution modelling and temporal projection

We fitted an independent MaxEnt model for each species using the maxnet
package in R (Phillips et al., 2017). MaxEnt estimates environmental suitability by
contrasting the environmental conditions associated with species occurrences against
those available at a set of background locations, making it suitable for presence-only
occurrence data for which systematically collected absence records are unavailable
(Phillips et al., 2006). Model calibration was based on the five environmental predictors
retained in Section 2.2. Separate models were fitted for individual species so that each
model characterized the environmental conditions associated with that species rather
than pooling environmental responses across taxa. Feature classes were selected using
the default sample-size-dependent settings of maxnet, and models were fitted using the
default regularization multiplier (regmult = 1) (Phillips, 2021).

To reduce the influence of spatial sampling bias, we adapted the target-group
background approach to depth-resolved marine occurrence data. Spatially biased
occurrence records combined with uniformly sampled background points can cause
presence—background models to reproduce geographic variation in sampling intensity
rather than the environmental conditions associated with species occurrences. Drawing
background points according to the sampling distribution of the broader target group
can reduce this effect (Phillips et al., 2009; Barber et al., 2022). We therefore pooled
the occurrence records of all included species and constructed a kernel-density surface
for each of the 50 standard depth layers using a bandwidth of 50 km and a spatial

resolution of 0.083°. These depth-specific surfaces represented the spatial distribution
10
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of marine sampling within each layer and were used as probability weights for
background selection. For each species, background points were drawn only from the
depth layers represented by its occurrence records, and the total number of background
points was distributed among these layers in proportion to the number of occurrence
records in each layer. Locations were then sampled using the corresponding kernel-
density values as weights. A maximum of 20,000 background points was used when
more than 40,000 valid candidate cells were available; otherwise, half of the valid
candidate cells were sampled. Candidate points lacking complete values for any of the
five predictors were excluded.

The 50-km bandwidth is a fixed smoothing scale for the pooled sampling-effort
proxy, rather than a species-specific movement or habitat scale. It was used to reduce
highly localized sampling peaks while retaining broad sampling gradients and was not
optimized separately for each taxon or depth. The density surfaces were generated on
the same 0.083° grid used for the harmonized environmental predictors.

Occurrence and background records were matched to the environmental data
according to their geographic coordinates, collection year and assigned depth. The
nearest available annual environmental layer and standard depth layer were identified
for each record, from which values of the five retained predictors were extracted.
Occurrence locations were designated as presences and the density-weighted sampled
locations as background records, forming a separate calibration dataset for each species.
Records with incomplete predictor values were removed before model fitting. Of the
5,673 species meeting the minimum occurrence threshold, independent MaxEnt models
were fitted successfully for 5,619 species; species for which model fitting failed were
excluded from subsequent processing. Predictions were generated using the cloglog
output format implemented in maxnet, producing continuous suitability values ranging
from 0 to 1 (Phillips et al., 2017). These values represent relative environmental
suitability under the fitted model and should not be interpreted directly as occurrence

probability or observed occupancy.
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Each fitted model was projected onto environmental conditions for seven target
years: 1995, 2000, 2005, 2010, 2015, 2020 and 2025. Predictions were generated
separately for each standard depth layer represented by the species, thereby preserving
variation in environmental suitability across both time and depth. Predictor values
outside the ranges encountered during model calibration were clamped to the
corresponding calibration ranges using the default prediction settings of maxnet,
thereby reducing unsupported extrapolation into environmental conditions not
represented by the training data (Stohlgren et al., 2011). For each species, the
environmental grids and resulting suitability estimates were spatially constrained using
the original, unbuffered IUCN range polygons; predictions outside the mapped range
were excluded. The resulting continuous suitability estimates were stored separately for
each species, target year and depth layer and were subsequently used to construct the

marine AOH dataset described in Section 2.4.

2.4 Construction and aggregation of the marine AOH dataset
Conventional terrestrial AOH mapping commonly refines a species’ range using
habitat and elevation associations. Because the present analysis did not apply a separate
marine habitat-type layer, we operationally defined marine AOH as the
environmentally suitable portion of the original IUCN range. The resulting values
should therefore be interpreted as range-constrained environmental suitability rather
than as direct estimates produced by conventional terrestrial habitat and depth filtering.
AOHg; 1 = Rs; Ssiie (1)
Here, S;,;,,. is the predicted suitability of species s in grid cell i, depth layer 1 and
year t, and R,,; is the species-specific [IUCN range mask, taking a value of 1 inside the
original IUCN range and 0 outside it. Applying this mask retained the continuous
suitability estimates within the species’ range and excluded predictions outside it.
Buffered ranges were used only to screen occurrence records and define the modelling

domain; the final suitability estimates were constrained using the original TUCN

polygons.
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Species-level AOH layers were stored separately for each target year and depth
layer. To summarize the joint distribution of modelled species, continuous AOH values
were summed cell by cell:

SSiie = Z AOHg; &
SES,

where SS;;, is the summed suitability in grid cell 7, depth layer I and year t, and
S is the set of modelled species represented in that layer. Continuous values were
retained during aggregation to avoid introducing an arbitrary binary suitability
threshold (Calabrese et al., 2014; Grenié et al., 2020). Accordingly, summed suitability
represents the cumulative modelled suitability of the included species and should not
be interpreted as directly observed species richness.

Because grid-cell area varies with latitude, layer-level totals were calculated using
cell-area weights:

Tie= ) AiSSy, ®
€0,

where T, is the area-weighted summed suitability for depth layer | and year t,
4; is the area of grid cell i, and 2, ; is the set of cells with valid values in that layer and
year. We subsequently summarized spatial and temporal variation using the percentage
change relative to 2020, the proportion of the layer-level total occurring in tropical
waters, the contribution of the highest-valued cells occupying 5% of valid area, the total
valid area and the maximum cell value. The temporal trajectories in Fig. 4 use area-
weighted means over valid cells, expressed relative to 2020.

Temporal change was evaluated across the seven target years. For each depth layer,
an ordinary least-squares regression was fitted to the area-weighted totals. Cell-level
trends were estimated only for grid cells with complete values across all target years,
and the area-weighted proportion of cells with positive slopes was calculated for each
depth layer. The outcomes of these analyses and the assessments of dataset plausibility

are reported in the Results section. For interactive exploration, the aggregated layers
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can be visualized by target year and depth layer through the Marine AOH Viewer

provided in the Data availability section.

2.5 Internal consistency and external validation

Because globally consistent independent observations are scarce for a dynamic,
depth-resolved marine AOH dataset, we assessed the plausibility of the 2020
predictions through two complementary internal consistency checks and two
comparisons with independent external datasets. The internal checks followed the
point-prevalence-versus-model-prevalence framework proposed by Dahal et al. (2022),
which evaluates whether predicted suitable conditions are more strongly concentrated
at species occurrence locations than across the corresponding AOH rasters. Because the
occurrence records used in these assessments were also used during model calibration,
these analyses were interpreted as internal consistency checks rather than independent
tests of predictive performance.

Framework A was conducted at the species level. For each species, occurrence
points were pooled across all represented depth layers, and the corresponding cloglog
suitability values were extracted from the 2020 predictions. To characterize suitability
across the modelled range, we randomly sampled up to 1,000 valid AOH pixels from
each represented depth layer of the species' [UCN-range-masked rasters. Framework B
was conducted at the depth-layer level. For each of the 50 standard depth layers,
suitability values were pooled across the occurrence points of all species represented in
that layer, together with up to 10,000 valid AOH pixels sampled from each contributing
species' raster. In both frameworks, AOH pixels were restricted to non-missing cells
within the original [IUCN range of the corresponding species.

We evaluated five fixed suitability thresholds, t, ranging from 0.1 to 0.5 at

intervals of 0.1. At each threshold, point prevalence was calculated as

n(occurrence points, § > 1)

Ppoint(T) = “4)

n(occurrence points)
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where n (occurrence points, S > 7) is the number of occurrence points with
predicted suitability S at or above threshold 7, and n(occurrence points) is the total

number of occurrence points evaluated. Model prevalence was calculated as

n(AOH pixels, § > 1)
n(AOH pixels)

©)

Pmodel(r) =

where n (AOH pixels, S > 7) is the number of sampled valid AOH pixels with
predicted suitability at or above the threshold, and n (AOH pixels) is the total number
of sampled valid AOH pixels evaluated within the species' original [IUCN range. A
species or depth layer was considered to pass the threshold-based assessment when

P_point(r) > P_model(7), indicating that occurrence locations exceeded the threshold

more frequently than expected from the corresponding proportion of the modelled AOH.

We additionally compared mean suitability at occurrence points with mean suitability
across sampled AOH pixels to evaluate the same relationship without converting the
continuous predictions into binary suitable and unsuitable areas. Extracted values were
retained so that all thresholds and continuous summaries could be calculated from the
same occurrence-point and AOH-pixel samples.

The two external datasets were selected to evaluate complementary aspects of
model plausibility. FishGlob provides species-level, station-based scientific bottom-
trawl observations with associated year and depth information (Maureaud et al., 2024),
enabling comparison of predicted suitability between detections and non-detections. In
contrast, the UNEP-WCMC global coral-reef dataset provides an independently
mapped distribution of reef habitat (UNEP-WCMC et al., 2021), allowing broad-scale
spatial correspondence of shallow-water predictions to be assessed.

The first external comparison evaluated whether predicted suitability for reef-
building corals corresponded with independently mapped coral reef locations. Of 372
species identified from the [IUCN REEF FORMING CORALS group, 272 had 2020
predictions for all five shallow layers (L1-L5; representative depths 0.5, 1.5, 2.6, 3.8
and 5.1 m). Continuous predictions were summed across these species within each layer
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and then averaged equally across the five layers, without applying a species-level binary
suitability threshold. The common analysis domain retained ocean cells with consistent
valid-prediction support across layers for each species; cells outside all species'
prediction support retained the original aggregate-zero background convention. Grid
cells intersecting UNEP-WCMC reef polygons (UNEP-WCMC et al., 2021) were
classified as reef cells. Reef and non-reef values were compared using a one-sided
Mann—Whitney U test, sampling at most 200,000 cells per group (seed 42); descriptive
metrics used all eligible cells. Spatial agreement was summarized using the inside-to-
outside mean ratio and reef enrichment among cells at or above the 75th percentile of
positive mean summed suitability, relative to the reef-cell fraction in the corresponding
domain. These comparisons were repeated within the Great Barrier Reef, Coral
Triangle and Caribbean, with percentile cutoffs calculated separately for each domain.
The analysis evaluated horizontal spatial correspondence without matching reef
locations to actual bathymetric depths.

The second external comparison used FishGlob data (Maureaud et al., 2024),
which integrates 29 scientific bottom-trawl surveys comprising 216,548 stations across
the continental shelves and slopes of North America and Europe. Species captured at a
station were treated as presences, whereas surveyed stations at which a species was not
captured were treated as non-detections. Matching FishGlob data with the 5,619
successfully modelled species yielded 1,053 candidate species. For each candidate
species, stations within its surveyed range were assigned to presence and non-detection
groups. When more than 3,000 non-detection stations were available, 3,000 stations
were randomly selected. Station coordinates, survey years and sampling depths were
matched to the nearest target year and standard prediction depth layer. Stations outside
the original [UCN range or lacking a valid prediction were excluded, and only species
with at least 10 valid stations in both groups were retained. For each retained species,
we compared mean continuous suitability between presence and non-detection stations.

A comparison was considered directionally consistent when mean predicted suitability
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was higher at presence stations than at non-detection stations. Non-detections can

reflect imperfect catchability as well as unsuitable conditions.

2.6 Assumptions and constraints

First, species—environment relationships fitted to the pooled calibration records
are assumed to be transferable among the seven target years and represented depth
levels. Annual means, nearest-year/depth matching and imputed depths simplify
seasonal variability, vertical movements and observation uncertainty. Predictions
therefore describe environmental suitability under these assumptions, rather than
observed occupancy or abundance.

Second, static IUCN polygons delimit all final predictions, so suitable conditions
outside these boundaries cannot be recovered by this product. Density-weighted
backgrounds approximate sampling effort but cannot fully correct taxonomic,
geographic or temporal biases. The fixed bandwidth and buffer settings were not
optimized across taxa. Environmental predictors do not explicitly represent substrate or
biotic interactions.

Third, comparisons among depths depend on the species and valid cells
represented in each layer. Summed suitability is not observed species richness, and an
area-weighted mean differs from an area-integrated total when the valid area changes.
Internal checks reuse calibration occurrences; reef comparisons assess horizontal
habitat correspondence; and trawl non-detections do not establish biological absence.
External data provenance alone does not establish that every validation record was
independent of the OBIS/GBIF-derived calibration pool because no record-level
overlap audit was performed. These assumptions and constraints should be considered

when interpreting the results and validation outcomes.
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3. Results

3.1 Global depth-stratified patterns of AOH

Aggregated AOH showed pronounced vertical differentiation across the eight
representative depth layers examined for 2020 (selected from L1-L40, approximately
0.5-1,942 m; Fig. 2). Shallow-water layers were characterized by strong spatial
concentration and a predominance of AOH in tropical waters, whereas deeper layers
exhibited progressively more diffuse spatial patterns. From L2 to L15 (approximately
1.5-29 m), more than half of the area-weighted global AOH total occurred within the
tropical band (23.5°S-23.5°N), and the highest-valued grid cells occupying 5% of valid
area accounted for well over half of the corresponding layer-level total. From L20
downward (approximately 66-1,942 m), both tropical dominance and spatial
concentration declined markedly and subsequently remained comparatively stable. The
area-weighted total AOH also decreased substantially with depth, declining by
approximately 79% from L1 to L40. In contrast, the proportion of grid cells retaining
valid predictions decreased more gradually, from just over 70% at L1 to approximately
59% at L40. The shallowest layer, L1, differed from the immediately deeper shallow
layers by exhibiting lower tropical dominance and weaker spatial concentration.
Together, these patterns reveal a clear transition from highly concentrated shallow-

water AOH to more spatially diffuse distributions at greater depths.
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Fig. 2. Global depth-resolved patterns of aggregated marine AOH in 2020. The accompanying
latitudinal profiles show the mean + SD of aggregated AOH across longitudes at each latitude. Aggregated
AOH represents summed modelled environmental suitability across species. (a—h) Maps and latitude profiles
for the eight representative layers. (i) Area-integrated summed suitability. (j) Contributions of the tropical

band and the highest-valued cells occupying 5% of valid area to the corresponding layer total.
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3.2 Temporal changes in AOH during 1995-2025

Temporal trends in aggregated AOH varied markedly among depth layers between
1995 and 2025 (Fig. 3). Pixel-wise linear trends were predominantly negative from L1
to L30, with the strongest overall decline occurring at L5 and a comparatively weaker
negative trend at L20. L40 was the only representative depth layer showing a positive
net trend, with increasing AOH over more than half of its valid area. At L30, negative
trends were concentrated primarily in the mid-latitudes of both hemispheres,
particularly in the Southern Hemisphere, whereas trends were close to zero within
approximately 23.5° of the equator and became positive poleward of 50°. Prediction
coverage at L50 was insufficient to support reliable trend estimation.

Layer-level time series showed similarly depth-dependent temporal trajectories
(Fig. 4). The five shallowest representative layers (L1, L2, L5, L10 and LI1S;
approximately 0.5-29 m) generally reached their highest area-weighted mean AOH
around 2000 and subsequently declined toward 2020, although the magnitude of change
varied among layers. L20 fluctuated within a comparatively narrow range throughout
the study period. In contrast, L30 exhibited a persistent decline across the seven target
years and remained below its earlier levels in 2025, whereas L40 increased consistently
from 1995 to 2025. These contrasting trajectories indicate that temporal changes in
marine AOH were strongly depth dependent, with shallow and intermediate waters
generally declining while deeper layers showed distinct or opposing patterns.

The increasing trajectory at L40 represents a modelled change in environmental
suitability at approximately 1,941.9 m, rather than a measured increase in deep-sea
abundance or direct evidence of downward migration. The post-2020 comparison
contains only the 2020 and 2025 target years and therefore represents a five-year

endpoint difference rather than a continuously observed annual trend.
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Fig. 3. Pixel-wise linear trends in aggregated marine AOH across eight representative depth layers during
1995-2025. Linear trends were estimated for each grid cell using aggregated AOH values from seven target
years (1995, 2000, 2005, 2010, 2015, 2020 and 2025), and only grid cells with valid predictions for all seven
years were included. The accompanying latitudinal profiles show the mean + SD of pixel-wise slopes across
longitudes at each latitude. Panels (a—h) show the maps and profiles; panel (i) shows the area-weighted
proportions of grid cells with decreasing, zero or increasing trends across the eight depth layers, with labels

indicating the proportion with positive slopes. Slope direction does not imply statistical significance.
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Fig. 4. Temporal trajectories of area-weighted mean marine AOH across eight representative depth
layers during 1995-2025. For each depth layer, continuous species-level AOH values were summed across
species and then averaged over valid grid cells using grid-cell-area weights to obtain the layer-level mean for
each of the seven target years (1995, 2000, 2005, 2010, 2015, 2020 and 2025). In panel a, values are expressed
as percentage change relative to the corresponding 2020 mean, allowing temporal trajectories to be compared
among depth layers despite differences in absolute AOH magnitude. (b) Percentage change over each
consecutive five-year interval, relative to the earlier value. (c) Net percentage change from 1995 to 2025,

relative to 1995.
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3.3 Validation

We evaluated the 2020 predictions at complementary biological and spatial scales.
Following the point-prevalence-versus-model-prevalence framework of Dahal et al.
(2022), internal consistency was examined first at the species level and then across
depth layers. The predictions were subsequently compared with two independent
external datasets representing reef-associated spatial patterns and station-level species

observations.

3.3.1 Species-level internal consistency

Among the 4,996 species evaluated for 2020, occurrence-point prevalence
exceeded model prevalence for the majority of species across all five suitability
thresholds (t = 0.1-0.5; Fig. 5). The species-level pass rate declined progressively as
the threshold became more restrictive, from 94.70% (4,731/4,996) at t= 0.1 to 94.38%,
92.55%, 90.27% and 85.69% (4,281/4,996) at t = 0.2, 0.3, 0.4 and 0.5, respectively. At
the fixed threshold of t = 0.5, most species lay above the 1:1 line, indicating that
suitability values exceeding the threshold occurred proportionally more often at known
occurrence locations than across sampled pixels within the corresponding range-
constrained AOH. The threshold-free comparison of continuous suitability showed the
same overall pattern, with mean predicted suitability generally higher at occurrence
points than across sampled AOH pixels. Only 132 species (2.6%) failed the prevalence
comparison at all five thresholds, indicating that the observed relationship was robust
to the choice of suitability threshold. Together, these results demonstrate strong internal
consistency between species occurrences and the corresponding modelled suitability
patterns. However, because the occurrence records used in these comparisons also
contributed to model calibration, the analysis should be interpreted as an internal
consistency assessment rather than as an independent evaluation of predictive

performance.
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Fig. 5. Depth-resolved internal consistency of marine AOH predictions in 2020. Mean predicted
suitability (cloglog; mean + SD, panel a) is shown for occurrence points and sampled AOH pixels across the
47 standard depth layers with sufficient data for evaluation. Occurrence-point suitability was extracted from
the 2020 species-level predictions, whereas AOH-pixel suitability was sampled from valid cells within the
corresponding original IUCN ranges. Panel b shows the species pass rate for each depth layer, defined as the
proportion of constituent species for which occurrence-point prevalence exceeded model prevalence at the
fixed suitability threshold of 0.5. Because the occurrence records used in this assessment also contributed to
model calibration, the comparison represents an internal consistency check rather than an independent
validation of predictive performance. Panel ¢ shows the numbers of occurrence records and species

represented at each depth.

3.3.2 Depth-layer-level internal consistency

Of'the 50 standard depth layers, 47 contained sufficient data for evaluation. Across

all 47 layers, mean predicted suitability at occurrence points was higher than that across
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sampled AOH pixels, and this pattern persisted from shallow waters to the deepest
evaluated layers (Fig. 5). Although both the magnitude and variability of predicted
suitability differed among depths, the layer-specific species pass rate at the fixed
threshold of T = 0.5 remained consistently high, averaging 91.95% =+ 3.28% and ranging
from 86.78% to 100.00%. The lowest pass rate occurred at approximately 9.6 m,
whereas the two deepest evaluated layers reached 100%. These results indicate that the
concentration of higher predicted suitability at known occurrence locations was
maintained across the water column and was not restricted to species-rich surface layers.
As with the species-level assessment, however, the occurrence records used here also
contributed to model calibration. The analysis should therefore be interpreted as a
depth-resolved internal consistency assessment rather than as an independent validation

of predictive performance.

3.3.3 External spatial validation using the UNEP-WCMC global coral reef
distribution

For the 272 reef-building coral species evaluated using the 2020 L1-L5 average
(representative depths 0.5-5.1 m), aggregated predicted suitability showed strong
spatial correspondence with the independent UNEP-WCMC global coral reef
distribution (Fig. 6). Mean shallow-layer summed suitability was 42.17 within mapped
reef boundaries and 1.98 outside them, corresponding to a 21.33-fold difference. Areas
of high predicted suitability were also disproportionately associated with mapped reefs:
9.60% of grid cells at or above the 75th percentile of positive mean summed suitability
overlapped reef boundaries, compared with a global spatial baseline of 0.3927%,
representing a 24.45-fold enrichment. The same directional pattern was observed across
three major coral-reef regions. Mean summed suitability was consistently higher within
than outside mapped reef boundaries in the Great Barrier Reef, Coral Triangle and
Caribbean, with inside-to-outside ratios of 3.12, 1.79 and 1.86, respectively. The

agreement observed at both global and regional scales indicates that the aggregated
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577  shallow-layer predictions recovered the spatial distribution of a well-established marine

578  habitat independently of the data used for model calibration.
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Fig. 6. External spatial validation of shallow-layer coral suitability against d reefs. Continuous

2020 predictions for 272 reef-building coral species were summed within layers and averaged equally across
LI-L5 (representative depths 0.5-5.1 m), without species-level binarization. (@) Global mean summed
suitability and UNEP-WCMC reef cells. (b—d) Great Barrier Reef, Coral Triangle and Caribbean, using the
same colour scale. Reef symbols aid visibility without enlarging the quantitative mask. (e) Cumulative
suitability distributions inside and outside reef cells, including aggregate-zero ocean background. (f)
Corresponding mean suitability. (g) Reef enrichment among cells at or above the 75th percentile of positive
suitability, relative to each domain's reef-cell baseline. The common global domain comprised 24,114 reef
and 6,115,775 non-reef cells. Grid cells are spatially dependent; this comparison does not validate actual

vertical occupancy.

3.3.4 External station-level validation using FishGlob trawl observations
FishGlob provided an independent station-level evaluation of species-specific
AOH predictions using scientific bottom-trawl observations from continental shelf and
slope ecosystems. Of the 1,053 FishGlob species shared with the modelled dataset, 459
met the requirement of at least 10 valid presence stations and 10 valid non-detection
stations after matching observations to the corresponding prediction year, depth layer
and original [TUCN range (Fig. 7). Species not retained generally lacked sufficient
matched stations or valid predictions within the required spatiotemporal and geographic
constraints. Across the 459 evaluated species, mean predicted suitability was higher at
presence stations (0.315) than at non-detection stations (0.245). A total of 324 species
(70.6%) lay above the 1:1 line, indicating higher mean predicted suitability at presence
than at non-detection stations, whereas 135 species showed equal or lower suitability
at presence stations. This predominance of species above the 1:1 line indicates that the
model predictions generally discriminated observed presences from non-detections in
an independent survey dataset. These species-level station contrasts cannot be ranked
directly against reef-level enrichment, because the two comparisons differ in response
variable, aggregation, spatial domain and observation process. Nevertheless, the overall

directional consistency provides independent support for the ability of the species-level
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Fig. 7. External validation of species-level AOH predictions using FishGlob scientific bottom-trawl
observations. The comparison included 459 species for which at least 10 valid presence stations and 10 valid
non-detection stations could be matched to the corresponding prediction year, depth layer and original [UCN
range. In panel a, for each species, the x-axis shows mean predicted suitability at non-detection stations and
the y-axis shows mean predicted suitability at presence stations. The diagonal 1:1 line indicates equal mean
suitability between the two groups; points above the line therefore represent species for which predicted
suitability was higher at presence than at non-detection stations. A total of 324 species (70.6%) occurred
above the 1:1 line. Point colour represents the difference between mean suitability at presence and non-
detection stations, and point area increases with the logarithm of the total number of stations included for
each species. (b) Distribution of species-level presence-minus-non-detection mean differences. (c) Mean
differences in relation to the number of presence records per species. Non-detection does not establish

biological absence.
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4. Discussion

The principal contribution of this dataset is its representation of marine AOH
across horizontal space, depth and multiple decades. By integrating species occurrence
records, expert range constraints and depth-resolved environmental variables, this
framework extends AOH-based biodiversity assessment into the marine environment
and provides a consistent basis for examining habitat redistribution through three
dimensions. The observed patterns highlight that marine AOH is strongly structured
along the vertical axis, with different depth layers showing distinct spatial
concentrations and temporal trajectories. Such depth-dependent patterns are consistent
with the importance of explicitly representing depth in marine species-distribution
modelling (Duffy and Chown, 2017), the pronounced bathymetric structuring and
turnover documented for marine fishes (Duhamet et al., 2023), and evidence that
climate velocities—and hence the expected pressures for species redistribution—differ
substantially among ocean depth zones (Brito-Morales et al., 2020). However, these
results represent changes in modelled environmental suitability rather than direct
changes in species richness, occupancy, abundance or movement; therefore, changes in
AOH should not be interpreted as direct evidence of population redistribution.

The validation analyses provide complementary evidence that the dataset captures
meaningful ecological patterns. Internal assessments showed that predicted suitability
was generally higher at occurrence locations than across the corresponding range-
constrained prediction areas, although these evaluations represent consistency checks
because the same occurrence records were used for model calibration. External
comparisons further supported the spatial realism of the predictions: predicted
suitability for reef-building corals was strongly concentrated within mapped reef areas,
and most FishGlob-tested species showed higher mean suitability at observed-presence
stations than at observed-absence stations. These two external assessments evaluate
different properties of the predictions: the coral-reef comparison examines broad-scale

spatial correspondence with an independently mapped habitat, whereas the FishGlob
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comparison tests discrimination between observed-presence and observed-absence
stations. Their results are therefore not expected to be directly equivalent, because

different evaluation approaches may target different properties of model performance

and differ in their degree of independence from the calibration data (Aragjo et al., 2019).

The FishGlob comparison may additionally be influenced by variation among surveys
in sampling design, spatiotemporal coverage, and gear- and species-specific
catchability because the integrated dataset combines multiple scientific bottom-trawl
surveys and primarily samples fish communities associated with the seafloor
(Maureaud et al., 2024). Together, these assessments support the comparative use of
the dataset while highlighting uncertainty associated with taxa, depth layers and
observation methods.

Reef-building corals are sessile after settlement, so mapped reef habitat provides
a relatively persistent spatial reference compared with mobile fish detections.
Nevertheless, reef extent and condition can change, and mapped reef habitat does not
demonstrate the presence of each coral species.

The dataset should be interpreted according to its operational definition of marine
AOH. Conventional terrestrial AOH is defined as suitable habitat within a species’
geographic range and is commonly mapped by refining [UCN range maps using habitat
associations and elevational limits (Brooks et al., 2019; Lumbierres et al., 2022). In this
dataset, this concept is operationally extended to the marine environment by defining
species-level marine AOH as continuous environmental suitability constrained by the
original TUCN range. Species-level layers therefore represent range-constrained
suitability estimates rather than binary occupied areas, and aggregated summed
suitability should not be interpreted as equivalent to observed species richness.
Taxonomic coverage was restricted to marine taxa assessed by the IUCN Red List and
was further limited by the availability of usable depth, occurrence and range data and
successful model fitting. The resulting dataset should therefore not be interpreted as a

taxonomically complete representation of global marine biodiversity. Uneven
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occurrence sampling and the omission of taxon-specific ecological predictors are
widely recognized sources of uncertainty in marine SDMs (Robinson et al., 2017;
Pickens et al., 2021; Klaassen et al., 2025). Additional dataset-specific uncertainty
arises from assigning missing observation depths using available species-level depth
information, applying static expert range polygons, using annually averaged
environmental conditions and excluding some ecological constraints, such as substrate
characteristics, prey availability and biotic interactions. Depth-specific target-group
background sampling can reduce the influence of spatially uneven sampling effort
(Phillips et al., 2009; Barber et al., 2022), while geographic range constraints and
prediction clamping limit geographically implausible projections and unsupported
environmental extrapolation (Elith et al., 2010; Stohlgren et al., 2011). Nevertheless,
these procedures cannot completely eliminate uncertainty associated with the
occurrence data, environmental predictors and modelling assumptions.

Within these limitations, this dataset provides a standardized framework for
comparing marine habitat suitability across species, depth layers and time periods.
Species-level predictions can support assessments of changes in suitable environmental
conditions within mapped ranges, while aggregated products enable analyses of
vertically differentiated habitat patterns, persistent suitability hotspots and potential
climate refugia. The dataset may also support spatial comparisons between suitable
marine habitats, potential climate refugia and existing marine protected areas (Brito-
Morales et al., 2020; Zhuang et al., 2025). Its depth-resolved structure further provides
an opportunity to evaluate whether protected areas encompass suitable environmental
conditions across the water column rather than only at the surface. Future applications
should integrate species-specific ecological knowledge, local observations and explicit

uncertainty assessments to improve the interpretation of marine biodiversity change.

5. Conclusion

We developed a multi-decadal, depth-resolved marine Area-of-Habitat (AOH)

dataset for 5,619 species across 50 standard depth layers. Using environmental
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reanalysis data spanning 1993-2025, we generated AOH for seven discrete target years
(1995, 2000, 2005, 2010, 2015, 2020, and 2025) to capture temporal variation at 5-year
intervals. By integrating species occurrence records, IUCN expert range maps, and
vertically resolved physical and biogeochemical ocean variables within a consistent
modelling framework, the dataset provides range-constrained estimates of
environmental suitability across geographic space, ocean depth, and time. Its principal
advance lies in explicitly incorporating the vertical dimension into long-term, global
marine habitat mapping, thereby extending existing approaches beyond predominantly
static or surface-oriented representations. The contrasting spatial patterns and temporal
trajectories observed among depth layers further demonstrate the importance of
accounting for depth when assessing large-scale changes in marine habitat suitability.
Complementary internal consistency assessments and independent external
comparisons support the ecological plausibility of the resulting predictions.

The dataset provides a standardized basis for comparing suitable environmental
conditions among species, regions, depth zones, and time periods. Species-level layers
enable changes in habitat suitability to be examined for individual species across years
and depths, whereas aggregated products facilitate analyses of broader spatial patterns,
vertically structured suitability hotspots, and potential climate refugia. The dataset may
also support assessments of how suitable marine habitats overlap with existing marine
protected areas across the water column. As improved occurrence records, ocean
reanalysis products, and species-specific ecological information become available, the
framework can be updated and refined accordingly. The dataset should nevertheless be
interpreted as continuous, range-constrained environmental suitability rather than as

direct observations of species occupancy, abundance, or richness.
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https://doi.org/10.5281/zenodo.21933262 (Yu and Li, 2026). An interactive
visualization of the aggregated marine AOH layers is available through the Marine
AOH Viewer at https://zzssjj.projects.earthengine.app/view/marine-aoh-viewer, where
users can explore the dataset by target year and standard depth layer. The application
provides a visualization interface, whereas the complete species-level and aggregated

data files are archived on Zenodo.
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