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Abstract
Genetic diversity within species represents a fundamental yet underappreciated level of
biodiversity. Because genetic diversity can indicate species resilience to changing climate,
its measurement is relevant to many national and global conservation policy targets. Many
studies produce large amounts of genome-scale genetic diversity data for wild populations,
but most (87%) do not include the associated spatial and temporal metadata necessary
for them to be reused in monitoring programs or for acknowledging the sovereignty
of nations or Indigenous peoples. We undertook a distributed datathon to quantify the
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availability of these missing metadata and to test the hypothesis that their availability decays
with time. We also worked to remediate missing metadata by extracting them from associ-
ated published papers, online repositories, and direct communication with authors. Starting
with 848 candidate genomic data sets (reduced representation and whole genome) from
the International Nucleotide Sequence Database Collaboration, we determined that 561
contained mostly samples from wild populations. We successfully restored spatiotemporal
metadata for 78% of these 561 data sets (n = 440 data sets with data on 45,105 individuals
from 762 species in 17 phyla). Examining papers and online repositories was much more
fruitful than contacting 351 authors, who replied to our email requests 45% of the time.
Overall, 23% of our email queries to authors unearthed useful metadata. The probability of
retrieving spatiotemporal metadata declined significantly as age of the data set increased.
There was a 13.5% yearly decrease in metadata associated with published papers or online
repositories and up to a 22% yearly decrease in metadata that were only available from
authors. This rapid decay in metadata availability, mirrored in studies of other types of bio-
logical data, should motivate swift updates to data-sharing policies and researcher practices
to ensure that the valuable context provided by metadata is not lost to conservation science
forever.

KEYWORDS
biodiversity, conservation genetics, Convention on Biological Diversity, digital sequence information, evolution,
genetic diversity, metadata, molecular ecology, open data

Importancia de la curación oportuna de metadatos para la vigilancia mundial de la
diversidad genética
Resumen: La diversidad genética intraespecífica representa un nivel fundamental, pero a
la vez subvalorado de la biodiversidad. La diversidad genética puede indicar la resiliencia
de una especie ante el clima cambiante, por lo que su medición es relevante para muchos
objetivos de la política de conservación mundial y nacional. Muchos estudios producen
una gran cantidad de datos sobre la diversidad a nivel genético de las poblaciones silvestres,
aunque la mayoría (87%) no incluye los metadatos espaciales y temporales asociados para
que sean reutilizados en los programas de monitoreo o para reconocer la soberanía de las
naciones o los pueblos indígenas. Realizamos un “datatón” distribuido para cuantificar la
disponibilidad de estos metadatos faltantes y para probar la hipótesis que supone que esta
disponibilidad se deteriora con el tiempo. También trabajamos para reparar los metadatos
faltantes al extraerlos de los artículos asociados publicados, los repositorios en línea y
la comunicación directa con los autores. Iniciamos con 838 candidatos de conjuntos de
datos genómicos (representación reducida y genoma completo) tomados de la colabo-
ración internacional para la base de datos de secuencias de nucleótidos y determinamos
que 561 incluían en su mayoría muestras tomadas de poblaciones silvestres. Restauramos
con éxito los metadatos espaciotemporales en el 78% de estos 561 conjuntos de datos (n= 440 conjuntos de datos con información sobre 45,105 individuos de 762 especies en 17
filos). El análisis de los artículos y los repositorios virtuales fue mucho más productivo que
contactar a los 351 autores, quienes tuvieron un 45% de respuesta a nuestros correos. En
general, el 23% de nuestras consultas descubrieron metadatos útiles. La probabilidad de
recuperar metadatos espaciotemporales declinó de manera significativa conforme incre-
mentó la antigüedad del conjunto de datos. Hubo una disminución anual del 13.5% en
los metadatos asociados con los artículos publicados y los repositorios virtuales y hasta
una disminución anual del 22% en los metadatos que sólo estaban disponibles mediante la
comunicación con los autores. Este rápido deterioro en la disponibilidad de los metadatos,
duplicado en estudios de otros tipos de datos biológicos, debería motivar la pronta actual-
ización de las políticas del intercambio de datos y las prácticas de los investigadores para
asegurar que en las ciencias de la conservación no se pierda para siempre el contexto valioso
proporcionado por los metadatos.
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INTRODUCTION

Genetic diversity is the foundational layer of biodiversity. Just as
ecosystem functioning and resilience depends on the diversity
of its component species, so too does the health and resilience
of each species depend on its genomic diversity (Clark, 2010;
Reusch et al., 2005). Without genetic diversity in the form
of standing allelic variation, populations and species cannot
adapt to a rapidly changing climate and other anthropogenically
induced or natural stresses (Blanchet et al., 2020; Raffard et al.,
2019). Local or global extinctions of species in turn threaten
the ecosystems upon which the quality of human lives depends
(Brauman et al., 2020; Des Roches et al., 2021). Concerningly,
genetic diversity, like all levels of biodiversity, is declining rapidly
during the Anthropocene across the tree of life (Exposito-
Alonso et al., 2022; Leigh et al., 2019; Miraldo et al., 2016; Pinsky
& Palumbi, 2014).

Recognizing the vital importance of biodiversity to human
well-being and the future of the planet, several international
agreements strongly encourage the monitoring and conserva-
tion of genetic diversity in both wild and domesticated species.
Foremost among these are the United Nations Sustainable
Development Goal 2.5 and the international Convention on
Biological Diversity (CBD) treaty, which explicitly acknowledge
the importance of monitoring and conserving any component
of biological diversity (including genetic diversity) that may have
“actual or potential use or value for humanity.” Moreover, the

CBD’s article 15 and attendant Nagoya Protocol codify pro-
cedures to ensure the sharing of benefits arising from genetic
resources (such as digital sequence information [DSI]) dis-
covered or accessed within a nation’s sovereign borders. The
subsequent Strategic Plan for Biodiversity 2011–2020 laid out
the 20 Aichi Biodiversity Targets, including target 13, which
aims to maintain the “genetic diversity of cultivated plants
and farmed and domesticated animals and of wild relatives,
including other socio-economically as well as culturally valuable
species.” Now, even as shortfalls on all 20 of the Aichi Biodiver-
sity Targets are evident (CBD, 2020; Hoban et al., 2021; Laikre
et al., 2020), the new Kunming-Montreal Global Biodiversity
Framework, signed at the CBD Conference of the Parties 15 in
2022, includes maintenance and restoration of the genetic diver-
sity of all wild and domesticated species (Goal A, Target 4),
as well as provision of appropriate access to genetic resources
(Goal C, Target 13). Simultaneously, there is now a global effort
to sequence the genomes of all eukaryotic species in what has
been described as a “moonshot for biology” (Lewin et al., 2018).

Over the last decade, advances in DNA sequencing tech-
nology have enabled the generation of genome-scale data sets
of ever larger numbers of individuals, drawn from a grow-
ing variety of species (Allendorf, 2017; Hendricks et al., 2018).
Researchers are now able to genotype thousands of genomic
loci or sequence whole genomes from nonmodel species for
which they have no prior genetic resources (Lou et al., 2021;
Willette et al., 2014). The shift from genetic- to genomic-scale
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data sets is catalyzing novel conservation insights, including
the detection of inbreeding depression (e.g., Kardos et al.,
2016); discovery of subtle, previously undetectable population
structure (e.g., Cheng et al., 2021; Gaither et al., 2018); recon-
struction of demographic histories (Prada et al., 2016); precise
identification of distant pedigree relationships (e.g., Baetscher
et al., 2019); uncovering cryptic species (e.g., Quattrini et al.,
2019); clues about the genomic basis of local adaptation (e.g.,
Wilder et al., 2020); and important traits, such as nutritional
components (e.g., Kumar et al., 2021). Accordingly, the DSI
derived in these studies is highly valued as a resource equivalent
to biobanks, providing essential information for conserva-
tion (Hoban et al., 2022) and ensuring future food security
(Castañeda-Álvarez et al., 2016; Halewood et al., 2018).

Genomic data sets record the genetic diversity of a species
at a particular time and location, providing a benchmark for
how populations are responding to human-caused environmen-
tal change, cultivation, and land and sea use, as well as measuring
indicators of progress toward conservation targets and goals
(Hoban et al., 2020, 2022) and the genetic resources available
for future cultivation or domestication (Halewood et al., 2018).
However, genomic data sets can only be useful for monitor-
ing global genetic biodiversity and the sustainable human use of
genetic diversity (including benefit sharing [Cowell et al., 2022])
when archived publicly with accompanying metadata about the
spatiotemporal, environmental, and methodological context of
the sequenced sample (Riginos et al., 2020; Scholz et al., 2022;
Schriml et al., 2020).

The genetics community has long championed open data
publication with the foundational databases of the Interna-
tional Nucleotide Sequence Database Collaboration (INSDC)
(Cochrane et al., 2016) formed in the early 1980s. In 2009,
the INSDC launched the Sequence Read Archive (SRA) as
a repository dedicated to second-generation sequence data. It
has since grown exponentially to include over 600 terabytes
of freely available DNA sequence data from over 16,700 wild
and domesticated eukaryotic species as of 2021 (Toczydlowski
et al., 2021). Around the same time, the MIxS metadata stan-
dards (Field et al., 2008; Yilmaz et al., 2011) were defined to
inform the minimum information about what (detailed taxon-
omy), where (GPS coordinates and habitat), when (collection
date), how (sampling and sequencing protocols), and by whom a
genetic sample was collected. Enabled by the INSDC infrastruc-
ture and encouraged by the Joint Data Archiving Policy (JDAP;
http://datadryad.org/pages/jdap) implemented by top journals
in 2011, the proportion of papers providing open access to their
genetic data increased dramatically (Pope et al., 2015). How-
ever, the inclusion of accompanying metadata crucial for the
reuse of these data for genetic diversity monitoring and con-
servation, macrogenetic studies, or identifying their provenance
within national boundaries or the lands and waters of Indige-
nous peoples has lagged behind (Pope et al., 2015; Toczydlowski
et al., 2021). As of 2021, out of over 300,000 SRA BioSamples
that are potentially relevant to global genetic biodiversity, only
∼13% had metadata indicating the time and precise location
from which they were sampled (Toczydlowski et al., 2021).

In a timely and welcome update to their policy, INSDC
now intends to extend their minimum metadata require-
ments to include collection date and country of origin
(https://www.insdc.org/spatio-temporal-annotation-policy-
18-11-2021). Although country is legislatively aligned with the
Nagoya Protocol, it is not spatially aligned with the lands and
waters of Indigenous peoples (e.g., https://native-land.ca/) and
does not provide adequate spatial resolution for conservation
monitoring. Moreover, this policy and infrastructure change
will take time to implement (anticipated to be end of 2022),
meaning that much of the genomic data collated over the last
∼12 years for past and present populations, of immeasurable
value to understanding and monitoring the biodiversity crisis,
are not findable, accessible, interoperable, or reusable (FAIR)
(Wilkinson et al., 2016). This absence of appropriate spatiotem-
poral metadata represents the effective loss of tens to hundreds
of millions of dollars of research effort for most future pur-
poses (Schriml et al., 2020; Toczydlowski et al., 2021), rendering
associated genetic data invisible to government ministries and
nongovernmental organizations tasked with protecting the
world’s natural environment (Laikre, 2010; Laikre et al., 2020).
Moreover, without spatiotemporal provenance of genomic data
enabling connection to the lands and waters of Indigenous
peoples, these peoples will potentially lose out on benefits
(e.g., capacity development, food security, biomedical advances)
arising from genomic information originating within their
territories (Liggins et al., 2021; Marden et al., 2021; McCartney
et al., 2022; Scholz et al., 2022). There is urgency in addressing
this metadata gap: previous studies of morphological (Vines
et al., 2014) and genetic (Pope et al., 2015) data suggest that
the probability of existing metadata ever being linked to the
genomic data significantly decreases over time.

In 2020, we convened a distributed remote datathon (i.e., a
sustained effort by a team to solve a data-oriented problem)
to assess the availability of metadata outside of the INSDC;
recover and curate metadata missing in INSDC from external
sources (i.e., published research papers, other online reposito-
ries, or the authors themselves); and extend our initial report
on the metadata gap (Toczydlowski et al., 2021) to investigate
how the recoverability of these metadata is affected by data
set age and to document shortfalls and costs of our remedial
efforts. In our datathon, 13 graduate students and 12 profes-
sional researchers worked together across 4 countries via Zoom,
Slack, and Google Sheets as metadata curators to establish and
execute curation protocols and infill missing metadata (24 of 25
curators are authors on this paper). Collectively, we searched for
metadata external to the INSDC (e.g., associated scientific pub-
lications, Dryad, museum collections) for 848 genomic data sets
(INSDC BioProjects) representing 94,416 individual samples
(BioSamples). The BioSamples and associated genetic sequence
data in these projects were selected because they were missing at
least latitude and longitude metadata in the INSDC. We sought
to underscore the importance of appropriate and immediate
metadata archival. We devised guidelines based on our collec-
tive experience gained over the datathon on practices to retain
crucial metadata.
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METHODS

Datathon workflow

The workflow of our datathon is shown in Figure 1. A full-text
description is provided in Appendix S1. Briefly, on 7 Novem-
ber 2019, we searched the INSDC to identify BioProjects (data
sets) potentially relevant to monitoring genetic diversity but
lacking critical metadata about latitude and longitude of the
sampling location with the rentrez R package (Winter, 2017)
and custom R scripts. We further filtered the BioProjects to
remove BioSamples (sequenced individuals) from species whose
population dynamics and evolution are largely governed by
humans: pathogens and their vectors, model organisms, and
domesticated species. We used custom lists for each category
of nonwild organisms (Appendix S2) (see supporting informa-
tion of Toczydlowski et al. [2021] for construction details). We
built a blank template (Appendix S3) to receive metadata that
we located external to the INSDC with the Genomic Observa-
tories Metadatabase (GEOME) (Deck et al., 2017; Riginos et al.,
2020). Metadata curators were each randomly assigned a set of
BioProjects. Curators followed a standard protocol (Figure 1;
Appendix S4) to locate associated publications for each BioPro-
ject, determine their relevance to natural genetic diversity, and
enter associated metadata for samples in each relevant BioPro-
ject that were missing in the INSDC but reported in external
sources (e.g., associated published scientific papers or online
repositories). After performing quality control, these metadata
could then be easily uploaded to GEOME and potentially added
to the appropriate INSDC databases.

After adding all metadata that could be gleaned from the
& associated papers into the GEOME templates, curators
made a structured comment on a master spreadsheet (Appen-
dices S5 & S6) indicating whether metadata for each of the
required and recommended terms were absent for all BioSam-
ples (none), present for <50% of BioSamples (some), present
for >50% of BioSamples (most), or present for all BioSam-
ples (all). If the paper was missing information from 1 of 6
required Darwin Core terms (Wieczorek et al., 2012) (geo-
referenceable locality OR [decimalLttitude AND decimalLongitude],
coordinateUncertaintyInMeters, georeferenceProtocol, habitat, environmen-
talMedium, yearCollected), the curator flagged the BioProject to
initiate author contact. We considered an additional 9 metadata
terms as recommended: missing metadata in these fields alone
did not trigger an author contact but curators and authors were
asked to populate these fields as completely as possible. These
recommended terms included country, establishmentMeans, permit-
Information, associatedReferences, preservative, and 4 de novo terms
that tracked genetic data derived from the raw reads, such as
SNP genotypes or sequence alignments (derivedGeneticDataType,
derivedGeneticDataURI, derivedGeneticDataFormat, and derivedGenet-
icDataRemarks). Progress and notes at each curation step were
tracked as meta-metadata on the master spreadsheet.

After a quality-control step to ensure that author names and
email addresses found in papers were input correctly, corre-
sponding authors of the paper were contacted by email (text of
the email is in Appendix S7) with the Yet Another Mail Merge

add-on for Google Sheets (yamm.com). If an email was unde-
liverable, we tried to locate an alternate email address. We were
able to successfully deliver email queries for 351 of 492 rele-
vant BioProjects that met the criteria for author contact. About
2 weeks after sending the initial email, curators sent reminder
emails to unresponsive authors at least once and at most twice.
This process emulated the efforts of a reasonably persistent
researcher to obtain metadata important to their research. Filled
and checked GEOME templates for each BioProject are avail-
able in the GEOME database (https://geome-db.org). The
data we collected about whether or not authors responded to
emails or provided metadata are exempt from the human sub-
jects regulation 45 CFR 46 as a category 2 exemption. We
anonymized these data by separating identifying information
about BioProjects (Appendix S5) from the author response data
(Appendix S6) and randomizing the order of the data sets in
each data file.

Investigating metadata decay

We investigated the effect of BioProject age on the proba-
bility that we were able to recover metadata information for
11 metadata categories. We used Bayesian logistic regression to
fit 4 distinct models to investigate the relationships between
BioProject age (number of days between publication in the
INSDC and 7 November 2019) and the probability that meta-
data could be retrieved from INSDC, associated published
papers, or repositories (model A), the probability that we
received an author response for the 351 BioProjects that trig-
gered an author contact via email (B), the probability that
authors provided any metadata, given that they responded
(C), and the probability that authors provided metadata for a
majority of samples, given that they responded (D).

Information about the collection date and location of a sam-
ple is the most critical piece of metadata required to make
genomic sequence data reusable and to identify its Indigenous
provenance, so we focused our investigations on these 2 cate-
gories. We refer to the aggregate as spatiotemporal metadata.
We defined a BioProject as having spatiotemporal data if collec-
tion dates and latitudes and longitudes or locality were present
for at least 50% of the BioSamples that it contained. In model
C, we counted a gain in collection year, or place name, or lati-
tude and longitude for any number of BioSamples as recovery
of metadata. In model D, we only counted increases in metadata
for BioProjects that had incomplete spatiotemporal metadata
for >50% of its BioSamples and had spatiotemporal metadata
present for >50% of BioSamples after contacting authors. That
is, model C assessed the probability of recovering any metadata
external to the INSDC, and model D assessed the probability of
recovering metadata for the majority of samples. In supplemen-
tal analyses, we investigated how the availability of metadata in
individual spatiotemporal terms and other important metadata
terms decayed (Appendices S8 & S9).

We conducted all statistical analyses at the level of BioPro-
ject (as opposed to BioSamples or genomic sequences) because
presence or absence of metadata for BioSamples in a given
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FIGURE 1 Workflow in datathon to identify and recover metadata for data sets potentially relevant to monitoring genetic diversity. The number of BioProjects
and BioSamples remaining after each step are given below the step.
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BioProject was highly correlated (Toczydlowski et al., 2021).
We analyzed the effect of BioProject age on our response vari-
ables, given above for each model A–D, with generalized linear
models. In each analysis, we modeled our response variable as
a Bernoulli-distributed variable with a probability of success
that was a linear function of our predictor variable: BioPro-
ject age. In each analysis, the parameters of our model were a
global mean probability of success and an effect size of BioPro-
ject age on probability of success for that response variable. In
these analyses, we used the canonical inverse-logit inverse link
function. In mathematical notation, our model was

Yi ∼ Bernoulli
(

pi
) , (1)

pi = 1
1 + e−#i

, (2)

#i = $ + % × Xi , (3)

where Yi is the ith outcome (response variable), pi is the prob-
ability of successfully observing that outcome, µ is the global
mean probability of success, and β is the effect of BioProject
age on the transformed probability of success for that outcome
(θi). We had no strong prior beliefs about the effect of Bio-
Project age on success in each of the 4 analyses we ran; thus,
the priors we placed on our parameters were β ∼ N(0,10); µ
∼ N(0,10). All statistical analyses were performed using Rstan
2.21.2 (Stan Development Team, 2021). We ran 4 independent
chains for 2000 iterations and thinned to sample only every
fourth iteration to reduce autocorrelation. We discarded the
first 1000 iterations as burn-in. To assess the significance of
the effect of BioProject age on success of each outcome, we
determined whether the 95% equal-tailed credible interval of
the marginal distribution on β contained 0. If it did, the effect
of BioProject age was deemed not significant.

RESULTS

We identified 848 INSDC BioProjects (registration dates rang-
ing from 2012 to 2019), representing 94,416 BioSamples from
individual eukaryotic organisms that lacked geospatial coordi-
nates and had at least 5 putatively wild individuals as determined
by our filters. Curators located associated published scien-
tific papers for 741 of these 848 BioProjects (missing papers
are likely in preparation or abandoned). Reading these papers
revealed 561 BioProjects with a majority of relevant, truly wild
individuals, comprising 63,684 individuals from 873 species.
After scouring associated published papers for metadata and
contacting authors, 440 BioProjects with 45,105 BioSamples
from 762 species in 17 eukaryotic phyla (Figure 2) had geospa-
tial data (either coordinates or a locality name) and were
passed through quality control for eventual upload to GEOME.
BioSamples that passed through the datathon came from all
continents and all major oceans (Figure 3).

For the subset of BioProjects that we focused on (those
missing latitude and longitude), datathon curators recovered
metadata for a majority of BioSamples in a BioProject as follows
(Figure 4). For geospatial coordinates, nearly 60% were found in
an associated publication or online repository. Although nearly
30% of these BioProjects contained information about collec-
tion year in the INSDC, curators were only able to recover an
additional 21% from papers or online repositories. Datathon
curators recovered metadata regarding habitat, environmen-
tal medium (media displaced by the sampled organism), and
publication DOI for over 80% of BioProjects from published
papers and their supplemental information. Additional large
gains in BioProjects were made from online sources external
to the INSDC for locality (48.8%) and country name (39.8%).
Notably, permit information was the least available of any of the
metadata categories we explored. There is no permit metadata
term in the INSDC, and curators found permit information in
papers for only 21% of BioProjects.

Contacting authors yielded comparatively less metadata than
our search of papers and supplemental information, although
this step was secondary to examining papers and looking online.
Out of 351 author contact attempts, we received 158 responses
(45% response rate). Of the 158 responses, 80 (51%) pro-
vided at least some missing metadata, yielding an overall useful
author response rate of 23%. Through contacting authors, we
recovered collection year metadata for an additional 9% of
BioProjects and geospatial coordinates for an additional 8.5%
of BioProjects. Gains in other metadata categories were all<5%; permit information showed only a 1.2% increase with
information from authors.

The age (time since deposition into the INSDC) of the
BioProject had a strong effect on whether metadata could be
recovered. After searching for metadata in the INSDC and pub-
lished papers, we found that spatiotemporal metadata (defined
as year and geospatial coordinates or locality) had a mean odds
ratio of 0.865 (95% highest posterior density credible interval
[HPD CI]: 0.775–0.964 (Figure 5a). This indicated that for every
year after a BioProject was published to the SRA, there was
about a 13.5% decrease (HPD CI: 3.6–22.5) in the probability
that its metadata could be found in the SRA, in papers, or else-
where online. In contrast, there was a strong positive effect of
BioProject age on whether an attempt to contact the authors
was answered, with a 25.5% increase in the probability of a
reply of any kind for every year after SRA publication (mean
odds ratio of 1.255; 95% HPD CI: 1.120–1.412) (Figure 5b).
In other words, we were more likely to get an email response
for older data sets. However, given a response, the probability
that authors furnished any metadata for year or coordinates or
locality decreased with BioProject age by 21% per year (odds
ratio 0.810; 95% HPD CI: 0.680–0.949) (Figure 5c). Similarly,
the probability that the authors provided metadata for year and
coordinates or locality for a majority of BioSamples decreased
by 22% per year (odds ratio 0.819; 95% HPD CI: 0.671–0.994)
(Figure 5d).

Figures for Bayesian logistic regressions of BioProject age
on other metadata categories are in Appendices S8 and S9
(β values). In accordance with the results for spatiotemporal
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8 of 18 CRANDALL ET AL.

FIGURE 2 Taxonomic and geographic scope of the datathon to identify and recover metadata for data sets potentially relevant to monitoring genetic diversity:
(a) cladogram of 719 of the 762 species from BioProjects that passed through the final quality control step (subtree of the Open Tree of Life [Hinchcliff et al., 2015]
generated with the rotl package for R [Michonneau et al., 2016] and visualized with iTOL software [itol.embl.de] [Letunic & Bork, 2021]) and (b) geographic
distribution of broad taxonomic categories of these BioSamples.

FIGURE 3 Distribution of (a) species and (b) BioSamples for which
spatial coordinates were recovered by a datathon to identify and recover
metadata for data sets potentially relevant to monitoring genetic diversity.

metadata, supplementary analyses indicated that metadata for
collection year (posterior mean slope = −0.133, 95% credible
interval: −0.233 to −0.034) (Appendices S8 & S9) and preser-
vative used (posterior mean slope=−0.111, 95% HPD:−0.218
to −0.009) (Appendix S8) were significantly less likely to be
recovered from INSDC, publications, and online repositories
as age of a BioProject increased. Furthermore, and as with spa-
tiotemporal metadata, the probability that responding authors
provided additional metadata for georeferences (decimal lati-
tude and decimal longitude) (posterior mean slope = −0.151,
95% credible interval: −0.386 to −0.05) (Appendix S8), collec-
tion year (posterior mean slope=−0.174, 95% credible interval:−0.363 to 0.000) (Appendix S8), and preservative used (pos-
terior mean slope = −0.438, 95% credible interval: −0.873
to −0.081) (Appendix S8) was significantly greater for young
BioProjects. The provisioning of permit information followed
this same trend (although marginally insignificant, posterior
mean slope = −0.555, 95% credible interval: −1.31 to 0.003)
(Appendix S8), suggesting these metadata are relatively available
within the personal data management system of authors.
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FIGURE 4 Percentage of International Nucleotide Sequence Database Collaboration BioProjects for which metadata were found from each of 3 sources
across 10 priority metadata categories.

Counter to our result for spatiotemporal metadata, supple-
mentary analyses indicated that metadata for habitat (Appendix
S9) (posterior mean slope = 0.141, 95% credible interval:
0.006–0.285) (Appendix S8) and environmental medium (pos-
terior mean slope = 0.176, 95% credible interval: 0.016–0.355)
(Appendix S8) were less frequently recovered from INSDC,
publications, and repositories for young BioProjects. Retrieval
of these metadata through author contact had no relationship
with BioProject age.

All code and meta-metadata are available from https://
github.com/ericcrandall/geome_metadatathon1. Metadata for
45,105 SRA BioSamples recovered by the datathon are freely
available from https://geome-db.org/workbench/project-
overview?projectId=305. They and their associated genomic
reads may be also be queried and downloaded using the
geomedb package for R (Ewing & Crandall, 2020).

DISCUSSION

With our distributed datathon, we demonstrated that crucial
metadata can be restored for many genomic investigations of

wild organisms. However, our results showed that metadata
were more difficult to recover as time proceeded and many were
locked in nonstandard formats. Because the great majority of
publicly available genomic data sets lack important metadata
(Toczydlowski et al., 2021), they are not FAIR (Wilkinson et al.,
2016). Only genomic data that are FAIR allow systematic mon-
itoring of the fundamental layer of biodiversity (Hoban et al.,
2021) and enable assertions regarding provenance for inform-
ing CBD Nagoya Protocol obligations. We found that metadata
availability depends on type (location, publication, and habitat
metadata were much more available or inferable than metadata
about permits and preservatives); that with considerable time
and paid effort, it is possible to recover some of these important
metadata from the nonstandardized and nonmachine-readable
formats in which they were being stored; and, although meta-
data archival practices may be improving incrementally, that
genomic metadata are subject to the same decay processes
demonstrated for other types of scientific data (Pope et al., 2015;
Vines et al., 2014).

There are likely multiple factors underlying the observed
decay in metadata availability. First, it is not surprising that
older metadata are less likely to have been archived. Metadata
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FIGURE 5 Effect of data set (i.e., BioProject) age on the probability of recovering spatiotemporal metadata (light colored lines, 1 of 2000 thinned iterations of
the Bayesian analysis) and posterior distribution for log(odds ratio) (black lines, 95% highest posterior density [HPD]): probability (a) that metadata were found in
the International Nucleotide Sequence Database Collaboration (INSDC) or associated papers and repositories, (b) of receiving a reply from BioProject authors to
our contact email, (c) of receiving additional metadata for year or coordinates or locality, and (d) of receiving metadata for year and coordinates or locality for a
majority of BioSamples (95% HPD intervals exclude 0).

archival practices are gradually improving; more metadata are
being recorded in the INSDC, in research papers, and in online
repositories, such as Data Dryad (Figure 5a). This is consistent
with increasing acknowledgment that these metadata are rele-
vant and important to future research. However, the rate of
metadata archival is apparently not keeping up with the rapid
growth of genomic data sets (see Figure 1 of Toczydlowski et al.,
[2021]), and it is certainly not closing the gap.

Second, we found that authors of recent SRA data sets were
significantly less likely to reply to our queries than those of older
data sets (Figure 5b), although the overall response rate of 45%
was comparable to previous studies (Vines et al., 2013, 2014).
This result may indicate that recent SRA depositions are part
of ongoing research projects for which authors are unwilling
to share metadata for fear of being scooped by others work-
ing on similar questions. It is also true that younger authors
are more likely to leave science than older authors (Reithmeier
et al., 2019); thus, these authors may no longer be available
to support their publications. Similarly, there may be a cohort
effect in which authors of older studies are more established in
their careers and have more time or are more aware of increas-
ing expectations around FAIR data and thus are more willing
to communicate and share. As mandates for metadata increase,

more data sets may minimally meet the metadata requirements,
leading to a decreasing proportion of metadata in nonrequired
categories.

Third, there has actually been decreased reporting over time
of information about habitat and environmental medium. The
reason for this trend is unclear, but if it continues, missing
metadata about organisms’ environmental context will make
it difficult to address habitat-based conservation monitoring.
Finally, of the authors who did reply, there was a significant
decrease as the age of the BioProject increased in whether
partial or complete spatiotemporal metadata were provided
(Figure 5c,d), suggesting that if metadata are not properly
archived to public repositories, they may be lost over time,
as previously highlighted for morphological data (Vines et al.,
2014).

Taken together, our results support assertions by others in
the field that the current research system overly weights publi-
cations and citations and underweights scientific openness and
reproducibility (Davies, Putnam, et al., 2021; Fidler et al., 2017;
McNutt et al., 2016; Nosek et al., 2015). If these values were
weighted appropriately by the academic system, we would not
have found the metadata gap that we report here (O’Dea et al.,
2021). Adding to the challenge, publications are rarely linked
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to genomic data in INSDC, which likely reflects authors first
uploading their genomic data to meet publication requirements
and then not returning to update the metadata when the paper
is published.

Changing the system will likely require a combination of car-
rots and sticks (Whitlock, 2011). Carrots can take the form
of citable data publications (Dimitrova et al., 2021); recogni-
tion of open data practices by hiring, promotion, and tenure
committees; or commendations from professional societies or
departments (Roche et al., 2014, 2015). Sticks in the form of
open metadata mandates must come from journals (Gareth
Jenkins, pers. comm.; Sibbett et al., 2020), funding agencies, and
data repositories, which all have a responsibility to respond to
the needs of the research community (Lin et al., 2020). Although
we applaud the INSDC’s new spatiotemporal metadata anno-
tation policy requiring country of origin metadata and their
adoption of the MIxS metadata standards, we call for greater
mandated spatial resolution to include at least a descriptive
and uniquely georeferenceable locality name or spatial coordi-
nates (Table 1) with appropriate uncertainty or additional terms
(such as Darwin Core’s coordinateUncertaintyInMeters and infor-
mationWithheld [Wieczorek et al., 2012]) to protect endangered
species or sovereignty of Indigenous peoples (Hudson et al.,
2020; McCartney et al., 2022).

Our datathon provided a unique opportunity to train gradu-
ate students in the importance of proper data curation and to
raise awareness that almost every data set has a potential for
reuse. We suggest that training in data curation and metadata
usage should be part of reproducible research training in every
science graduate program, with emphasis on avoiding some of
the metadata practices that hinder metadata recovery described
in Table 2. Datathons, such as we undertook, could help close
the metadata gap in the short term because they are very cost-
effective. If one assumes a mean cost of sequencing of US $50
per BioSample (and ignores the much higher, additional cost
of sample collection and processing), we rescued over US $2.1
million worth of genomic sequence data for future research
purposes. Coauthors of this paper spent about 2300 h on this
metadata retrieval effort, which, if valued at an average wage of
US $19 per hour, yields a return on investment of nearly 4700%,
with average costs of remediating a BioSample or BioProject at
US $1.05 and US $110, respectively. But ultimately, datathons
are a stopgap solution.

Going forward, the entire biodiversity genomics research
community should give the same priority to sharing metadata
that they have given to sharing primary data because it is only
the metadata that make primary data FAIR. From a process
standpoint, the collection of metadata should begin at the time
of sampling, with the assignment of a globally unique iden-
tifier (GUID) to the actual material sample. This identifier,
which should be assigned as early as possible after collection,
serves as the root to which all subsequent derived products
could be linked in an extended specimen cloud to establish clear
provenance and thereby prevent duplication of data or effort
(Davies, Deck, et al., 2021; Lendemer et al., 2020). Through
the use of GUIDs, both physical and digital products of the
sample (digital sequence information, but also DNA or RNA
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extractions, subsamples, images, video, audio, CT scans, mea-
surements of morphology, traits, gut contents, parasites, and
other related data and associated metadata) will be linked to
their material sample GUID to provide an extensive, holis-
tic metadata cloud that can be used to better inform current
research endeavors and create additional data-intensive research
pathways. GEOME (Deck et al., 2017; Riginos et al., 2020) is
an example of an easy-to-use metadata broker platform that
can provide spreadsheet templates with definitions that can be
filled in offline when the sample is collected. It can then mint a
GUID for any sample that is added to it and harvest the INSDC
accession numbers for genomic reads that are submitted to the
SRA through GEOME, thereby maintaining permanent links
between the sample metadata and genomic data.

If GEOME and similar sample database software, such as
Specify (Lawrence, Kansas), can store sample GUIDs and
associated metadata, the challenge then is to integrate these
metadata downstream into databases (such as INSDC) that
describe data derived from the sample. The INSDC enables
such linkages to other metadata platforms through the use
of both Structured Voucher (https://www.ncbi.nlm.nih.gov/
biocollections/docs/faq/) and Linkout (https://www.ncbi.
nlm.nih.gov/projects/linkout/) facilities for both nucleotide
and SRA (through their corresponding BioSample record) data
sets, respectively (e.g., https://www.ncbi.nlm.nih.gov/nuccore/
KC825472). Through these linkages, metadata corresponding
to the original material sample can be tied to the resulting
sequences to both validate the metadata associated with the
sequence record and provide updated information should spec-
imens be reidentified or georeferenced after the lodging of the
sequence with INSDC. Using the INSDC as a long-term repos-
itory for metadata about the sample may not make sense, in part
because researchers who submit the sequences to INSDC have
sole editing rights to the sequence record and it is currently quite
difficult for others (such as the collections who hold the vouch-
ers) to keep the INSDC metadata up to date or add additional
information. Thus, the integration of these metadata from an
upstream source somewhat negates the necessity for this infor-
mation to be duplicated by the sequence depositor and ensures
that the metadata are constantly up to date. This not only sup-
ports open, reproducible science (Buckner et al., 2021) but also
exemplifies the findable and accessible principles of FAIR data
(Wilkinson et al., 2016).

What this piecemeal data archival system currently lacks,
however, is support for data interoperability and reusability.
This is because of the siloed nature of the data and our inabil-
ity to compile it into a single resource for machine readability,
data manipulation, or downstream use. This shortcoming is
being addressed through various initiatives such as the Extended
Specimen Network (Lendemer et al., 2020; Thiers et al., 2021),
Digital Extended Specimen (https://dissco.tech/2020/03/31/
what-is-a-digital-specimen/), Distributed System for Scientific
Collections (https://www.dissco.eu/), iSamples (Davies, Deck,
et al., 2021), and others. Such a system would require all actors
in the data landscape (researchers, collections, data aggregators,
publishers, etc.) to utilize and publish resolvable GUIDs on all
specimens, data sets, and products of research to make these

linkages possible and thereby create an extensive online network
of knowledge and increase the potential for scientific research
questions to be answered.

We join others in the research community in calling for the
advancement of scientific practices that can effectively help
safeguard genetic diversity (Des Roches et al., 2021; Díaz et al.,
2020; Laikre et al., 2020) and protect the rights of developing
nations and Indigenous communities by establishing prove-
nance of both data and samples (Hudson et al., 2020, Liggins
et al., 2021). Swift collective action is required to protect all lev-
els of global biodiversity, and the first step toward protecting the
evolutionary health of eukaryotic species worldwide is to close
the metadata gap highlighted here. Simultaneously, conservation
geneticists, molecular ecologists, and evolutionary biologists
must engage with global biodiversity assessment programs,
national resource management agencies, and Indigenous com-
munities to ensure genomic data can be collected, interpreted,
and archived appropriately (Brodersen & Seehausen, 2014;
Hudson et al., 2020). Several exemplary international networks
(e.g., GEOBON Genetic Composition Working Group, IUCN
Conservation Genetics Specialist Group, and EU COST Action
Genetic Biodiversity Knowledge for Ecosystem resilience) have
already made a case for protecting the genetic diversity of all
species (Laikre et al., 2020) and proposed indicators to gauge
progress toward goals (Hoban et al., 2020; Laikre et al., 2020).
These groups have asserted their rationale for these changes
to stakeholders in policy documents, providing essential clar-
ity in the use of genetic data and reporting against targets
(Hoban et al., 2021). These actions and advances encourage the
uptake of genetic diversity monitoring by national authorities
and international bodies. The vision for many of these biodiver-
sity monitoring networks is to develop agile pipelines that intake
raw biodiversity data and produce outputs that can directly
inform conservation policies and decisions (Hoban et al., 2021).
Yet, without appropriate archival of genomic data that includes
the spatiotemporal metadata, the promise of genetic diversity
monitoring cannot be fulfilled.

The GEOME datathon enabled 13 graduate students and
12 professional researchers from 15 institutions and 4 coun-
tries to assess the growing metadata gap for genomics data
and begin to remediate it. The serendipity of being able to
run a remote, distributed datathon due to travel restrictions
and funding reallocation forced by COVID-19, in a time when
Indigenous rights, biodiversity conservation, and the value of
genetic diversity have been front of mind, has not been lost on
the participants. Although our efforts have just begun to address
the growing metadata gap, it is our hope that most researchers
will start to ensure the FAIRness of their genomic data and
metadata before or upon publication, thereby honoring the
work that went into creating it and providing limitless oppor-
tunities for reuse of their data to help answer the important
scientific questions of the future.
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