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Herbarium collections shape our understanding of Earth’s floraand are
crucial for addressing global change issues. Their formation, however,
isnot free from sociopolitical issues ofimmediate relevance. Despite
increasing efforts addressing issues of representation and colonialism
innatural history collections, herbaria have received comparatively less
attention. While it has been noted that the majority of plant specimens

are housed in the Global North, the extent and magnitude of this disparity
have not been quantified. Here we examine the colonial legacy of botanical
collections, analysing 85,621,930 specimen records and assessing survey
responses from 92 herbarium collections across 39 countries. We find an
inverse relationship between where plant diversity exists in nature and
whereitis housedin herbaria. Such disparities persist across physical and
digital realms despite overt colonialism ending over half a century ago. We
emphasize the need for acknowledging the colonial history of herbarium
collections and implementing a more equitable global paradigm for their
collection, curation and use.

The nearly 400 million specimens residing in the world’s herbaria  specimens principally to describe species and circumscribe taxonomic
formthe basis of the scientific understanding of our planet’sfloraand  classifications. The past decade has seen a resurgence in herbarium
are a centrepiece of botanical research’. Since the sixteenth century, collections research, which is driven in part by massive digitization
scientists including Linnaeus and Darwin have collected herbarium  efforts®*. In particular, with advances in high-throughput methods
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andimage analyses, herbarium specimens are increasingly being used
in innovative ways>® beyond their original intended purpose, includ-
ing research pertaining to global change’’. For example, herbarium
specimens have been used to uncover the effects of climate change on
plant phenology™, ecophysiology” and herbivory’; as barometers for
pollution™ and eutrophication trends"; and to reconstruct the origin
and spread of invasive species'".

However, these collections are not free from the many sociopo-
litical issues that define our modern era. Despite increased efforts by
natural history museums and other culturalinstitutions to address their
legacy of colonialism and representation, such efforts have largely been
focused on human- and animal-related collections and public exhib-
its’*". In contrast, herbaria have received comparatively less attention,
sidelined by their lower visibility; few herbaria offer public displays,
and plantawareness is generally lacking'®. Nonetheless, botanists have
contributed substantially to the colonial expansion of imperial powers
through active participation in the overseas collection of plants and
their scientificand economic development'’. Much of the early explora-
tion of colonized nations by colonialists (during which many botanical
specimens were collected) was done with the assistance of Indigenous
peoples who acted as guides during expeditions. The relationships
between colonial collectors and Indigenous guides were complex.
Sometimes Indigenous peoples participated in these endeavours
of their own accord, driven by shared interests, potential rewards,
political gain or goodwill, though remaining mostly unacknowledged.
However, at other times, Indigenous peoples were often under duress
orforced to disclose their scientific knowledge of plants and place®® .
Though not specifically quantified, it has thusbeen noted that herbaria
in the Global North hold many of the voucher specimens and associ-
ated data from equatorial and southern hemisphere nations (that is,
the Global South) owing to colonial-era explorations®*.

To address the appropriation of plant diversity and to open a
dialogue to help move us towards a more expansive and inclusive her-
barium of the future®, we must first understand the extent of disparity
inherbarium collections across the globe—specifically,amore robust
quantification of where they were collected and where they currently
reside. Here we, scientists and curators from herbaria across 31 coun-
tries from every continent, examine the colonial legacy of botanical
collections by assessing the geopolitical distribution of herbarium
collections and digitization efforts. Analysing over 85,621,930 plant
specimen records from the Global Biodiversity Information Facility
(GBIF) (23 April 2021; https://doi.org/10.15468/dl.nt5wkx), one of the
largest biodiversity data infrastructures (V= 2,307,116,169; accessed
on 23 April 2023), and assessing the state of selected herbarium col-
lections across the world, we provide a view of the disparity present
inherbarium collections and discuss the future of this colonial legacy
and how its effects can be mitigated. Though here we primarily focus
on the past territorial manifestations of colonialism, it should be
noted that this is not the only facet of (ongoing) colonialism relevant
to botanical collections, which have been shaped by the evolving dis-
tribution of demands, priorities and interests of imperial formations.
We acknowledge that the structures of power in the colonial contexts
are far more complex than our discourse here allows, and not all botani-
cal collections are solely the product of simple asymmetrical power
relationships. Along these lines, though we focus on characterizing
the macro-level phenomenon of disparity in herbarium collections,
the patterns we demonstrate have been influenced and mediated
by micro-level individualistic motivations, structures and networks.

Results

The imprint of colonialismin online herbarium collections
Collection trends across the last four centuries strongly bear the
imprint of colonialism. These trends canbe readily observedinthe plant
specimen records hosted on GBIF, which represent a subset (-25%) of
global herbarium collections (Fig. 1a). The majority of plant specimens

collected across the globe are currently housed in European countries
and the United States—the 10 largest herbaria in the world, which are
estimated to collectively hold over 65 million specimens, are all from
these regions'. Indeed, the currently widely adopted taxonomy of life
originated from European scholars, most prominently Linnaeus and his
disciples, who were associated with the relocation of massive numbers
of plant collections from across the globe into European institutions
and their associated systems of knowledge. Following the initial natural
history expeditions by northern and western Europeans, the United
States later mounted the US Exploring Expedition, collecting tens of
thousands of living and preserved plant specimens from across the
world formingthe basis of the Smithsonian Institution’s United States
National Herbarium. This trend was further fuelled by the desire of
imperial powers to exploit the biological resources of colonies abroad,
alegacy of whichiis, for example, the pursuit of medicinal plants in
tropical regionsin search of profitable remedies for ailments that are
of greater interestin developed countries, such as cancer or obesity?.

The impact of this collecting legacy persists in the trends and
patterns of more recent collecting activities. Despite the era of overt
colonialism drawing to an end after the Second World War, the histori-
caltrend of specimen movement from Africa, Asiaand South America
to Europe and North America haslargely remained constant (Fig.1b,c),
especiallyamong countries that have historical connections?. In fact,
the proportion of specimens collected from other continents has
increased in Europe and North America over time. In particular, the
United States emerged as the largest collector of overseas specimens
after the Second World War, acquiring massive collections from coun-
tries such as Brazil and Madagascar. Notably, the proportion of speci-
mens collected and housed in South Americagreatly increased during
this period, while collectionactivity in Africa remained largely driven by
European and North American countries, with the possible exception
of South Africa. These patterns are largely consistent when limiting our
sampletorecords with more complete information (for example, geo-
graphic coordinates; Supplementary Fig.1) or to collection activity in
the twenty-first century (Supplementary Fig.2). However, we note that
thereare other factors, suchasthe degree of economic development,
regional policies, political stability and scientific interest, that have
likely influenced these patterns as well?. Also, though difficult to esti-
mate, a portion of the specimens that have been dislocated likely have
duplicates—separate physical specimens of the same taxon collected
by the same people at the same place on the same date—deposited at
localinstitutions. Among the specimen data we examined from GBIF,
only 2.8% were of the same species collected at the exact same place
and date and stored in different institutions.

Our analysis suggests that colonial exploitation has contributed
to an inverse relationship between where plant biodiversity exists
in nature and where it is housed in herbaria. In general, biodiversity
is distributed along a latitudinal gradient, with most of the world’s
plantdiversity located in the tropics®’. However, when we examine the
number of species collected inagiven country—which reflects species
richness—relative to the number of species with specimens housed in
the same country, disparities emerge (Fig. 2a). Specifically, most of
theworld’s florais stored in temperate regionsin areverse-latitudinal
gradient where absolute latitude is positively correlated with the
number of species with specimens housed inacountry (r(243) = 0.26;
P=2.82x%107%; 95% confidence interval (CI) =[0.14, 0.38]). In particu-
lar, herbaria in the United States and several nations in western and
central Europe house over twice the number of species that occur
in these nations, demonstrating the international appropriation
of large numbers of specimens representing global plant diversity
(Fig. 2a).In contrast, much of Africaand Asia house fewer species than
are collected there, because North American and European herbaria
currently house many of the specimens and associated data from
these regions owing, inno small degree, to their colonial past. Indeed,
nations from these two areas simultaneously house adisproportionate
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Fig.1| The past movement of plant specimens across the globe based on
records from GBIF. a, The top tenth percentile of intercontinental connections
between countries where specimens have been collected and where they are
currently housed regardless of collection date. The widths of the arrows are
proportionate to the number of specimens dislocated and are coloured by
destination continent. Collections that remained in the country of collection are
not depicted. b,c, The intercontinental dislocation of specimens before (b) and
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after (c) the end of overt colonialism post World War Il (late 1945). The arrows
are coloured by the continent of origin. The numbers on the outer ring indicate
numbers of specimens collected from (lower half) or stored in (upper half)
each continent and are in multiples 0of 100,000. The colours on the outer ring
represent different continents. Political boundaries in panel a are based on data
from GADM.

number of internationally collected specimens (Fig. 2b) and tend to
have self-collected most of the specimens coming from their own
countries (Fig. 2c). Furthermore, over 80% of the specimens with digi-
talimages are held by European and North American institutions, the
majority of which were collected from Europe and North America,
respectively (Supplementary Fig. 3). We note that not all countries in
these two continents have actively participated in territorial colonial-
ism, but some have nonetheless amassed sizable international plant
collections (for example, Switzerland). There are also countries outside
theseregions that have sizeable international collections paired with
more extensive self-collections (for example, Japan and New Zealand).
Moreover, not all digitized specimen data online are available from
GBIF—unique data can be found in smaller, regional repositories or
institutional databases. Furthermore, such online databases harbour
gapsand biases. The digital data assembled for this study are thus not
entirely reflective of the complete distribution of specimens collected
andstored across the world*°*'. Nonetheless, our results are based on
one ofthelargest biodiversity datainfrastructures (V=2,307,116,169;

accessed on 23 April 2023) and represent our best estimates to date.
To address these inherent limitations of our evaluation of digitized
specimen content, we examined the distribution of specimens within
physical herbaria across the world.

Aglimpseinside the cabinet

Increasing digitization of specimen data and their online mobiliza-
tion seem to have greatly decentralized and democratized access to
herbarium data®. As demonstrated above, open-access biodiversity
datainfrastructures such as GBIF and iDigBio allow researchers from
around the world to query aggregated specimen metadata and images,
alleviating some of the need for extensive and prohibitive travels to con-
sult materials and requests for loans. Institutional databases, although
containing fewer specimens than global databases, efficiently contrib-
ute to make their own holdings available and encourage worldwide
researchers to request free high-resolution images and better define
loanrequests. However, digitization requires substantial investments
ininfrastructure (that is, physical space, photographic devices and
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Fig. 2| Disparity in the collection and housing of plant diversity. a, Theratio
of the total number of species with specimens housed in a country to the total
number of species collected in that country (species housed/collected). Ratios
below one (blue) indicate areas where the number of species that have been
collected from that country is higher than the number of species housed in that
country. b, Theratio of nationally versus internationally collected specimens

Self-collected

held by each country. ¢, The ratio of self-collected specimens in each country
versus those collected by other countries. Inb and ¢, the point sizes are log-
scaled to the total number of specimens. The triangles represent countries that
have overtly colonized other countries in the past following ref. 43. Political
boundariesin a are derived from Esri, Global Mapping International and The
World Factbook.

data storage) and personnel, which is often not financially feasible
for small institutions and developing countries®. Along these lines, it
hasbeenargued that digitization could exacerbate the exploitation of
intellectual property and biological resources by developed nationsin
aformofneo-imperialism®. Indeed, recent maps of biodiversity data
gathered from mobile phone technologies appear to parallel many of
the colonial-era trends we have identified here for herbaria®. Further-
more, only a small portion of specimen data are digitized and shared
online at this time, and there are many studies that require access to
physical specimens.

Accordingto Index Herbariorum', there are at least 3,426 herbaria
globally that together house approximately 400 million specimens.
Over 60% of these herbariaand 70% of specimens are located in devel-
oped countries with colonial histories (Supplementary Fig. 4). To
further understand the current state of the world’s collections and
their digitization, we conducted a collaborative assessment of major
herbaria as listed by /ndex Herbariorum and targeted representative

regional herbaria. A total of 92 herbaria across 39 countries and 6
continents submitted at least partial responses to ourinquiries usedin
our analysis. Similar to the patterns observed using digitized data from
GBIF, we identified that herbaria in developed nations with colonial
histories in North America and Europe housed a higher proportion
of internationally collected specimens on average (£(59.10) = 3.58;
P=6.9x107*d=0.82;95% Cl=[9.50, 33.54]; Fig. 3a). This patterngener-
ally held consistent across databased specimens with collection date
andlocationinformation (¢(56.01) = 2.81; P= 6.8 x1073;d = 0.62;95% Cl =
[4.80,28.62]; Fig. 3b) and specimens with digital images (¢£(35.82) = 2.61;
P=0.01; d=0.65; 95% CIl = [5.14, 41.24]; Fig. 3c) shared online. There
were some notable exceptions; for instance, herbariain Singapore hold
adisproportionate number of international collections, possibly due
tothe country’s small size, location, history as the main British colonial
outpostinthearea, and past and present association with Malaysia.
Our inquiries also revealed that the digitization of herbarium
specimens remains in its infancy. We estimated that less than 30% of
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Fig.3| The percentage of internationally collected specimensin herbaria.
a-c, Trends across physical specimens (a), specimens with at least a portion
of their metadata available online (b) and specimens with digital images
shared online (c); each bar represents a data-providing institution, and the
coloursindicate different continents. The box plots to the right summarize
this information among countries that have been colonized (dark grey) versus
those that have colonized others (light grey) following ref. 43. Countries that

both experienced colonization and colonized others are depicted under their
most recent category. The numbers represent the percentage of international
collectionsin each category. The boxes in the box plots span the first and third
quartiles around the median. The whiskers depict the 1.5 x interquartile range
(IQR) unless minimum/maximum values fall within 1.5 x IQR of the quartiles.
Points beyond the whiskers represent outliers. Political boundaries are derived
from Esri, Global Mapping International and The World Factbook.

physical collections have at least collection location and date informa-
tion online, and less than 10% have available digital images (Fig. 4a).
Nearly all data-providing herbaria have ongoing digitization efforts
withatleast some specimen dataprovided online (Fig.4b,c). However,
these data are not always widely accessible, and they represent only

the tip of the iceberg relative to the physical collections and are thus
woefully insufficient to alleviate the reverse-latitudinal gradient of
diversity inside herbarium cabinets. Our results suggest that the pat-
terns we observe from GBIF data are likely representative of the larger
reserves of specimen data yet to be digitized and mobilized online.
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Indeed, most institutions gave equal priority to the digitization of
national and international collections (Fig. 4d) and share their digi-
tized specimen data with GBIF and/or regional databases that often
also share data with GBIF (for example, the Consortium of California
Herbaria, the Australasian Virtual Herbarium, eReColNat and Virtual
HerbariaJACQ; Fig. 4e). Other aggregators such asJSTOR Global Plants
and iDigBio share data with GBIF as well**,

Our inquiries were sent to institutions that widely vary in their
capacity andinfrastructure. Itis possible thatinstitutions that supplied
useable data were biased towards those with reliable internet connec-
tions, staff proficientin English and atleast a portion of their collections
already databased (that is, non-response bias), though our response
rates were generally consistent across regions (Supplementary Fig. 4).
The majority of herbariathat responded to ourinquiries werelocated
in developed countries. While this is reflective of the global distribu-
tion of herbarium collections (Supplementary Fig. 5), it also implies
that we may be overestimating the state of specimen digitization and
that the discrepancies in both physical and digital collections among
previously colonized countries and their colonizers are much larger
thanour assessment suggests. Nonetheless, our collaborative assess-
ments highlight the fact that we are still in the infancy of digitizing

herbaria and thus have the opportunity to reassess how ongoing and
future digitization and mobilization efforts canbe organized to better
address the colonial legacy of these collections and provide a deeper
understanding of global plant diversity.

Discussion

Our study demonstrates a major disparity between where plant diver-
sity naturally exists and where it is housed and catalogued. This ren-
ders much of the world reliant on botanical knowledge and resources
housed and stewarded outside of their own borders. This disparity
impacts not only the capacity for conservationand basic research but
also commercial and government enterprises that seek to appropriate
and monetize biological resources and their derivatives. In addressing
this disparity, recent discussions regarding approaches to decolonizing
cultural institutions, natural history museums and biogeographical
practicesingeneral could be applied to herbaria as well. We highlight
some of these discourses below, though we stress that our study is
only aninitial step towards understanding how colonial activities have
shaped herbaria and cannot adequately address the complexities of
their colonial legacies.

First, as Das and Lowe note®, it is important to acknowledge the
coloniallegacy of herbarium collections and to present the history and
circumstance of these collections alongside existing interpretations
about the specimens and their role in scientific research. They argue
that such acknowledgment is a critical step towards bridging the gap
between natural history collections and audiencesin previously colo-
nized nations and ensuring inclusiveness inthe collection, curation and
use of these collections. One way to openly share and communicate
such narratives is via themed exhibitions and tours, such as the Black
history tours of Hintze Hall and displays emphasizing unacknowledged
collectors in the Darwin Centre of London’s Natural History Museum
or the First Nations-led and informed ‘Unsettled’ exhibition at the
Australian Museum. These tours recognize and emphasize the (unrec-
ognized) contributions of Indigenous peoples to the culture, science
and natural history on display. Though most herbaria traditionally do
not offer public exhibitions and herbarium specimens are rarely promi-
nentinnatural history museumdisplays (in part due to their fragility),
increasing specimen digitization efforts have made it possible to curate
digital exhibitions and virtual tours without competing for space and
attention with others considered more charismatic (for example,
large mammals and dinosaurs). Awareness and acknowledgement
can also be facilitated by including positionality statements in grant
proposals, research articles and other scientificcommunications that
involve herbarium collections. Positionality statements describe the
position of a researcher in relation to the social and political context
of all phases of the researchin question and are well established in the
humanities but still rare in the natural sciences®.

Second, we should continue to improve accessibility to the vast
information held in herbaria worldwide, for both scientists and the
public. Though digitizing and sharing specimen data is hardly a new
idea, our collaborative assessment of herbarium collections suggests
that the digitized data currently available online represent only a small
portion of what resides inside herbarium cabinets. Indeed, several of
our collaborators and authors noted that estimating the size and distri-
bution of their collectionsis difficult—only asmall portion of herbarium
specimens have been databased by their respective institutions, and
formalinventories seldom exist. Though massive digitization efforts
havebeenfunded, particularly atinstitutionsin developed countries,
eventheseinstitutions frequently lack funding for adequate curation
and processing of specimens. Our analysis of available digital collection
dataalso demonstrates that higher-level data products (that is, images)
for many previously colonized areas are lacking (Supplementary
Fig.3). Digitization efforts focused onincreasing representation from
such areas could thus help bridge the reverse-latitudinal gradient of
plant diversity knowledge. Furthermore, though much of the datathat
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have been digitized from herbarium collections are shared via open
datainfrastructures (for example, GBIF, iDigBio, BIEN, SpeciesLink,
AVH and eReColNat), the portion that remains available only upon
request (which can be denied), paywalled or inaccessible outside of
specific groups is likely large (for example, limited access via Global
Plants onJSTOR). Targeted initiatives and funding opportunities that
prioritize the curation, digitization and sharing of collections from
developing countries can be one way to address these discrepancies.
There have been some promising efforts along these lines, such as the
NSF-supported GLOBAL Bryophyte & Lichen Thematic Collections Net-
work, GBIF’s Biodiversity Information for Development programme,
the United Kingdom'’s Darwin Initiative and the Mellon Foundation’s
African Plants Initiative®. We can also increase support for loan and
exchange programmes across herbaria, facilitating access and repa-
triation of physical specimens as well. Such efforts must be mindful
of the legacy of some herbarium collections. For instance, specimen
returns in accordance with permits or agreements are traditionally
referredto as ‘gifts’, but it may be preferable to use adifferent term, such
as ‘returns”®, We should also be mindful that specimens can contain
biocultural information that is inappropriate for broader circulation
and canrisk further exploitation of Indigenous cultural knowledge.
Thus, efforts toimprove accessibility to botanical collections and share
knowledge therein require careful discourse for all parties involved.
Third, in addition to recognizing the sovereignty of a nation’s
biological resources and thatbiodiversity can be best studied where it
occurs®, capacity-buildingin previously colonized countries through
the sharing of tools and knowledge for contributing towards research
iscritical—if the science resulting from collectionsis globally relevant,
the means of contributing should be distributed as such®***°. In par-
ticular, it is crucial to ensure that local contributions are sufficiently
recognized and facilitate the development of local research priori-
ties and agendas during this process. Acknowledging the providing
country agency and personnel in all aspects from specimen labels to
publication authorship to grant proposals is essential. Furthermore,
the digital products of herbarium specimen data could be hosted and
managed by researchers in the countries where they were originally
collected asaformofrepatriation, who could be trained and supported
asnecessary by institutions with greater capacity. Although the latter
mightnotdispose of the necessary funding to support thelocal partner,
they could play a major role when a grant request is addressed to an
international agency, clearly stating their engagement in the transfer
oftechnical and scientific knowledge. International collectors should
be mindful to leave duplicate specimens in the host country—this
practice has become increasingly the norm over recent decades, and
at times enforced by local governments, especially since the Conven-
tion on Biological Diversity was signed in 1992 and the Nagoya Proto-
col on Access and Benefit Sharing was drafted in 2010 (https://www.
cbd.int/abs/). Other forms of (inter)national regulations requiring
the deposition of duplicate specimens have existed for longer and
have largely been abided by major institutions even in non-signatory
countries such as the United States. Still, many regions lack the facili-
ties to properly store and curate collected specimens. In such cases,
collectors could gather and treat duplicate specimens as loans until
the necessary local infrastructure is established. This would in turn
facilitate amore equitable, global view towards the collection, curation
and use of herbarium specimens. We note that the term ‘duplicate’,
though widely used and officiated by the International Association
for Plant Taxonomy, implies that a separate original specimen exists
elsewhere. Along these lines, we recommend that the country of origin
should bethe preferred place of deposition of type specimens (that is,
specimens onwhich the description and name of ataxonis based) and
those without duplicates (that is, unicates). Furthermore, developed
nations could help establish the necessary infrastructure locally as
partof collaborative endeavours with developing nations. To support
such efforts, we strongly recommend that grant proposals involving

the collection, curation and digitization of specimens associated with
developing countries include requests for funding to support local
colleagues and collaborators where possible. Institutions, scientists
and funding agencies need to seek ways to expand opportunities for
partners in providing countries to participate in research design and
grant application, in addition to activities directly pertaining to the
collection and curation of specimens. In turn, funding bodies should
recognize the need to supportlocal partners appropriately and guaran-
teeaccesstothe knowledge and benefits arising from plant collections
sampled abroad. Importantly, these and other efforts to address the
colonial history of herbaria should be guided by the needs and wishes
of people wholived under colonial rule. One example of such apartner-
ship canbefoundinarecent project tosequence and study the genome
of the tuatara, a cultural treasure of the Maori people*. The Indigenous
peoples provided access to the species and associated knowledge and
wereinvolvedin all decision-making regarding the use of the genomic
datagenerated by the study and any benefits that may accrue.

A profound set of challenges lie ahead if we are to address the
still-persistent legacy of colonialism in our plant collections. Many
of the examples and suggestions we discuss above require access to
opportunities, resources and infrastructure (for example, internet,
international travel and knowledge of a European language) that are
notalways widely available to people who lived under colonial rule. We
emphasize that any such endeavours should centrally involve local and
Indigenous peoples, and their knowledge, culture and interests should
be respected and acknowledged. Ongoing digitization efforts have
offered us new avenues of exchanging knowledge and infrastructure
and sharing the benefits arising from the utilization of herbarium
collections. These efforts can (and should) provide opportunities for
the accommodation of Indigenous knowledge structures alongside
the systems of classification, nomenclature and biodiversity data
organizationusedin herbaria. Science is not exempt from sociopoliti-
calrealities,and we should not avert our gaze from the origins of these
otherwise precious resources. To this end, we have endeavoured to
provide a glimpse into the extent of the colonial legacy that provides
the dominant and politically inflected shape for our herbarium col-
lections. Embracing these realities represents the first step towards a
moreinclusive and expansive global herbarium.

Methods

We downloaded plant specimen data (kingdom, Plantae; basis of
record, preserved specimen) from GBIF on 23 April 2021 (https://
doi.org/10.15468/dl.nt5wkx). We only kept specimen records with
accepted scientific names, valid country codes and publishing coun-
try names. With the remaining 50,303,354 records, we compiled a
country-by-country matrix that summarized the number of speci-
mens collected from one country and housed inanother. The country
where aspecimen was collected was based on the field ‘countryCode’,
and the country where a specimen was housed was based on the field
‘publishingCountry’. We also grouped the country-by-country matrix
into a continent-by-continent matrix. To examine the temporal trends
of collection, we further examined the data after separating theminto
two subsets—before and after 1945, which marks the end of World War
I1and the era of overt colonialism. We finally verified our analyses on
a subset of data that (1) had coordinates, (2) had the ‘countryCode’
field matching the location inferred from the coordinates and (3)
were determined to be without geospatial issues by GBIF. Assessments
of GBIF data at the species level were limited to specimens with full
binomial species names, and the accepted scientific names following
GBIF’s taxonomic system were applied.

Asrecords on GBIF represent asubset of the collectionsin herbaria
across the world, we expanded our investigations to physical institu-
tions. We sent out an informal request for information regarding the
number and origin of plant collectionsin2020 to major herbariaacross
theworld as listed by Index Herbariorum (http://sweetgum.nybg.org/
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science/ih/) and select representative regional herbaria. We distributed
these queries to herbaria that fall within the top 100 size classes for
collection size using Qualtrics (version 2020-2021). We also selected
the largest herbaria from regions not well represented on this list (for
example, Africa) and smaller herbaria from regions where the largest
herbaria did not supply usable responses. These institutions do not rep-
resentarandom sampling of global herbaria. Questions were focused
on identifying the size of the collections, where they were collected
and the proportion digitized (Supplementary Datal). Links were sent
out to curators, collection managers and directors listed as the point
of contact for each institution on Index Herbariorum or institutional
websites via email in August 2020. Monthly reminders were sent for
ayear, and the Qualtrics link was kept active until October 2021 to
maximize participation. Those who provided relevant information
were invited to collaborate on the study and offered authorship, but
incentives were otherwise not used. A total of 172 institutions across
50 countries were contacted, and 92 herbaria across 39 countries
and 6 continents submitted at least partial responses to our queries
(responserate, 54%; Supplementary Fig. 5 and Supplementary Data 2).
We did not weight the data collected by our informal assessment of
herbaria, as we aimed to describe and present the state of collections
as-is using as much data as possible.

We recognize that certain assumptions were made in our study.
First, the Western scientific system is not the only way to understand
and describe botanical knowledge, and though many of our discussions
pertainto suchasitis broadly adopted, we do not mean to devalue or
reject other knowledge systems. The fact that mostif not all (identified)
specimensindatabases such as GBIF are only assigned names following
the Western scientific system (thatis, Linnaean taxonomy) necessitated
our use of this standardized nomenclature, but it is also stark proof of
the imbalances wrought over centuries of colonialism. The idea that
these are universally applicable can perpetuate an imperial mindset
and undermine other ways of knowing. Though our work represents
the views and values of scientists from over 30 countries spanning every
continent, we recognize that these perspectives may not be shared
universally and are based on the authors’ collective knowledge and
experiences. The examples we present do not represent the full extent
of colonial activities and botanical collections by imperial powers. The
practice of overt colonialismwas not limited to European nations and
their former colonies, and there are far more instances of colonialism
by various entities than can be listed here. Moreover, the knowledge
gathered through colonial activities comprises a complex history of
“worlds and visions broughtinto contact” that cannot be characterized
asasimple two-dimensional landscape*. Second, we use geopolitical
constructs that are not free from the influence of colonialism. For
instance, though we treat Australia as a single entity, it is home to
over 500 Aboriginal nations. Our assessment of specimen movement
thus does not encompass the appropriation of botanical collections
and knowledge from Indigenous peoples within the confines of such
entities. Finally, though we posit that the era of overt colonialism has
ended, we realize that there was no single process of decolonization
and that the idea that colonization is over can be problematic as its
legacy persists to this day, even in botanical collections. Along these
lines, here we use the term ‘colonization’ in a fairly general sense to
describe a relationship between two countries, independent of their
level of development, in which one has subjugated and governed the
other over a period of time, contributing to the current state of its
institutions (following ref. 43).

Positionality statement

The authors position themselves first and foremost as scientists who
work with botanical collections. We acknowledge that our work reflects
the biases of the Western scientific system that we rely on to under-
stand and interpret the botanical world. Although our perspectives
encompass those from a diverse array of backgrounds, cultures and

orientations, we recognize that our science, and the institutions in
which we conduct it, may have been shaped by imperialist thinking
and colonial endeavours that privilege Western knowledge above
other ways of knowing.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data discussed in the paper are either publicly available through
GBIF (https://www.gbif.org/; https://doi.org/10.15468/dl.nt5wkx) or
Index Herbariorum (https://sweetgum.nybg.org/science/wp-content/
uploads/2021/01/The_World_Herbaria_2020_7_Jan_2021.pdf) orarein
the Supplementary Information.

Code availability
The code used for data analysis is available at https://github.com/
shandongfx/paper_specimen_2023.
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[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX 0 OXX X KOS

X0

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | We used the Qualtrics platform (version 2020-2021) to collect data from collaborators.

Data analysis Data were analyzed with R version 4.0.3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data discussed in the paper are either publicly available through GBIF (https://www.gbif.org/; https://doi.org/10.15468/dl.nt5wkx), Index Herbariorum (https://
sweetgum.nybg.org/science/wp-content/uploads/2021/01/The_World_Herbaria_2020_7 Jan_2021.pdf), or attached supplements.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We investigate the colonial legacy of botanical collections and discuss how we may move towards a more inclusive future by
examining over 85 million online specimen records and assessing herbarium collections across the globe.

Research sample Herbarium collections

Sampling strategy We examined all plant specimen records publicly available on the Global Biodiversity Information Facility (GBIF), currently the largest
biodiversity data infrastructure, and assessed the state of herbarium collections across the world with data provided by our
collaborators/coauthors, who work in these institutions. We sent out an informal request for collaboration regarding assessing the
number and origin of plant collections to herbaria that fall within the top 100 size classes across the world as listed by Index
Herbariorum (http://sweetgum.nybg.org/science/ih/). We also selected the largest herbaria from regions not well represented on
this list (e.g. Africa) and smaller herbaria from regions where the largest herbaria did not supply usable responses.

Data collection Plant specimen data were directly downloaded from the GBIF website. Collaborators shared estimates of their institutions'
collections through the Qualtrics platform (version 2020-2021).

Timing and spatial scale  The spatial breadth of the data used in the study is global. Data were downloaded from GBIF on April 23, 2021. Collaborators
provided (updated) information on their collections throughout the duration of the project (August, 2020 onwards).

Data exclusions We only examined specimen records from GBIF with accepted scientific names, valid country code and publishing country names -
the minimum information necessary to address our questions.

Reproducibility No experiments were conducted. We provide a DOI for the publicly available data used.

Randomization N/A

Blinding Blinding was not relevant to our study as the data involved were either publicly available or non-personal in nature (i.e. specimen
counts).

Did the study involve field work? |:| Yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

XX NXXNXNX s

Involved in the study

|:| Antibodies

|:| Eukaryotic cell lines

|:| Palaeontology and archaeology
|:| Animals and other organisms

|:| Clinical data

[ ] pual use research of concern

n/a | Involved in the study

|Z |:| ChIP-seq
|Z |:| Flow cytometry

|Z |:| MRI-based neuroimaging
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