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ABSTRACT

Herbarium specimens provide an important and central resource for biodiversity research. Making

these records digitally available to end-users represents numerous challenges, in particular, transcrib-

ing metadata associated with specimen labels. In this study, we used the citizen science initiative

‘Les Herbonautes’ and the Récolnat network to transcribe specific data from all herbarium specimen
KEY WORDS  labels stored at the Muséum national d’Histoire naturelle in Paris of the large tropical plant family

‘S;g%{?;fgf}; Annonaceae. We compared this database with publicly available global biodiversity repository data
transcn&tion, and expert checklists. We investigated spatial and taxonomic advances in data availability at the global
BIE and country scales. A total of 20738 specimens were transcribed over the course of more than two
conservation, bui d sienificantl dine th ious| labl . d species d
ecology, ~ years contributing to and significantly extending the previously available specimen and species data
Madagascar.  for Annonaceae worldwide. We show that several regions, mainly in Africa and South East Asia not
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INTRODUCTION

covered by online global datasets, are uniquely available in the P herbarium, probably linked to past
history of the museum’s botanical exploration. While acknowledging the challenges faced during the
transcription of historic specimens by citizen scientists, this study highlights the positive impact of
adding records to global datasets both in space and time. This is illustrative for researchers, collection
managers, policy makers as well as funders. These datasets will be valuable for numerous future stud-
ies in biodiversity research, including ecology, evolution, conservation and climate change science.

RESUME

La transcription de haute qualité d étiquettes d'herbiers par des scientifiques citoyens améliore la représen-
tation taxonomique et spatiale dune famille de plantes tropicales, les Annonaceae.

Les spécimens d’herbier constituent une ressource importante et centrale pour la recherche sur la
biodiversité. Rendre ces données accessibles sous forme numérique aux utilisateurs représente de nom-
breux défis, en particulier la transcription des métadonnées associées aux étiquettes des échantillons.
Dans cette étude, nous avons utilisé le projet de science participative « Les Herbonautes» et le réseau
Récolnat pour retranscrire les données spécifiques de toutes les étiquettes de spécimens d’herbier
contenues au Muséum national d’Histoire naturelle 4 Paris d’une famille de plantes tropicales, les
Annonaceae. Nous avons comparé cette base de données avec les données de biodiversité en libre
acces et des listes taxonomiques expertes. Nous avons étudié 'apport de ces spécimens nouvellement
transcrits au niveau spatial et taxonomique a Iéchelle mondiale et nationale. Au total, 20738 spéci-
mens ont été transcrits sur une période de plus de deux ans, contribuant ainsi a enrichir et & étendre
considérablement les données précédemment disponibles sur les spécimens et les especes d’Annona-
cées au niveau mondial. Nous montrons que plusieurs régions, principalement en Afrique et en Asie
du Sud-Est, non couvertes par les données en ligne, sont uniquement disponibles dans I'herbier P,
probablement liées a 'histoire de I'exploration botanique du Muséum. Tout en reconnaissant les défis
rencontrés lors de la transcription de spécimens historiques par les scientifiques citoyens, cette étude
souligne 'impact positif de I'ajout de spécimens aux données globales a la fois aux niveaux spatial et
temporel. Ceci est révélateur pour les chercheurs, les gestionnaires de collections, les décideurs poli-
tiques ainsi que les bailleurs de fonds. Ces ensembles de données seront précieux pour de nombreuses
études futures dans le cadre de la recherche sur la biodiversité, notamment sur I'écologie, I'évolution,
la conservation et sur 'impact du changement climatique sur la biodiversité.

from tropical regions being concentrated predominantly
in western European and North-American herbaria (Park

Natural history collections are the foundation of much
of our basic knowledge on biodiversity (Krishtalka ez 4.
2016). For plants specifically, herbaria contain vast amounts
of information via the storage and curation of herbarium
specimens. These collections are central for biodiversity
research, specifically taxonomy, and as reference vouchers,
both for morphological and molecular data (Turland ez 4.
2018; Davis 2023). Beyond taxonomic considerations,
herbarium specimens and their associated information
available on the labels provide data on species’ ecology
(e.g. with isotopic compositions, McLauchlan ez 2/. 2010),
their phenology (e.g. Willis ez al. 2017; Gallinat ez al.
2018; Park ez al. 2023a), ethnopharmacology (Eloff 1999)
and ethnobotanical history (Souza & Hawkins 2017; Van
Andel et al. 2022), as well as location and timing of their
presence (Albani Rocchetti ez a/. 2021; Heberling ez al.
2019; Davis 2023).

Herbarium specimens were traditionally only accessible
on site at respective institutions (Figueiredo & Smith 2010)
allowing convenient access to a large number of generally
curated specimens. The strong impact of colonial history on
botanical collecting has led to many collections originating
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et al. 2023a), often home to millions of specimens. The
result is that working with these specimens generally goes
hand in hand with large logistical effort, including either
travel and lodging costs or lengthy loan requests (which
also involve certain risks, e.g. https://www.science.org/
content/article/botanists-fear-research-slowdown-after-
priceless-specimens-destroyed-australian-border).
Development of mass digitisation, i.e., specimen scan-
ning, and databasing, i.c., label information transcrip-
tion, are being undertaken to make specimens broadly
available and accessible (e.g., Thiers ez a/. 2016; Hedrick
er al. 2020; Hidalga er al. 2020; Santos et al. 2020). In
digital as well as in physical form, the real value of any
herbarium specimen not only consists of the dried plant
material. The associated collection metadata in form of
plant descriptions, observations and locality information
on the label contain data equally as valuable. Imaging a
physical specimen is relatively straightforward with the
appropriate equipment, but transcribing a label and geo-
referencing the collection locality of the record can be
complex and time consuming. Printed or typewritten labels
only became common from the 1930s onwards, and are

ADANSONIA, sér. 3 » 2024 © 46 (18)
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FiG. 1. — Label of specimen P02032119, illustrating some challenges of deciphering specimen labels. Collected by Pobéguin in 1895. No s.n., Isolona calycina
Pierre, nomen nudum in herb. (never validly published). “Le calice y est 2 fois plus longue et plus large que chez les autres especes” [The calyx here is two times
longer and wider than in the other species]. “Hab. Cote de I'lvoire. Cult in H[ortus] B[otanicus] M[usei] Par|isiensis] 4/1905. Floret [blossoms]” (referring to the

sampling of the specimen in 1905).

presently still not ubiquitous. Furthermore, labels are not
always standardised, and are sometimes nearly indecipher-
able even to trained readers (e.g., Fig. 1). Consequently,
important information is either erroneously — or not at
all - interpreted. This includes basic information such as
collector names, collection numbers or collection local-
ity. Location names might be either missing, imprecise,
or may have changed in the decades or centuries since
the date of collecting, complicating georeferencing. De-
ciphering and transcribing of such labels is done on a
daily basis by curators and researchers in herbaria. With
the up-and-coming momentum of digitisation requiring
accelerating transcription efforts to keep up with imag-
ing, this job has become increasingly intractable (Corlett
2023). Thus, two general strategies of mass digitisation
have been taken: a) all specimens are imaged, transcribed
and databased in one concerted effort but for a reduced
number of specimens; or b) specimens are imaged upfront
with minimal metadata for a large number of specimens
with transcription and full databasing taking place at a
later point in time. In some cases, label data have been
transcribed by researchers during taxonomic revisions
prior and independent to digitization.

Large scale transcription of label information can be
separated in two main strategies: crowdsourcing, either
commercial or via ‘citizen science’ projects (Ridge 2013;
Drinkwater ez al. 2014; Groom et al. 2019) or automated,
using for example Optical Character Recognition (OCR)
(Carranza-Rojas ez al. 2017; Engledow ez al. 2018; Kirch-
hoff ez al. 2018; Sweeney et al. 2018; Dillen ez al. 2019).

ADANSONIA, sér. 3 » 2024 © 46 (18)

Automated approaches have the advantage of being able
to process large amounts of data quickly, however, their
validation is critical to avoid systematic mistakes (Corlett
2023), even with the more recent development of powerful
Large Language Models (Weaver ez al. 2023). This aspect
has led to intermediate approaches where data validation
has been part of crowdsourcing projects (Drinkwater
et al. 2014).

Outsourcing transcription relies on manual entry of
label information either via paid services or using citizen
science. This process is more time intensive, but has the
added advantage that each label transcription can be en-
tered several times, to cross validate the resulting data.
Beyond the practical aspect of generating data, and in the
spirit of true citizen science, in a natural history collection,
this also offers the chance of educating the participants
in aspects of biodiversity science and natural history col-
lections (Silvertown 2009).

Irrespective of the way data are generated, large-scale
digitisation efforts produce significant amounts of data,
which need to be findable, accessible, interoperable and
reusable for highest impact and use (i.e. FAIR, Wilkin-
son et al. 2016). Creating easily accessible databases of
digitised specimens in such a way can be extremely valu-
able for both the supplying institution and end-users,
who can view, extract information and identify or verify
specimens, feeding back to the institution and helping it
to keep databases up to date. Institutions can enlarge their
outreach and visibility by providing digital specimens and
information.
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In parallel, the need to facilitate access to biodiversity
data, allowing collections to be kept up to date and used is
highlighted by estimates that for tropical plant groups, more
than half of the specimens might be wrongly identified or
filed under an outdated taxonomic name (Goodwin et a/.
2015). This has important implications for study results,
conservation actions and policy decisions (Vogel Ely ez al.
2017). As a consequence, a number of tropical plant groups
remain underexplored, thus species numbers and circum-
scriptions are expected to change once they are the focus
of taxonomic revisions (Cheek ez /. 2020). An illustrative
example is the major tropical family Annonaceae, with
about 2500 species (Nge ez al. in press). Efforts to describe
the diversity of this family have been ongoing for several
decades (Maas 1984; Couvreur et al. 2012; Erkens et al.
2017; Meade & Parnell 2018; Hoekstra ez /. 2021). Due
to their important diversity and ecological role in tropical
rain forests (Erkens ez a/. 2023), Annonaceae is used as a
proxy to study this biome’s evolution (Couvreur ez al. 2011).
Over the years comprehensive taxonomic accounts of most
genera (e.g., see the overview of Neotropical revisions in
Erkens ef al. 2017) and multiple regional floras (e.g., Cou-
vreur et al. 2022; Maas et al. 2023) have been published,
together with family-level molecular phylogenies (Chatrou
et al. 20125 Guo er al. 2017; Couvreur et al. 2019; Nge et
al. in press), making Annonaceae one of the taxonomically
better-known tropical families. However, to date, for most
Annonaceae the spatial data to understand the distribution
and ecology of all species is still lacking (Erkens ez a/. 2023).

The Muséum national d’Histoire naturelle in Paris, France
(acronym P, Thiers, continuously updated) contains the
largest herbarium collection globally, with more than 8 mil-
lion specimens (Le Bras ez a/. 2017) accumulated over more
than 350 years. As for most families, P is a major hub for
studying Annonaceae herbarium specimens. However, while
more than 99% of the vascular plant specimens of P are now
imaged, only a part of the associated label information has
been transcribed (estimated at approx. 20%). Transcrip-
tion and geo-referencing is performed within the project
‘Les Herbonautes’, based on participatory science through
a dedicated web-based portal (http://lesherbonautes.mnhn.
fr/) (Rouhan er al. 2016; Le Bras et al. 2017).

Within an ongoing large-scale project focusing on Annon-
aceae, we focused on using the ‘Les Herbonautes™ platform
to transcribe and georeference all images of Annonaceae
specimens deposited at the P herbarium. This transcription
effort provides an excellent opportunity to quantify the
value of these large-scale digitisation projects, and how the
produced digitised records contribute to our understand-
ing of biodiversity patterns, in particular the tropics, when
compared to readily available open access databases such
as GBIF. We investigated how transcribing label metadata
of ¢. 20000 Annonaceae herbarium specimens within the
‘Les Herbonautes” framework impacted our understanding
of the spatio-temporal as well as taxonomic distribution of
records on a global scale for this family. We highlight chal-
lenges faced during the transcription of specimens by citizen
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scientists from these images and discuss some limitations
of these large datasets and how these might be addressed.

MATERIAL AND METHODS

The collections of the Paris herbarium were imaged in a
mass digitisation project from 2010 to 2012. The digitisa-
tion process is described in detail in Le Bras ez a/. (2017).
Brieﬂy, specimens were imaged by a private contractor on
3 conveyor belt systems in parallel, each with 5 technicians.
With this setup, around 6 Million specimens were imaged
and minimally databased (accession number, geographic
region and taxon name) at an average rate of around 10 000
images a day. For this ‘Les Herbonautes™ project, a total of
20738 images of specimens filed under Annonaceae were
available in Paris (P). We use the term specimen to refer to
(photographed) barcoded sheets, distinct from a gathering
(i.e. a single collection event). The distinction between gath-
erings as signified by collector name and collection number
is complicated by some prolific collectors (e.g., Louis Pierre)
using a single number for multiple gatherings of (suppos-
edly) same species in different localities.

A small number of the available specimens came from as-
sociated herbaria (CHE [1], GUAD [34], MPU [1]) who
belong to the Récolnat network (https://www.recolnat.org/
fr/). The databasing was separated into five citizen science
‘episodes’ (“Bienvenue dans la jungle”— Episode 1-5/“Welcome
to the jungle” — Episode 1-5), each episode corresponding
to one geographical region following how the P herbarium
specimens are organized (Le Bras ez /. (2017): fig. 5). Epi-
sodes 1 through 5 focused on Madagascar, Asia, Oceania,
the Americas and Africa, respectively.

Citizen scientists were asked to enter data as follows: date
collected, collector name, co-collectors, collector number,
determined by, country, region, locality (as on label) and
georeferenced coordinates. Family, genus and specific epithet
had already been entered during the original digitisation
process. In addition, we asked two extra questions related
to phenology (if the specimen was in flower and/or in fruit)
and what the colours were of the flowers and/or fruits as
described in the label. Results of these later questions are
not reported here. Thus, not all label information was en-
tered (for example identification date; habitat of specimen;
ecology). This was a deliberate choice as more data entered
lead to a significant increase in time to validate every entry.

For every specimen to be validly databased, all metadata
fields as indicated above needed to be recorded at least twice
and identically. Discrepancies between transcriptions were
flagged, and sent back to be revised by the citizen scientists,
and if no resolution was found, the discrepancies were cor-
rected, verified and validated by experts. Each episode re-
mained open until 100% of specimens were validated and
conflicts resolved. The resulting dataset is referred to here
as the Herbonautes dataset.

To compare the Herbonautes dataset to previously available
data, we downloaded all available Annonaceae records from
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GBIF (extracting only ‘preserved specimens’; accessed 02 March
2023; https://doi.org/10.15468/dl.zamdu6; N.B.: the new Paris
dataset had not been submitted at the time of accessing GBIF).

We also compared the Herbonautes dataset to a near complete
inventory of Annonaceae in Madagascar using an unpublished
dataset of expert-curated specimens of Malagasy Annonaceae
(Ravomanana ez al. pers. comm.). This dataset was generated
by compiling specimen information from different resources
such as GBIF, Episode 1 of the “Les Herbonautes”, Naturalis
Biodiversity Center (bioportal), Missouri Botanical Garden
(Tropicos®), and the Antananarivo herbarium (Parc Botanique
et Zoologique de Tsimbazaza; TAN). It represents a near com-
plete dataset of all Annonaceae specimens from Madagascar,
and the best estimate of its diversity to date.

To standardise comparisons between datasets, specimens with
missing species level identification and/or spatial information
(coordinates) were removed. A custom python script was used
to update taxonomy using Plants of the World Online (POWO;
https://powo.science.kew.org, accessed 24 May 2023), while
nomenclatural details (species authors and description year)
were retrieved using IPNI (https://ipni.org, accessed 24 May
2023). All other data processing was performed in R (R Core
Team 2022). Any data points falling in oceans were flagged
using the coordinateCleaner R-package (Zizka et al. 2019).
Points less than 15 km from the coastline were retained us-
ing custom R-scripts, while points outside that margin were
removed (accounting for georeferencing uncertainty in coastal
regions accidentally placing occurrences in the ocean). We
generally report our results at the specimen level, thus sepa-
rating duplicates of the same gathering (same collector and
number), with exception of the expert curated database of
Malagasy records. In that dataset, records refer to gatherings
(i.e., one record might comprise multiple specimen sheets
from multiple herbaria originating from the same gathering).
For this reason, comparisons for Madagascar were made at the
specimen level between the Herbonautes and GBIF datasets,
and at the species level when considering the comparison be-
tween Herbonautes, GBIF and the expert dataset.

Specimens were projected onto a spatial raster with the
resolution of 1 x 1 degrees (c. 110 x 110 km at the equator)
using the WGS84 (ESPG:4326) coordinate reference system
for global scale analyses, and 0.5 x 0.5° for regional analyses
in Madagascar. For every grid-cell, collecting activities (col-
lector names, number of specimens (only Herbonautes and
GBIF) and number of species) were quantified. Differences
in spatial coverage between the datasets were quantified using
occurrence on the spatial grid at the respective resolutions.
These resolutions balance computational efficiency with a
relatively good level of detail at each respective scale. All
scripts for analyses are available on github (https://github.
com/SJRStreiff/Herbonautes_Annonaceae).

RESULTS

During the five Herbonautes ‘episodes’, 20 738 specimens
were transcribed, georeferenced, databased and validated.
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Episode 1 focused on Madagascar, from July 2020 to No-
vember 2020 entering data for 2697 specimens in total.
The second mission focused on Asia and was the one with
the most specimens entered (8 308), lasting from December
2020 to end August 2021. Episode 3 focused on Oceania
and was the smallest with 639 specimens entered between
September and October 2021. The 2 353 specimens of the
episode four focusing on the Americas lasted from October
2021 to December 2021. Finally, the project ended with
Africa (Episode 5), the second largest episode, with 6739
specimens entered between June 2021 to February 2023.
Thus, the transcription of the 20738 specimens took two
years and two months implicating 154 Herbonautes volun-
teers. However, participation was not equally distributed,
with nine volunteers contributing over 90% of records
transcribed. All metadata was retained and will be made
publicly accessible (https://science.mnhn.fr/, or available
from the first author on request).

Of the 20738 records databased, 87 were marked as not
usable (e.g., no label, label covered by specimen, or multi-
ple specimens on a sheet). A further 3 541 specimens were
not identified to species level, while an extra 188 records
had a determination which could not readily be reconciled
with the nomenclatural databases (predominantly invalidly
published or unpublished manuscript names, e.g., nomen
in herb., nomen dubium, Turland et al. 2018, e.g., Fig. 1).
Importantly, 9404 specimens (c. 55 % of specimens after
cleaning) had an additional expert identification. Note,
however, in the case of multiple specimens for same gath-
ering, a single determination slip is typically present on
only one of the specimens. This leads to an underestima-
tion of the total number of determined specimens in our
Herbonautes dataset. After cleaning, 15265 records were
retained for spatial analyses out of the 20738 original
records. For the comparison dataset from GBIF, 75441
records were retained after removing erroneous or miss-
ing coordinates and crossreferencing the taxonomy with
POWO. In total, only 78 records were shared between
the datasets, resulting from previous submissions of the
herbarium P to the GBIF database.

These cleaned datasets contained 1198 (Herbonautes)
and 1889 species (GBIF), respectively. In both datasets the
number of specimens are unequally distributed across spe-
cies; Coincidentally both for GBIF and the Herbonautes,
50% of the specimens belong to only 95 species. This
equates to ¢. 5% and ¢. 8% for GBIF and Herbonautes
respectively (Fig. 2). However, only 27 species are shared
between these two subsets of 95 species.

In total, 159 species with 876 occurrences are contained
in the Herbonautes dataset that had no records in GBIE.
Of these 159 species, 55% can be considered endemics,
with species only known to occur in a single “botanical
country” (as defined by WGSRPD; hteps://www.tdwg.org/
standards/wgsrpd/) according to POWO.

The Malagasy datasets contained 2399 (expert), 1902
(Herbonautes) and 3 501 (GBIF) records. The expert dataset
contained most species (110, compared to 95 [P] and 90
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Fic. 2. — Cumulative percentage of specimens representing percentage of species, by dataset. The dashed line with grey boxes represents the Herbonautes

dataset, continuous line with white boxes represent the GBIF dataset.

[GBIF]). The species missing in the Malagasy Herbonautes
and GBIF subsets compared to the expert dataset are not
equal: while species not found in the Herbonautes data
are generally very recently described ones (median year of
description 2013 [1852-2020]), the species missing in the
GBIF dataset are more broadly distributed in time (median
description year 1957 [1852-2020]).

From a spatial perspective, the Herbonautes database
showed the highest number of species and specimens in
tropical Southeast Asia as well as in central Africa and
Madagascar (see Fig. 3 and Table 1). Specifically, the high-
est concentration of records per 1 x 1 degree square were
located in western Cameroon, southern Viet Nam, coastal
Cote d’Ivoire, northern Madagascar, central Democratic
Republic of the Congo, northern Gabon and southwestern
Central African Republic (Fig. 3A). Correspondingly, the
three most collected countries were Madagascar, Viet Nam,
Cameroon, making up a quarter of all records. Around half
(49%) of all records were contained in the three previously
mentioned countries plus Gabon, Malaysia, Cote d’Ivoire,
French Guiana, Cambodia, Indonesia, the Republic of
the Congo. These, together with the Philippines and New
Caledonia also correspond to the countries visited by the
highest number of different collectors (Fig. 3C). These
patterns are also widely congruent with the number of
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TaBLE 1. — Species per dataset and continent.

Herbonautes and not

Region GBIF Herbonautes found in GBIF
Americas 700 248 7
Africa 268 189 17
Madagascar 79 79 10
Asia and Oceania 621 492 125

species collected per grid cell (Fig. 3C). Furthermore, these
regions generally correspond to areas where the Herbonautes
dataset provides geographical coverage beyond previously
existing GBIF data (Fig. 4). For the local comparisons in
Madagascar, large differences in spatial coverage can be
noted with both Herbonautes and the expert dataset hav-
ing a similar coverage, whereas GBIF data is much more
restricted (Fig. 5).

Collection efforts of Annonaceae in the Herbonautes
dataset varied over time, with peaks in the second half of
the 19% century, 1920s and the 1970s, and decreases — as
expected - during the two World Wars. Towards the present,
collection activities have once again decreased (Fig. 6).
These patterns vary slightly from country to country, but
remain generally comparable.
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DISCUSSION

Digitising herbarium specimens, especially the transcription of
label metadata into databases, can pose significant challenges
and be resource intensive. However, resulting datasets are of
great value to understand biodiversity in many aspects. To
quantify how the ‘Herbonautes’ citizen science transcription
efforts led by the P herbarium allows for a better understanding
of tropical diversity, we compared newly generated data for the
angiosperm family Annonaceae with data previously available
in GBIE Overall, we show that the Herbonautes dataset led
to an increase of 20% of digitally available georeferenced An-
nonaceae specimens and provided spatial data for 159 extra

species when compared to GBIF (Table 1). Thus, to date, at
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least one record is openly and easily accessible for 1938 out
0f 2503 species (77.5%) of Annonaceae (Nge ¢t al. in press).

The most important regions for which the Herbonautes
dataset contributed data versus GBIF at the time of our study
were located in South East Asia, Madagascar as well as parts
of Central Africa (Fig. 4). These also represent a majority of
countries formerly under colonial rule of France. Older speci-
mens in the Herbonautes dataset originating from countries
subject to colonisation by other European states are mostly
duplicates: These duplicate specimens were usually collected
in central herbaria and distributed through a network of
specimen exchanges among other herbaria (Kaiser 2022).
The major collecting regions highlighted were also visited by
prominent collectors of the Paris herbarium, such as Eugéne
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Poilane (1888-1964; Burgos & Carré 2021), Louis Pierre
(1833-1905; Leandri 1963), Auguste Chevalier (1873-1956;
Bonneuil 1996) and René Capuron (1921-1971; Leroy 1972),
to name a few.

More recently, collecting efforts are focused on those
regions in which highly active taxonomic work is being
performed. Such and similar variation in collecting efforts
in time, and causes thereof, are starting to be addressed
across collections and databases (Haripersaud er /. 2010;
Zizka et al. 2021). For tropical Africa, in Benin (Akoegninou
et al. 2006), Gabon (Sosef et al. 2006; Texier et al. 2022),
and for Annonaceae specifically in Cameroun (Couvreur
et al. 2022), the floras have been investigated thoroughly in
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recent years. This contributes to the data in these countries
(among others) being generally better represented in GBIF,
where also a small but important number of specimens were
already transcribed for the respective projects at Paris and
subsequently submitted. However only 5% of these records
were georeferenced at that point in time. The other records
were georeferenced during the respective Herbonautes epi-
sodes. Thus, the map (Fig. 4) does not completely reflect
the impact of P specimens for Annonaceae diversity studies.
Indeed, if we look at a country that has not been the focus
of recent floristic studies for Annonaceae, such as Madagas-
car, we see that the Herbonautes dataset has a much wider

spatial coverage when compared to GBIF (Fig. 6). Impor-
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aceae collected and transcribed within the dataset is from 1740, a specimen of Annona squamosa L. collected in China by Pierre Nicolas le Chéron d’Incarville.

The newest transcribed specimens are from 2015.

tantly, the Herbonautes data provided a significant portion
of occurrence records for species of Madagascar (as seen by
the relatively small differences between the Herbonautes
and expert-curated datasets). Significant differences remain
in spatial and taxonomic coverage when comparing these
Malagasy datasets to GBIF. In particular, despite having a
larger number of individual records, data from GBIF cover
a significantly smaller geographic range than the other
datasets. Species not present in the Herbonautes dataset,
compared to the expert database, are recently new to sci-
ence or placed in recently revised genera and are generally
quite rare (e.g., Deroin & Gautier 2008; Gautier & Deroin
2013; Johnson & Murray 2020).

Nevertheless, the small differences above underline the
value and importance of the specimens housed in the P
herbarium, as such patterns may be even more prominent
when considering families studied less frequently than An-
nonaceae. Here, important portions of diversity knowledge
might remain in the storage cabinets and image servers of
the P herbarium. Transcribing and making this data digitally
available will undoubtedly contribute important information
to systematic, ecological and conservation studies (Bebber
eral. 2010). As in any natural history collection, collecting
efforts vary across time (Fig. 6), but general trends show a
recent slowdown. In addition, collections are increasingly also
coordinated by more local herbaria. As these are associated
with researchers and volunteers with in-depth knowledge
of the local flora, the digitisation of these collections is just
as important (Delves et al. 2024).

For the transcription of Annonaceae by ‘Les Herbonautes’
specifically, the main challenge presented by the up-front
bulk imaging of specimens with transcription taking place
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later may be surprising: Keeping servers online and soft-
ware running presented more problems on a project of
the scale of ‘Les Herbonautes’ compared to questions or
issues related to actual specimen label transcription. These
problems tended to be ecither indecipherable handwriting
or location names that could not be assigned to a present
location, or that the specimen label was covered by the
specimen on the actual specimen image. This affected only
78 specimens (<0.5%). Even with questions on handwrit-
ing or locations, crucially, the transcription of specimens
by citizen scientists greatly frees up herbarium researchers
and volunteers, especially when coordinated by a centralised
structure or program. This centralised structure also facili-
tates and can help justify the informatic resources needed
for the transcription of herbaria.

Transcribing the data stored in herbaria has potentially
significant and far-reaching impacts. A significant number
of undescribed species are estimated to be stored in herbaria
(Bebber ez al. 2010; Ondo et al. 2024). In the specific case
of Annonaceae, previously documented patterns of species
distributions noted a lack of available data (Erkens ez a/.
2023). Given that Annonaceae are an important part of
tropical rain forest diversity globally (Turner 2001), and
among the more extensively studied families in that biome,
it is illustrative to demonstrate the difference these newly
transcribed specimens have on global patterns of species
richness: A significant number of Asian species were previ-
ously not digitally present, thus skewing previous estimates
towards the neotropical forests. In extension, this has po-
tentially important implications on past studies of global
estimates of tropical plant diversity: Generally, tropical Asian
tree species richness might be underestimated significantly
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(e.g., Antonelli ez a/. 2015; Kusumoto ez /. 2023), in turn
impacting large scale conservation assessments and conser-
vation planning (Hoffmann ez /. 2008; Pfab ez al. 2011).

Leveraging platforms such as ‘Les Herbonautes’, nu-
merous specimens can be transcribed accurately, reliably
and relatively cost-effectively (the transcription effort for
the 20738 specimens being estimated as equivalent of
1.59 full-time equivalent (FTE) over the ‘mission’ period
of approximately 24 months). Making such herbarium
specimen data digitally accessible is a crucial step facili-
tating further studies into the ecology and evolution, for
example in providing baseline data for species distribu-
tion modelling, in efforts to safeguard against extinction
(Corlett 2023) and in conservation efforts such as Red
Listing. Indeed, for most tropical plants, herbarium speci-
mens are the basis of the assessments following ITUCN
criteria (Schatz 2002; Verspagen & Erkens 2023). While
not replacing new collecting efforts in any way, digitis-
ing existing herbarium specimens is more cost-effective
than collecting new specimens. Making these backlogs of
specimens in herbaria worldwide available will have pro-
found impacts on understanding past, present and future
global biodiversity patterns along with biases inherent to
collections (Meineke & Daru 2021; Corlett 2023; Davis
2023). This underlines that conservation managers and
biodiversity policy-makers need to emphasise the funding
of digitisation efforts in order to ensure proper conserva-
tion planning action.

CONCLUSION

Citizen science presents a powerful tool to reliably and ac-
curately transcribe label information of herbarium specimen
images. We illustrated this by the transcription of the more
than 20000 Annonaceae specimen images from the P her-
barium. Transcribing records in such fashion also illustrates
the gains that can be made by transcribing entire (sub-) col-
lections, particularly in terms of species representation and
geographic coverage. Moreover, the main challenges faced
were not of the actual transcription nature, they were more
commonly system related, emphasising the computational
and informatic resources required for projects of this nature
and size. Digitising, databasing and making the accumulated
backlogs of herbarium specimens worldwide available digitally
undoubtedly has profound impacts on our understanding of
biodiversity in general, especially because herbaria are known
to harbour numerous collections of yet to be described spe-
cies. In addition, there is a real challenge of understanding
and quantifying biases inherent with the collecting habits of
botanists as well as curation habits of institutions. Finally,
making data available digitally also represents a valuable
resource for species distribution modelling and an effective
pathway to improve conservation planning, especially IUCN
Red Listing. These challenges will be better addressed with
complete or near complete datasets, alleviating the uncertainty
of existing but unavailable data.
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