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Abstract: Increasing the extent of protected areas (PA) through 30x30 and other area-based
conservation initiatives can help to achieve global biodiversity conservation goals across all
biodiversity levels. However, intraspecific genetic variation, the foundational level of
biodiversity, is rarely explicitly considered in PA design or quality performance assessments.
Repurposing existing genetic data could rapidly inform area-based conservation planning and
improve the preservation of genetic variation. Through a global compilation of population-
level nuclear genetic data (>2 million individuals; 36,356 populations; 2,809 species), we
identified both data-rich areas, and substantial geographic and taxonomic gaps. These gaps are
within many protected areas and hotspots of species biodiversity, and may preclude robust
protection of genetic diversity. Addressing data unevenness through efforts to collect, gather,
harmonize and share genetic data globally could help support integration of genetic
information into PA design, PA performance assessments, and genetically-oriented global
conservation policies.

One-Sentence summary: Increased efforts to gather, harmonize and share existing
population-level nuclear genetic data globally can help inform area-based conservation
initiatives.

Main text:

Genetic variation within populations (hereafter, genetic variation) underlies
population health, adaptive potential, species persistence, and ecosystem resilience (1). Yet, it
has been predicted that 5.4%-6.5% (2) to >10% (3) of genetic variation, on average, may have
been lost from species globally since the industrial revolution. Despite being the most
fundamental level of biodiversity, genetic variation has historically been neglected by many
global conservation initiatives (1) and excluded from virtually all protected area design and
effectiveness assessments (4, 5, but see 6). The recently-adopted Kunming-Montreal Global
Biodiversity Framework (KMGBF; 7) is the first to set explicit goals and targets for
maintaining and restoring genetic variation in wild species and for safeguarding their adaptive
potential (KMGBF Goal A and Target 4; 7). It also includes a target to increase the area
protected globally to 30% by 2030 (i.e., KMGBF Target 3; 7). Determining the baseline status
of genetic variation in protected areas and beyond will be fundamental in measuring progress
towards KMGBF genetic variation protection commitments and supporting conservation
initiatives across the globe. A primary step towards informing genetic monitoring in protected
areas is assessing the global availability and gaps of population-level nuclear genetic
information. Previous global maps of genetic diversity (e.g., 8) used spatial aggregations of
mitochondrial DNA sequences, which are less sensitive to the fine-scale short-term population
processes important for monitoring than population-level nuclear genetic data (9 and
references therein). Importantly, global maps of nuclear genetic data could also leverage
available population-level genetic information to synergistically inform both global genetic
conservation commitments (1, 7) and other flagship area-based conservation efforts like the
“30x30” initiative (e.g., KMGBF Target 3; 7).

Protected areas (PAs, including marine protected areas and areas under other effective
area-based conservation measures) are a cornerstone of biodiversity conservation efforts (10).
Specifically, by preserving or connecting plant and animal populations, PAs can help
safeguard genetic variation (4). Ideally, direct assessments of the representation of genetic



variation in PAs would rely on empirical genetic data collected across many populations and
species from within and outside PAs (6). The exponential accumulation of genetic data in the
last decades now enables repurposing intraspecific nuclear genetic data (9), which could
rapidly inform PA design and effectiveness. However, the spatial and taxonomic distribution
of available population-level nuclear genetic data remains unknown, as there is no singular
global database for nuclear genetic variation at the population level that covers most major
taxonomic groups.

We assessed the global availability of nuclear genetic data within and outside ~50.5
million km?2 of PAs, across all available biome types, by gathering geographical coordinates
for nearly 2 million genotyped individuals forming 36,356 georeferenced groups of
individuals (hereafter, local populations; see “Materials and Methods” section in the
Supplementary Materials) from 2,809 species (Fig. 1; Table S1) and comparing these with the
global database of protected areas. We present area assessments based on total area protected
(km?) rather than the number of PAs, because there is significant geographical overlap among
individual PAs in the global protected areas database. Overall, 52% of the total area protected
globally (64% terrestrial, 41% marine; Fig. 1) did not have at least one sampled local
population (mean number of local populations per PA with genetic data = 2.57, median = 1;
max. = 278). Some of the largest PAs had no, or limited sampling (e.g., Rapa Nui Island,
Chile; Kermadec Islands, New Zealand; Marae Moana, Cook Islands; French Southern and
Antarctic Lands National Nature Reserve; Fig. 1; Supplementary data 1). Furthermore, genetic
data are currently lacking from important biodiversity hotspots like the Horn of Africa and the
East Melanesian islands, highlighting the need to produce and gather genetic data within these
areas (Fig. 1; Table S3).

In PAs where data exist, the density of local populations was generally low, with
numerous geographical and taxonomic gaps (Figs. 1-2) that could limit range-wide
assessments of genetic diversity and connectivity within and between PAs. Effectively
evaluating genetic conservation would ideally include data from multiple species for multi-
taxa planning efforts. Although almost half of the surveyed total protected area contained
genetic data from at least one local population, the proportion of protected area dropped
precipitously when increasing the number to > 5 local populations (24.2%), or > 10 (15.2%;
Table S2). The available genetic data is also unevenly distributed across the globe. While
Europe and North America are data-rich (both continents harbor 72.17% of all genotyped
terrestrial local populations), only 13% of the total area protected in Africa and 16% of area
protected in Asia had one or more local populations surveyed (Fig. 1, Table S2). More than
90% of the area that is protected within the Southeast Pacific, Chile, New Zealand and Arctic
Sea Marine realms (classified following 11; Fig. 1) did not have one population sampled (Fig.
1, Table S2).

We further identified major taxonomic gaps, as genetic information was (on average)
available for less than 0.5% of the total number of species for many major taxonomic groups,
with large variation among groups (Fig. 2). For instance, Insecta (a major declining taxonomic
group containing nearly a million known species, 12), has less than 0.015% of genetically-
informed species, whereas ~6% of mammal species are genetically-informed. Notably, even
the most data-rich taxonomic groups were represented by <10% of all their described species



(Fig. 2). Filling taxonomic and spatial gaps is important, as patterns of genetic variation may
not be similar nor associated with the same drivers across taxa and regions (6, 9, 13).

Despite major gaps, locally, some PAs harbored a large amount of genetic data, which
may be sufficient to start assessing their protection of genetic variation. For instance, the
Channel Islands National Park, CA, USA (135 local populations, 30 species), the World
Heritage Sites of the Galapagos Islands, Ecuador (278 local populations, 47 species) and the
Great Barrier Reef, Australia (83 local populations, 23 species) are particularly data-rich (Fig.
1; Supplementary data 1).We also noted that a relatively high proportion of samples were
collected in PAs (39%) (Figs. 1-2) relative to the overall global coverage of PAs (17%). This
was especially true for some taxonomic groups: Polypodiophyta, Ctenophora and Phaeophyta
each had more than 70% of their genetic data collected within PAs. PAs may be a focus for
genetic data collection for a number of reasons, including that they contain target populations
to sample, provide better access to natural or conserved areas of interest for conducting
genetic-based studies, or because they may facilitate comprehensive or long-term research
projects. Furthermore, ~42.75% of local populations with genetic data were located in hotspots
for species biodiversity (see “Materials and Methods” section in the Supplementary Materials)
and could be assessed to investigate PA design in these biodiversity-rich areas (e.g., in the
North American Coastal Plain, the Mediterranean Basin and the California Floristic Province;
Table S3).

Our results show that the global distribution of available nuclear genetic data at the
population level is sparse and unevenly distributed within PAs and in other parts of the world,
which could be addressed by the use of multiple approaches to gather and integrate genetic
variation in biodiversity protection and monitoring efforts. First, in data-rich regions, data can
already begin to be repurposed to assess genetic variation and connectivity levels within and
outside of PAs (e.g., 6), and to designate new PAs that integrate genetic criteria. Additionally,
these data can set contemporary genetic baselines for many populations and species,
facilitating temporal genetic monitoring programs (14). Second, to bridge global data gaps,
genetic data could be correlated to geographic, environmental, and taxonomic (e.g., species
diversity) surrogates to identify informative proxies at different spatial scales (13). Cohesive
analyses of genetic data from many species at once (i.e., macrogenetic analyses, reviewed in
9) can be powerful and effective in identifying drivers of genetic diversity and connectivity,
and biotic/abiotic correlates such as the impact of PA design (e.g., Size, shape, connectivity to
other PAs). Third, in the absence of genetic information, we recommend the development and
use of genetic indicators that can be estimated without genetic data (e.g., KMGBF headline
indicator A.4, 1). Fourth, additional capacity to collect genetic data, and to increase efforts to
gather, harmonize and share existing genetic data can help to address large regional and
taxonomic data gaps (9), particularly when focused in data-poor regions. Regarding this last
objective, we found very low levels of data duplication (i.e., data included in more than one
database) across the databases we examined (14%), even though at least some of these were
targeting similar taxa and regions. Limited data overlap suggests that there is large potential
to add more data from existing resources, including publications and open data repositories, if
these data can be found and enriched with the necessary metadata to facilitate their reuse (e.g.,
geographical coordinates; 15). Adopting universal reporting and archiving standards for



genetic and genomic data could improve the usability of any new data for monitoring progress
toward global conservation targets (15).

Conclusions

Area-based conservation initiatives, like 30x30, offer the chance to increase
biodiversity protection (including genetic diversity protection) in the next seven years and
beyond. However, the availability of genetic data to assess and inform PA design and efficacy
is still sparse across the globe and for many taxonomic groups. Targeted efforts can help to
fill these gaps. In some regions, there is potential to inform efforts to improve the protection
of intraspecific genetic variation and connectivity within and between PAs. Integrating
genetics in PA assessments could help protect all biodiversity components and streamline and
optimize efforts to meet multiple goals and targets of regional, national and global
commitments on biodiversity conservation (KMGBF Targets 3 and 4; 7). Overall, increased
integration of intraspecific genetic data with spatial conservation planning tools (4, 5) can help
to ensure comprehensive conservation of myriad species and populations, and their unique
genetic variation, in efforts to increase PAs.
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Fig. 1: Global map of population-level nuclear genetic data available within and outside marine and terrestrial protected areas (PAS).
Vertical color-scale (yellow to blue) represents the number of local populations within 8,000 km? hexagons, while the horizontal color-scale
(yellow to orange) represents the proportion of local populations within the hexagon inside a PA. Yellow hexagons have just one local population
that is outside PAs, while dark brown hexagons have >10 local populations all within PAs. Marine realms have been delimited following (11).
Terrestrial and marine PAs have been defined according to the World Database on Protected Areas (accessed 23 November 2022).
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Fig. 2: Proportion of local populations within and outside protected areas. Proportions are
displayed per taxonomic group and per species’ primary habitat type (at bottom in bold).
Results for taxonomic groups with fewer than 20 local populations in the meta-database have
not been represented, but have been included in the categories in bold. Percentages at the right
of the figure represent the proportion of species with genetic data compared to the total number
of known species within the taxonomic group.
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Supplementary Materials
Materials and Methods
Building the meta-database of nuclear genetic data

To gather geographic coordinates from organisms that have been genotyped at nuclear
loci worldwide, we built a meta-database of nuclear genetic data previously compiled in seven
macrogenetic databases (combined data in Supplementary data 2). Macrogenetic databases
gather summaries of genetic variation reported in publications (i.e., Class Il databases; 9) or
raw genetic data (i.e., genotypes) from public repositories like Dryad or Figshare (i.e., Class
Il databases; 9), and/or metadata associated with biological samples stored in laboratories
(e.g., geographic coordinates of samples and populations). By repurposing genetic variation
data at large taxonomic, temporal and/or spatial scales, macrogenetic databases have recently
unlocked the study of large-scale patterns and drivers of intraspecific genetic variation (16, 9).
Many macrogenetic studies have focused on mitochondrial (e.g., 17-21) or chloroplastic (22)
DNA data. We, however, only included metadata from macrogenetic databases that focused
on population-level nuclear genetic data (i.e., microsatellites, AFLPs, SNPs), given the long-
standing consensus that nuclear genotypic data are the most appropriate for tracking fine-scale
population processes over short timeframes (23-25), and the many issues that have been
highlighted concerning the use of organelle-based DNA, such as mtDNA loci data for
estimating whole-genome genetic variation and for macrogenetic analyses (9, 26, 27).

We extracted geographic coordinates from the macrogenetic databases (Table S1). The
first database (i.e., “Macropopgen” database; 28, 29) is a class Il database containing multiple
genetic variation estimates measured at the site level using microsatellite loci for 897
vertebrate species (terrestrial vertebrates and freshwater fish) across North and South America
(Table S1). The second, Calipopgen (30, 31; Class Il) contains genetic data and life-history
data for populations from multiple eukaryotic species located within marine and terrestrial
ecoregions of California (only data using nuclear markers was used here). The third is a
population-level database compiled by Schmidt et al. (32, 33, 34; Class Ill) containing
microsatellite genotypes of North American terrestrial vertebrate species extracted from public
repositories (Table S1). The fourth is an extension of the Schmidt et al. database that compiled
genotypic data for marine fishes worldwide (35; Class Il1). The fifth database, compiled by
Clark & Pinsky (36; Class 1), also focused on marine fish worldwide, but was based on site-
level georeferenced genetic estimates extracted from the literature. The sixth was a database
compiled by De Kort et al. (37, 38; Class Il) containing population-level AFLP and
microsatellite data for plant, terrestrial vertebrate and mollusk species worldwide (Table S1).
The seventh was the metadata database built by Crandall et al. (39), which contains metadata
including geographical coordinates for accessions to the International Nucleotide Sequence
Database Collaboration’s Sequence Read Archive (INSDC SRA) retrieved during a datathon
for >400 genomic datasets comprising >40,000 individuals from >700 species from multiple
taxonomic groups (Table S1).

For each dataset, we extracted information on the species, its taxonomic level or
group, geographic coordinates of sampling locations for groups of genotyped individuals
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(which we designate as “local populations” following 33), numbers of sampled individuals per
local population (when available), and other study-related metadata (i.e., first author, author
list or DOI identifier of the original study, when available). Study-related metadata fields were
mostly used to identify, through cross-filtering procedures, datasets, studies and/or
populations being duplicated among different macrogenetic databases. These databases differ
in terms of spatial scope (regional vs. worldwide) and in the procedures used by their authors
to georeference and delimit populations. Thus, when duplicated studies or datasets were
identified among databases, we always retained information from the database that extracted
the highest number of georeferenced local populations from the study, as it was infeasible to
check manually which local populations were best representing the true delimitations of
biological populations of the target species. In total, we found a total of 13.97% of duplicated
data, and the original combined dataset with 38,284 local populations was reduced to 36,356
unique (non-duplicated) local populations for final analyses. Finally, we homogenized
taxonomic group names of species among databases and identified whether their habitat of
preference was marine, terrestrial (including freshwater habitats) or diadromous.

Protected areas dataset

The World database on protected areas (WDPA,; 40) is the most comprehensive global
database of PAs, MPAs and OECMs. We used the ‘wdpar’ package (41) of the R Statistical
software v 4.2.2 (42) to download and clean the global dataset of PAs (protectedplanet.net;
downloaded 23 November 2022) following methods outlined in (43) and (44). Briefly, this
included removing areas with “proposed” or unknown status, excluding UNESCO Biosphere
reserves, buffering PAs represented as point localities to circular areas using their reported
spatial extent (45), and repairing invalid geometries. Because many protected areas in the
WDPA have overlapping areas, we transformed and flattened overlapping areas into a raster
with 1 km?2 grid cells to make global area calculations.

Nuclear genetic data availability analyses

We assessed spatial and taxonomic gaps in data availability among species and
taxonomic groups by comparing data from our meta-database with our refined protected areas
database. We specifically used ArcGIS 10.7 tools (ESRI) to assess how many local
populations were sampled inside and outside protected areas, depending on the taxonomic
group of the species, and the type of habitat where species live. When using spatial selection
and join procedures to select PAs containing populations with genetic data, we considered a 1
km buffer around local population coordinates to account for coordinate uncertainty due to the
use of different georeferencing procedures by the authors of the original macrogenetic
databases. One kilometer corresponds to the median coordinate uncertainty estimated for all
INSDC Biosamples from the Crandall et al. metadata database (39). To estimate geographic
coverage, we summed the area of PAs that contained at least one genetically-sampled local
population and divided it by the total protected area within continents and marine realms
(Table S2). To map global genetic data density, we aggregated the global distribution of
genetic data using an optimized hotspots analysis of point counts within a hexagonal grid using
default parameters in ArcGIS Pro 3.1.1, and calculated the proportion of points inside
protected areas within each hexagonal cell (cell size approx. 8,000 km?). Final layers were
projected into World Robinson projection for visualization. To estimate taxonomic coverage,
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we extracted data on the total number of described species per taxonomic group from the
“Catalogue Of Life” COL web portal (https://www.catalogueoflife.org/, last accessed 2nd of
July 2023) to estimate the proportion of species in the meta-database in relation to the total
number of known species per taxonomic group (i.e., species coverage of the analysis).

Hotspots of biodiversity

We further assessed genetic data availability within and outside hotspots of
biodiversity, by comparing data from our meta-database with spatial data from the Earth's 36
biodiversity hotspots (46—48) using ArcGIS 10.7 (spatial data downloaded 26 June 2023 from
https://hub.arcgis.com/datasets/ba55aalbff5447e7b72559b8dc1a0e83 0/about).
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Table S1. Details of the meta-database and the different macrogenetic databases used to build it. The table
provides a description and summary of the different macrogenetic databases used to extract and compile
geographic coordinates data from multiple local populations across geographical and taxonomic scales in a
single meta-database. The type of macrogenetic database (Class Il: compilation of summaries of genetic
variation reported in publications; Class I11: compilation of raw genetic data from public repositories; 9), the
numbers of included species, local populations and genotyped individuals, and the types of habitat and

geographical and taxonomic scopes of the macrogenetic databases are reported.

Macrogenetic database | Type of Number of | Number of Number of Geographical Type of Taxonomic scope
macrogenetic species local genotyped scale habitat
database populations | individuals

MACROPOPGEN Class Il 897 9,090 561,605 Americas Terrestrial / | Mammals, Birds,

(Lawrence et al. 2019; Freshwater Amphibians,

28, 29) Reptiles, Bony
fishes

Schmidt et al. 2020, Class Il 219 2,824 96,195 USA, Canada Terrestrial / | Mammals, Birds,

2021, 2022 (32-34) Freshwater | Amphibians,
Reptiles

Karachaliou et al. (35) Class 111 73 1,136 74,615 Worldwide Marine Bony and
cartilaginous fishes

Clark and Pinsky 2023 Class Il 329 3,080 621,486 Worldwide Marine Bony and

(36) cartilaginous fishes

De Kort et al. 2021 (37, Class Il 714 8,356 246,422 Worldwide Terrestrial / | Plants, Mammals,

38) Freshwater Birds,
Amphibians,
Reptiles, Molluscs

Crandall et al. 2023 (39) | Class IlI 730 10,289 42,444 Worldwide Terrestrial / | 31 major

Freshwater / | taxonomic groups
Marine from four

Kingdoms
(Animalia, Plantae,
Chromista, Fungi)

CALIPOPGEN Class Il 286 3,711 690,544 California Terrestrial / | 24 major

(Beninde et al. 2022; 30, Freshwater / | taxonomic groups

31) Marine from four
Kingdoms
(Animalia, Plantae,
Chromista, Fungi)

Total Geographical 2,809 36,356 2,016,527 Worldwide Terrestrial / | 36 major

Meta-database coordinates Freshwater / | taxonomic groups

(this study) Marine from four
Kingdoms
(Animalia, Plantae,
Chromista, Fungi)
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Table S2. Genetic data availability in protected areas per continent and Marine realm. Total protected area was estimated from the
World Database on Protected Areas (accessed 23 November 2022).

Total Protected Percent > 1sampled| Percent > 5sampled | Percent > 10 sampled Total number of local populations
Continents Area (km2) local population local population local population sampled
Asia 3,814,803 16.48% 2.47% 1.07% 3,339
North America 3,934,670 69.14% 40.85% 11.84% 14,736
Europe 1,710,929 28.52% 4.48 1.01% 4,494
Africa 5,493,782 12.83% 2.64% 0.36% 1,243
South America 4,587,639 35.50% 10.00% 3.30% 2,167
Oceania 105,168 32.17% 1.59% 0.62% 282
Australia 1,561,103 44.85% 3.76% 2.19% 916
Antarctica 44,732 96.07% 95.18% 94.42% 26
Total Terrestrial Area 21,252,826 32.69% 11.69% 3.63% 27,203
Marine Realms (12)
1 Inner Baltic Sea 48,179 24.75% 7.12% 0.00% 64
2 Black Sea 23,483 11.77% 0.10% 0.00% 14
3 NE Atlantic 313,293 53.91% 26.26% 3.31% 428
4 Norwegian Sea 63,563 26.04% 0.00% 0.00% 77
5 Mediterranean 188,082 65.29% 40.31% 0.01% 422
6 Arctic seas 299,811 7.85% 4.69% 4.54% 38
7 N. Pacific 217,221 55.06% 33.31% 32.51% 3,127
8 N. American Boral 513,972 43.50% 18.76% 0.00% 29
9 Mid-tropical North Pacific Ocean 2,389,033 99.78% 63.29% 62.93% 46
10 South-east Pacific 1,967,188 0.00% 0.00% 0.00% 7
11 Caribbean & Gulf of Mexico 451,768 49.43% 19.42% 4.26% 817
12 Gulf of California 1,024,051 69.18% 17.24% 16.50% 186
13 Indo-Pacific seas & Indian Ocean 1,596,508 52.61% 0.66% 0.01% 301
14 Gulfs of Agaba, Aden, Suez, Red Sea 26,680 28.66% 0.00% 0.00% 38
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15 Tasman Sea 527,359 67.43% 50.80% 0.00% 5
16 Coral Sea 3,180,124 81.69% 65.27% 11.40% 199
17 Mid South Tropical Pacific 3,239,694 85.70% 0.00% 0.00% 72
18 Offshore & NW North Atlantic 1,614,851 47.83% 26.42% 11.37% 534
19 Offshore Indian Ocean 758,882 87.26% 67.42% 67.42% 7
20 Offshore W Pacific 1,184,827 32.91% 14.33% 11.92% 2,059
21 Offshore S Atlantic 2,199,411 7.11% 0.66% 0.14% 55
22 Offshore mid-E pacific 110,526 89.28% 0.00% 0.00% 6
23 Gulf of Guinea 71,461 51.50% 0.00% 0.00% 12
24 Rio de La Plata 110,989 25.74% 0.00% 0.00% 39
25 Chile 86,396 7.87% 0.00% 0.00% 29
26 S Australia 521,427 17.35% 0.04% 0.00% 42
27 S. Africa 71,454 25.44% 0.00% 0.00% 99
28 New Zealand 1,039,588 3.71% 0.00% 0.00% 55
29 NW Pacific 31,783 23.90% 21.29% 21.29% 254
30 Southern Ocean 5,332,852 81.39% 77.01% 73.57% 92
Total Marine Area 29,204,456 59.00% 33.25% 23.69% 9,153
Total Global Area 50,457,282 47.92% 24.17% 15.24% 36,356
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Table S3. Number of local populations inside protected areas within biodiversity hotspots area. Biodiversity hotspots are sorted by
ascending number of local populations inside PAs within the hotspot area

Hotspot Area Number of local
populations inside PAs
within the hotspot area

East Melanesian Islands 0

Horn of Africa 3

Western Ghats and Sri Lanka 3

Mountains of Central Asia 7

Irano-Anatolian 8

Caucasus 11

Cape Floristic Region 11

New Caledonia 11

Succulent Karoo 13

Mountains of Southwest China 16

Himalaya 19

Guinean Forests of West Africa 20

Maputaland-Pondoland-Albany 20

Wallacea 21

Sundaland 44

Madagascar and the Indian Ocean Islands 45
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Tropical Andes 55
Cerrado 56
Chilean Winter Rainfall and Valdivian Forests 60
Indo-Burma 67
Forests of East Australia 67
Coastal Forests of Eastern Africa 68
Madrean Pine-Oak Woodlands 95
New Zealand 98
Southwest Australia 102
Polynesia-Micronesia 105
Eastern Afromontane 106
Caribbean Islands 140
Atlantic Forest 150
Tumbes-Choco-Magdalena 306
Philippines 352
Mesoamerica 464
Japan 485
North American Coastal Plain 538
Mediterranean Basin 1,225
California Floristic Province 1,886
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