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Abstract

1. The rapid expansion of biodiversity data presents new opportunities to under-
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stand and forecast biosphere dynamics. However, disparate and dispersed data,
taxonomic and geographic inconsistencies, pervasive quality issues, and a lack of
reproducable workflows hinder synthesis, introduce biases and limit accurate as-

sessment of biodiversity trends.

. The Botanical Information and Ecology Network (BIEN) addresses these chal-

lenges through two core contributions: (1) an ecosystem of modular, open-source
BIEN tools for collecting, harmonizing, validating, integrating, visualizing and ana-
lysing biodiversity data, and (2) a standardized, augmented and integrated global
database (BIEN db) of plant occurrences, traits and geographic ranges. BIEN
tools—including the Taxonomic Name Resolution Service (TNRS), Geographic
Name Resolution Service (GNRS), Geocoordinate Validation Service (GVS) and
Native Species Resolver (NSR)—enable the construction of analysis-ready data
sets. Using this framework, we integrated over 284 million botanical observation

records. BIEN db (current version 4.2) is so far the most extensive compilation of
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standardized observation records and plant traits (25,932,454 unique trait obser-
vation records) for land plants, drawn from herbaria, ecological plots, citizen sci-
ence and trait databases and integrated into a unified geospatial platform. Here,

we present the BIEN workflow, the database and several use cases.

. The BIEN workflow and database support reproducible biodiversity science at

scale. BIEN provides improved and unprecedented trait coverage, new estimates
of total plant species richness, geographic ranges for over 250,000 species and
global maps of plant biodiversity. These tools enable researchers to integrate dis-
parate biodiversity observation records, generate tailored data sets, resolve taxo-
nomic and geographic ambiguities, and estimate species richness across spatial

and temporal scales for conservation and forecasting applications.

. BIEN provides a scalable, open and reproducible informatics platform that inte-

grates global plant biodiversity data. By linking data infrastructure with accessible
tools, BIEN democratizes biodiversity science. It enhances transparency, repro-
ducibility and analytical capacity across the research community, enabling more
scientists to address a wider range of questions in ecology, evolution and biodi-
versity science and engage in global change biology and biodiversity forecasting.
BIEN offers a robust Open Science platform to understand and respond to the

biodiversity crisis.

KEYWORDS

1 | INTRODUCTION

1.1 | Addressing biodiversity knowledge shortfalls
through better data

The delimitation of separate floral districts and their
grouping into more comprehensive combinations
are nearly completed, and the time is not far distant
when all species of plants and their geographical dis-
tribution will be well known. [...] a foundation [...] will
have been laid on which science can construct a larger
edifice. The essential aim of geographical botany will
then be an inquiry into the causes of differences ex-
isting among the various floras

(Schimper, 1903).

Well over a century ago, A.F.W. Schimper articulated a bold vision
for biodiversity science—one of comprehensive knowledge of global
plant diversity and its distribution—laying the groundwork for un-
derstanding the processes driving these patterns (Schimper, 1903).
Despite significant advances, this vision remains only partially
realized (Anderson, 2018; Morueta-Holme & Svenning, 2018).
Thousands of new plant species are being described each year, yet
shortfalls in biodiversity knowledge persist. These shortfalls in-
clude poor knowledge of taxonomy (Linnean), species distributions

biodiversity informatics, data harmonization, data integration, macroecology, open science,
plant biodiversity, reproducible workflows

(Wallacean) and traits (Raunkiaeran) (Hortal et al., 2015a). Closing
the gaps in these inventories remains essential to the critical sci-
entific challenge of predicting Earth's biodiversity dynamics (Feng
et al., 2022), consistent with Schimper's vision.

Plants are the foundation of terrestrial ecosystem productivity,
contributing the vast majority of Earth's biomass and playing cen-
tral roles in global carbon cycling, climate regulation and ecosys-
tem services (Bar-On et al., 2018). By structuring physical habitats
and resource networks, plants underpin biodiversity across trophic
levels, from microbes to large herbivores (Li et al., 2024; Schuldt
et al., 2019). Despite their critical ecological and socio-economic
roles, comprehensive global plant data on diversity, rarity and spa-
tial distribution remain fragmented and often lack integration with
ecological and trait data sets (Feng et al., 2022, 2025). Integrating
plant data addresses many of these knowledge gaps. It maximizes
the potential to advance biodiversity and conservation science (Feng
etal.,, 2022, 2025) and enables more accurate predictions of ecosys-
tem dynamics under changing environmental conditions (Heberling
et al., 2021). These efforts may become a more critical societal goal
over time, given the essential role of plants in human livelihoods,
supplying food, medicine, fuel and materials (Pironon et al., 2024;
Reyes-Garcia et al., 2023).

Underlying all of these challenges is the need for reliable
and unbiased data, which are essential for determining the total
number of plant species on Earth and for comparative biology
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and ecology, conservation planning and accurate biodiversity
forecasts (Davis, 2023; Faurby et al., 2016; Ferrier, 2002; Funk
& Richardson, 2002; Heberling et al., 2019, 2021; Mace, 2004;
Rushton et al., 2004; Soltis, 2017). For example, generating accu-
rate species lists for specific locations or regions is crucial for ecol-
ogy, conservation biology and threatened species management,
and can inform policy and resource management (Lien et al., 2023;
Panter et al., 2020). Furthermore, improved data are essential
for the development and integration of theories in ecology (e.g.
Marquet et al., 2014), and data on the distribution and abundance
of species are critical for resource management and conservation
(Jetz et al.,, 2019; Johnston et al., 2015; Lawton, 1993; Meyer
et al., 2016).

The Botanical Information and Ecology Network (BIEN) ad-
dresses these challenges by integrating disparate biodiversity obser-
vations into a standardized database (Figure 1). BIEN provides tools
to explore plant diversity and function across scales and resolutions
essential for mitigating biodiversity loss in the Anthropocene. Here,
we describe a significantly updated BIEN workflow and database,
and provide a list of diverse use cases along with the associated
reproducible code. These updates enhance its capacity to quan-

tify global plant diversity, model species distributions and uncover

_
ecological patterns across spatial and temporal scales. The BIEN

database and tools thereby present critical resources for advancing

biodiversity science.

1.2 | Barriers to data integration for open,
reproducible and high-quality biodiversity science

Reproducibility of workflows and data analyses is fundamental to
the scientific method, enabling the validation, verification and re-
finement of findings (Allison et al., 2016; Peng, 2011). In biodiver-
sity science, reproducibility is particularly challenging due to the
complexities of data integration and the prevalence of errors in bio-
diversity data sets (Bowler et al., 2024; Enquist et al., 2016; Feng
et al., 2022; Soberdn & Peterson, 2004). Integrating diverse data
sources requires resolving numerous sources of error and bias, in-
cluding taxonomic alignments, correcting geographic errors and ad-
dressing sampling biases. Addressing each of these often involves
methodological choices that vary among researchers (Hampton
et al., 2013; Soberdn & Peterson, 2004).

Differences in data sets and workflows often make the results

from cleaning and harmonization challenging to compare or replicate

* Structured records of communities at a given

place and time — often resurveyed

* Include information on species abundances,

absences, and trait measurements

* 17 million observations across 363,258 plots

Inform SPECIES occurrences and traits

PLOT SURVEYS

BYEN

INTEGRATED DATABASE

SPECIMENS &
COMMUNITY SCIENCE

* Records of occurrence of a taxon at a given
location and time

¢ 227 million observations from herbaria
and community science (e.g., INATURALIST)

TRAIT
MEASUREMENTS

* Records of species phenotypes, often at a
location and time

¢ Height, leaf dry matter content, seed size,
e.g.

¢ ~25 million trait observations inferred from
species records

* 54 unique traits recorded in database

FIGURE 1 The BIEN database (BIEN db) is constructed using a modular workflow that can integrate diverse biodiversity observation
data. The BIEN group worked to construct the BIEN db from three primary sources: (i) Specimens—observations from herbaria, museums
and citizen science platforms like iNaturalist; (ii) Plot surveys—spatially explicit records documenting community structure and diversity; and
(iii) Trait measurements—functional and morphological traits collected in the field. BIEN consolidates hundreds of millions of observations
into a unified framework, ensuring data standardization, reducing biases and enabling reproducible workflows. By integrating these data
sets, BIEN leverages its unique strengths to address gaps and limitations, fostering a comprehensive approach to biodiversity science
through an open and reproducible workflow. This integration enhances cross-scale ecological and evolutionary analyses, supporting
applications such as species distribution modelling, functional diversity studies and conservation planning.

ASURIIT SUOWIO)) dANEa1) d]qeoridde oy Aq pauIoaos a1e Sa[onIE YO 9N JO I[N 10] AIRIqIT AUIUQ A3[IAN UO (SUOHIPUO-PUE-SULIS) O KJ[IM AIRIqI[UI[U0//:sdN) SUONIPUO)) pue SWId L, Y} 39S “[9707/#0/20] U0 A1eiqr autuQ AS[IA “¢LZOLXOTZ-1+0T/1111°01/10p/wod" K3[im AIeIqi[aut[uosjeuinolsaqy/:sdny woij papeofumod ‘0 “X01Z1#07



ENQUIST ET AL.

" [BEi Methodsin Ecology and Evoluion
(Konig et al., 2019). For example, efforts to quantify global patterns
of species abundances and rarity have been hindered by inconsis-
tent data, taxonomic mismatches and poor data quality (Amano
et al., 2016; Boakes et al., 2010; Hortal et al., 2015a). Nevertheless,
three primary barriers: (i) disparate and dispersed data, (ii) data in-
completeness and biases and (iii) a multitude of errors continue to
hinder the integration of biodiversity data for reproducible, high-
quality science. In Supporting Information S1.1, we detail the multi-
ple issues underlying each of these barriers.

Focusing effort on integrating data sets and standardizing proto-
cols may offer the best paths forward to addressing these barriers,
while additionally improving taxonomic and spatial completeness
and coherence, and advancing biodiversity science at a global scale
(Feng et al., 2022; Gallagher et al., 2023; Kusumoto et al., 2023;
Maitner et al., 2023). Although barriers to data integration have been
addressed in some data sets for certain groups (such as vertebrates)
(Jetz et al., 2012; Moura & Jetz, 2021), it is important to underscore
that the challenges of biodiversity data integration remain complex
(Salguero-Gémez et al., 2021). Indeed, a complete data integration
workflow for plants lags despite its critical importance for under-
standing the biosphere's functioning and forecasting future changes
(Meyer et al., 2016).

To address these challenges, we created the Botanical
Information and Ecology Network (BIEN; biendata.org). The BIEN
group has focused on developing two products for the biodiver-
sity community: (i) A comprehensive data workflow defined by
a modular open-source informatics services suite to harmonize,
validate, augment, share and analyse biodiversity data; and (ii) an
integrated, standardized and augmented global plant database
(BIEN db) for plant biodiversity research. The updated BIEN in-
formatics ecosystem (Maitner et al., 2017) and the novel applica-
tions it enables for biodiversity science, from quantifying global
plant diversity to modelling species distributions and uncovering
ecological patterns across scales. We illustrate the system's capa-
bilities with case studies that demonstrate its utility for tackling
complex ecological questions, fostering global collaboration and
promoting reproducible workflows for cleaning, scrubbing and
integrating biodiversity data in line with Open Science principles
(Hampton et al., 2015; Nielsen, 2020). These tools are freely avail-
able to the scientific community, government agencies and con-
servation organizations.

2 | BIEN SERVICES AND APPLICATIONS

2.1 | The BIEN informatics ecosystem—A
computational workflow for creating high-quality,
integrated biodiversity data

The BIEN informatics ecosystem comprises reproducible tools for
biodiversity data management (Figures 2-3). Each component of
the BIEN workflow augments each data observation with transpar-
ent measures of quality and accuracy. BIEN is a community-driven

initiative that develops standardized protocols to harmonize and in-
tegrate biodiversity data across sources, projects and scales.

The BIEN workflow systematically identifies and flags errors in
raw data, including misspelled or synonymous taxon names and in-
valid geographic coordinates. It also resolves inconsistencies in tax-
onomic and geopolitical names. These steps ensure that users can
query and filter data based on data quality and tailor data queries
to best match their research needs. By improving data quality and
consistency, the BIEN workflow enables the integration of hetero-
geneous biodiversity data into a single, interoperable data set. When
applied to compiled global observation records (see Supporting
Information Section $2.3), the BIEN workflow produces a cleaned,
standardized and augmented global database (BIEN db) for all known
embryophytes (‘land plants’) with available botanical records. This
database integrates herbarium specimens, ecological plots, surveys
and trait observations. Users can also apply the BIEN workflow to
subsets of botanical data or to their own data sets. In doing so, the
workflow addresses key challenges in taxonomy, data quality, scal-
ability and interoperability, making the BIEN informatics ecosystem
a flexible foundation for biodiversity research and synthesis.

The BIEN informatics ecosystem is the result of a series of
working groups established in 2009 at the National Center for
Ecological Analysis and Synthesis (NCEAS). BIEN represents a cross-
disciplinary effort involving over 50+ scientists and data specialists
to create a global backbone for Open Science in biodiversity research
(Enquist et al., 2016, 2019; Feng et al., 2022; Maitner et al., 2017).
In Supporting Information S1.1, we provide additional detail on the
history of the BIEN working group, additional background regarding
BIEN Open Science, and the BIEN Open licence.

2.2 | Database and methods to access data

The BIEN workflow provides a template for how future biodiversity
informatics projects can evolve. All validation services within BIEN
share a core architecture (Figure 2) that includes components de-

scribed in the following sections.

2.21 | BIEN databases

The BIEN database (BIEN db) was designed to advance Open Science
and provide high-quality, reproducible data. The BIEN db integrates
flagged and augmented georeferenced observations from speci-
mens, vegetation inventories, regional checklists and individual-
level trait data (Figure 1; Supporting Information S2). This schema
supports diverse ecological, evolutionary and biodiversity research
queries. Built on PostgreSQL, an open-source relational database
system (PostgreSQL Global Development Group, 2024), BIEN uses
PostGIS to enable advanced geospatial operations, providing a
platform for managing and analysing spatial data (Postgis Project
Steering Committee & Others, 2018). PostgreSQL and PostGIS com-
bine relational database management with geospatial functionality.
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FIGURE 2 The BIEN workflow consists of four key services. This figure illustrates BIEN's modular workflow for integrating and
harmonizing diverse observational data sets. All data observations entering into the BIEN workflow are passed through four key services:

(1) the Taxonomic Name Resolution Service (TNRS) resolves taxonomic inconsistencies; (2) the Geographic Name Resolution Service (GNRS)
standardizes geographic metadata; (3) the Geocoordinate Validation Service (GVS) flags spatial errors and validates coordinates; and (4) the
Native Species Resolver (NSR) determines native and cultivated status. These services (detailed in Table 2) augment each observation record
with numerous additional information and ‘flags’ that can be used by the user to filter and subset the data for various higher-level analyses.
These services operate in a coordinated manner or independently, and are accessible via APIs and the BIEN R package. The workflow
streamlines data cleaning and preparation, enabling researchers to generate standardized, reliable data sets for large-scale biodiversity
analyses with minimal additional data harmonization. This flexible, interoperable system supports reproducibility and broad applicability in

ecological and evolutionary research.

PostGIS enables BIEN to perform spatial queries, such as calculating
species range overlaps with protected areas or analysing biodiversity
hotspots. These tools handle the complexities of biodiversity data
while integrating with R and BIEN's APIs (see below). The first pub-
licly released version, BIEN db 3.4, (Maitner et al., 2017) contained
81,108,996 observation records. The newest version, reported here,
BIEN 4.2 contains 284,466,171 observation records.

The BIEN Geographic Range database (BIEN Open Range db)
contains 289,743 plant range maps across 112,953 plant species.

2.2.2 | Application programming Interface (API)

Each step of the BIEN workflow and the resulting BIEN db have as-
sociated APIs (Table 1). An API for individual BIEN services helps aid
software development and the creation of an ‘ecosystem’ of linked
open-source tools. APIs act as bridges, enabling seamless integra-
tion of BIEN's biodiversity resources into analytical workflows, en-
suring that data and methods are consistently applied across studies
(Manikas, 2016). APIs facilitate direct, automated, standardized

interactions with BIEN's core services. This accessibility supports
the principles of Open Science (reviewed in Gallagher et al., 2020),
ensuring transparency and reproducibility and allowing for broader
participation in biodiversity research. These underlying capabilities
are essential for individual studies and promote collaborative re-
search by making tools and data sets accessible to the wider scien-

tific community (Supporting Information S2.1, Figure 3).

2.2.3 | R packages

Each BIEN tool in the BIEN workflow has an associated R package
(Table 1; Maitner, 2023; Maitner et al., 2017) that links with the as-
sociated API to facilitate quick access to each BIEN workflow ser-
vice and the BIEN database (Table 2). All R package names and links
are listed in Table 2. Each R package includes one or more vignettes
that contain detailed example R code, and each function within the
package includes one or more examples showing how to use it. Each
BIEN repository contains documentation of its files, their functions
and usage examples; a comprehensive listing of these repositories
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FIGURE 3 An overview of the ‘BIEN Ecosystem’. The BIEN ecosystem consists of unstandardized, siloed data that are imported, cleaned,
standardized and integrated using openly available data services that are accessed via a web Ul, R packages or an API. These cleaned and
integrated data are then housed in a single database and used to produce several end products, such as species distribution maps and
climate change forecasts. These products can then be used by diverse user communities to yield fundamental insights for biodiversity

science.

TABLE 1 The core features of BIEN's infrastructure are designed to enhance the quality, usability and reproducibility of biodiversity data
for plant-focused research. These five essential components enable reproducibility and consistency in data analysis.

BIEN informatics infrastructure features

Feature

(1) Standardized database (db) schemas and tools for
data integration/validation (BIEN db—global plant
observation database; OpenRanges db—global plant
range database)

(2) Reproducible modular workflows for data scrubbing
and harmonization with biodiversity observation data
(e.g. TNRS, GNRS, GVS, NSR)

(3) Derived products (e.g. range maps, country species
lists)

(4) Improved data quality through feedback (data
augmentation and flagging that original data providers
can access)

(5) Standardized data attribution for proper citation
(tools for generating automated citations for all data
providers and associated authors)

Description

Consistent schemas and validation tools to ensure high-quality geospatial data
queries

Workflows allow reproducibility and consistency in data analysis

Products like range maps and species lists enable local-to-global ecological,
evolutionary, biogeographic, macroecological and conservation work for insights
into biodiversity

Feedback flags are used to enhance original data for (i) better accuracy, (ii) enhanced
usability and (i) improvement of original data to minimize errors and biases

Attribution ensures original collectors and institutions receive proper credit
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and access instructions is provided in the Supporting Information.
Designed for researchers with basic knowledge of R, the BIEN R
packages provide programmatic access to BIEN's databases and
tools, making it easier to pull data into analyses without manually
downloading files or formatting data. By streamlining data access
and enabling reproducible workflows, the BIEN R packages em-
power users to integrate high-quality biodiversity data directly into
their ecological and statistical models, saving time and reducing er-
rors in large-scale analyses.

Access to the BIEN db can be obtained via the BIEN R package
(Maitner et al., 2017). This R package includes several functions for
querying the database. We point new users to an associated vignette
and tutorial.> These resources provide step-by-step instructions, ex-
ample code, and annotated workflows that demonstrate how to
query, clean and analyse BIEN data for a wide range of research ap-
plications. The vignettes are available on CRAN and serve as an
entry point for both new and advanced users seeking to integrate
BIEN into their biodiversity analyses.

2.2.4 | Web-based graphical user Interface (GUI)

Each of the BIEN data services and the BIEN database have a web
application (Table 2). Each website links to the associated BIEN API.
These user-friendly interfaces allow researchers to explore and ac-
cess each unique BIEN biodiversity workflow and data component
without programming skills. Designed to be intuitive, the GUI ena-
bles users to filter, view and download data directly, making BIEN's
extensive resources accessible to those unfamiliar with coding. This
interface supports open science by widening access to high-quality
biodiversity data, empowering a broader range of researchers to en-
gage in data-driven ecological and conservation studies (Supporting

Information S2.1).

2.3 | The BIEN web services: Tools for biodiversity
data cleaning, scrubbing and harmonization

2.3.1 | BIEN web services description

The BIEN web services are separate from the BIEN db. BIEN's
web services harmonize data across multiple dimensions, includ-
ing taxonomy, geography, species nativity and coordinate preci-
sion, producing integrated data sets ready for analysis. These four
services—the Taxonomic Name Resolution Service (TNRS), the
Geographic Name Resolution Service (GNRS), the Native Species
Resolver (NSR) and the Geocoordinate Validation Service (GVS)—
provide tools that enhance biodiversity data quality and improve
usability for science and decision-making. The services address
key challenges in biodiversity data, including taxonomic inconsist-

encies, geographic errors and identifying non-native occurrences.

https://cran.r-project.org/web/packages/BIEN/vignettes/BIEN_tutorial.html.

All BIEN services are available as R packages through CRAN (e.g.
BIEN, TNRS, GNRS, GVS and NSR) and include comprehensive
documentation and usage tutorials. As shown below, these ser-
vices indicate that most observation records that pass through the
BIEN pipeline are flagged as potentially erroneous.

Importantly, BIEN's services operate independently of the BIEN
db, allowing users to bring their data for cleaning and integration
without contributing to or interacting with the BIEN db. This flexi-
bility allows researchers to tailor the tools to their specific data sets

and objectives while maintaining control over their data and privacy.

2.3.2 | The taxonomic name resolution service
(TNRS)

The TNRS (tnrs.biendata.org) is a critical tool for standardizing plant
scientific names, addressing the widespread challenges of taxo-
nomic inconsistencies, synonyms and spelling errors in biodiversity
data sets (Boyle et al., 2013; Soberén & Peterson, 2004). Potential
issues arise when species names do not align across data sets due to
synonymy, unresolved taxa or revisions to historical nomenclature.
The TNRS helps resolve taxonomic inconsistencies, corrects spelling
errors and standardizes synonyms to accepted names. TNRS ver-
sion 5.3.1 consults three separate sources for information, including
the World Flora Online (WFO; https://www.worldfloraonline.org/),
the World Checklist of Vascular Plants (WCVP; https://powo.scien
ce.kew.org/) and the Cactaceae checklist (CACT, https://caryophyll
ales.org/) for sources of nomenclatural and taxonomic information.
The TNRS combines capabilities for fuzzy matching, synonym cor-
rection, partial matching, returning alternative matches and hom-
onym resolution in both an APl and a user-friendly web interface
(Boyle et al., 2013). The TNRS also harmonizes species names across
data sets, reducing ambiguity and enabling accurate analyses in bio-
diversity science (Boyle et al., 2013).

Inthe BIEN db 4.2.8 pipeline, 33% of all ingested records contained
non-standard names due to synonymy or misspelling; TNRS resolved
about 85% of these errors. Users of TNRS should note that it does
not directly address inconsistencies in taxon concepts across author-
ities, which is a problem that is not addressed in global databases. For
example, many large data sets that reference Quercus prinus refer to
the taxon now known as Q. montana, whereas Quercus prinus in TNRS
points to Q. michauxii as the current official synonym, a different taxon
with a different range. Divergent global checklists can lead to incon-
sistencies in species delimitation and downstream analyses, partic-
ularly when sources differ in how they treat synonymy or accepted
taxa (Ronquillo et al., 2023; Stropp et al., 2025). This is an area needing
future attention and standards (Franz et al., 2006; Franz & Peet, 2009).

The TNRS employs a rules-based reconciliation and scoring sys-
tem to evaluate conflicting records among sources. When conflicts
occur, TNRS identifies all potential matches, assigns confidence
scores and provides links to the original taxonomic authorities.
This user-beware model allows researchers to examine and select

the most appropriate name for their analyses while maintaining full
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transparency of the decision process. Detailed logic for reconcilia-
tion, including the order of authority and update cycles, is now doc-

umented in the Supporting Information $2.2.1 and Table S1.

2.3.3 | The geographic name resolution service
(GNRS)

The GNRS (gnrs.biendata.org) resolves and standardizes names of
political divisions worldwide based on data from two standards for
geographic names—the GeoNames and Global Administrative Areas
(GADM) databases. The GNRS resolves names at three levels—
country, state/province and county/parish—through exact and fuzzy
matching to accommodate variations in language, spelling, abbre-
viations and standardized country codes (e.g. ISO and FIPS codes).
The service returns the original name, standardized political division
names, unique identifiers and an overall match score (0-1) indicating
the match accuracy.

Geovalidation of coordinates assesses the validity of the geo-
coordinates associated with a biological observation. Validity is as-
sessed by determining if a point described by a pair of coordinates
falls within that observation's lowest declared political division.
Points falling outside the declared political division are flagged as
invalid (by setting the column isGeovalid=0, where isGeovalid
takes on the values 0 and 1), and the distance to the nearest point
along the boundary of the political division is returned as a mea-
sure of error (distErr_km, distance error in km). Observations with
isGeovalid=0 are excluded from most analyses, but users can
choose to accept records where distErr_km is, for example, less than
2km. A more detailed description of the GNRS operations is pro-
vided in the Supporting Information S2.2 and Table S2.

In an earlier version of BIEN (BIEN 3.0), we found 439 different
countries in the ingested data, despite there being only 193 coun-
tries at that time; only 43% of the records had a canonical country
name, and 49% of the records had various synonyms for the country
(such as abbreviations, alternative spellings or alternative character
encodings). In combination, fewer than half the records had valid
latitude and longitude values. In the current version of BIEN (BIEN
4.2.8), 22% of records reported invalid latitude/longitude values.
Thus, before being passed through the GNRS, only 44,705,332 re-
cords (15.72%) matched the geographic name standards precisely.
However, after records were passed through the GNRS, the number
of records matching the geographic name standards increased to
269,434,901 records (94.72%).

2.3.4 | The native species resolver (NSR)

The NSR (nsr.biendata.org) identifies whether a species occurrence
represents a native or non-native (introduced) plant at a specific
location within the political division of observation according to
expert checklists (Supporting Information S2.2 and Table S3). This
service is critical for ecological analyses, as non-native species can

B Methodsin Eclogy and Evalution |
both alter and inform biodiversity patterns and ecosystem health,
and incorrect assumptions of nativeness can lead to misinterpre-
tation. The NSR makes this determination by comparing it against
country-, state- or county-level checklists. The NSR accepts as input
one or more observations of a taxon in a political division (country,
plus optionally state/province or county/parish). For each observa-
tion record, the NSR returns an opinion as to whether that taxon is
native or introduced in the lowest political division submitted.
Native and non-native status in BIEN is derived from expert-
curated regional checklists and floras, which may distinguish recent
introductions from long-established, naturalized taxa. BIEN does
not adjudicate invasion status or ecological impact; instead, it relies
on community-defined classifications and associated uncertainty to
support transparent downstream analyses. Most of the checklists in
the BIEN NSR are high-quality published species lists prepared by
professional taxonomists as part of Floras or other floristic projects.
For details on BIEN NSR sources, see the repository https://zenodo.
org/records/18420469. The BIEN NSR can be accessed via all the
interfaces listed below. The BIEN NSR provides access to an NSR
database containing multiple checklists, offering nearly complete
global coverage (see https://nsr.biendata.org/map/ for coverage de-
tails). Users can explore checklist sources and native status codes in
greater detail via the NSR interface (Maitner & Boyle, 2024).

2.3.5 | The geocoordinate validation service (GVS)

The GVS (gvs.biendata.org) identifies errors in geographic coordi-
nates associated with biodiversity records, distinguishing between
valid geocoordinates, erroneous geocoordinates and geopoliti-
cal centroids, which are often too imprecise for research purposes
(Barker & Maclsaac, 2022; Feng et al., 2024; Park & Davis, 2017,
Park et al., 2023). The GVS detects points that may be centroids of
political divisions or geographic units (such as islands) using geo-
metric centre, point-on-surface and bounding-box centroids. This
distinction is essential, as centroid-based locations can introduce
significant errors in species distribution modelling and spatial analy-
ses. In addition to error checks, the GVS returns the correspond-
ing political divisions (with Global Administrative Areas [GADM]
identifiers) and calculates inherent uncertainty based on coordinate
precision, helping users assess the accuracy of the location data. A
more detailed description of the GVS operations is provided in the
Supporting Information $2.2 and Table S4.

Information returned by the GVS includes (1) estimates of preci-
sion based on the number of decimals placed in the original coordi-
nates, (2) flagging and reporting of errors, such as coordinates out of
range, (3) flagging of points in the ocean, (4) names and GADM iden-
tifiers of the admin 0,admin 1 and admin_2 political divisions (e.g.
country, state, county) in which a point is located, (5) the absolute and
relative distance to the centroid of each political division (see com-
plete list of output fields below). The GVS also assesses the likelihood
that the point is a centroid and, if applicable, the type of centroid and
political division (country, state or county) of the likeliest centroid.
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The GVS web application visually plots each submitted observation
point and labels whether each geocoordinate is likely to contain an
error. Each observation point is then colour-coded on the map to in-
dicate the type of error associated with that point.

A combined 44% of all occurrence records in BIEN lacked a
proper taxonomic name or accurate georeferencing (lat/long coor-
dinates). Also, 36% were identified as non-native or had an unknown
native status, and 1.3% were identified as cultivated. It is clear that
when working with large databases, careful attention must be paid
to error detection and scrubbing before performing scientific analy-
ses that assume the data inputs are accurate.

2.4 | Types of biodiversity within the BIEN
database

Observations in BIEN include four primary data types:

(i) Occurrence Records—consisting of natural history collections
(i.e. specimens from herbaria and other botanical efforts to as-
semble natural history observations from literature and field
observations),

(ii) Ecological Plot and Survey Data—surveys from plots, transects,
and other various survey methods,

(iii) Citizen science data, and

(iv) Trait Data—trait measurements with associated observations

The observations in the BIEN database are the product of
contributions from over 1076 data contributors (see Supporting
Information S2 and 2.3.1 and Appendix 2). A large fraction of the
observation records from herbaria and citizen science are compiled
from the Global Biodiversity Information Facility, or GBIF (Edwards
et al., 2000).

241 | Occurrence records

The BIEN db 4.2 includes over 284 million primary botanical oc-
currence records, each consisting of a plant observation with an
associated taxonomic identifier, geographic coordinates and a date.
Herbarium records and citizen science observations (e.g. iNatural-
ist) capture historical and contemporary plant occurrences, con-
tributing invaluable spatial and temporal insights. Major sources
of compiled occurrence record data in BIEN 4.2 stem from several
data aggregators, including GBIF https://www.gbif.org/; RAINBIO;
http://rainbio.cesab.org/ (Dauby et al., 2016), The Royal Botanical
Garden of Sydney, Australia; https://www.rbgsyd.nsw.gov.au/ and
NeoTropTree; http://www.neotroptree.info. BIEN includes data
from 804 herbaria listed in Index Herbariorum; http://sweetgum.
nybg.org/science/ih/. Table S1 in Sup. Doc provides a full descrip-
tion of all data contributors to BIEN db 4.2.

2.4.2 | Ecological plot and survey data

Plot and vegetation surveys provide systematically collected,
location-specific data for plant communities, offering a funda-
mentally different and complementary perspective to species
presence-only records derived from herbarium specimens and
citizen science observations. Unlike presence-only data, plot and
survey data explicitly record species presence, abundance and ab-
sence (‘zeros’), documenting taxa that were surveyed for but not
observed within a defined area. In contrast to pseudo-absences
generated for species distribution modelling, plot-based absences
reflect explicit sampling effort and therefore provide a stronger
basis for ecological inference about species exclusion, environ-
mental filtering and climatic constraints on distributions (e.g. see
Elith et al., 2011; Soley-Guardia et al., 2024). Abundance data and
true absences are central to community ecology, as they enable
analyses of local exclusion, community assembly processes, com-
petitive interactions and the mechanisms by which climate and en-
vironment structure ecological communities (e.g. Diamond, 1975;
Weiher & Keddy, 1999, 2001).

Plot data in BIEN are derived from established vegetation
monitoring programs and forest inventory networks, substantially
expanding the geographic, ecological and methodological breadth
of the BIEN ecosystem. Plot and survey data systematically sam-
ple predefined areas of the landscape, whereas herbarium and
citizen science records sample species occurrences opportunisti-
cally (Ball-Damerow et al., 2019; Guralnick & Van Cleve, 2005). By
sampling predefined areas regardless of which species are pres-
ent, plot and survey data reduce these landscape-sampling biases
and provide a more even representation of environmental space.
This difference in sampling design reduces spatial and environ-
mental biases in how landscapes are represented (e.g. see Ball-
Damerow et al., 2019; Meyer et al., 2016), making plot and survey
data especially valuable for community-level inference, reducing
geographic and taxonomic sampling biases from museum, herbar-
ium and citizen science data and model evaluation. The integration
of plot-based data with occurrence, trait and range information is
a distinctive feature of BIEN, enabling users to seamlessly move
between community- and species-level analyses within a single
harmonized framework.

Plot sources are available via the BIEN R package and are
listed via the function BIEN plot list datasource ()(Mai-
tner, 2023). Plot data includes several plot networks, including
CTFS/ForestGEO (Anderson-Teixeira et al., 2015), Carolina vege-
tation survey, CVS (Peet, Lee, Boyle, et al., 2012), Forest Inventory
Analysis, FIA (Gray et al., 2012), SALVIAS (Enquist & Boyle, 2012),
TEAM (Rovero & Ahumada, 2017), VegBank (Peet, Lee, Jennings,
et al., 2012) and several other sources. Because sampling proto-
cols vary across plots for some data sources (e.g. FIA, VegBank),
the function BIEN plot metadata() provides detailed plot
information.
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2.4.3 | Traitdata

Trait observations add functional and physiological dimensions to
BIEN's records. Trait data and observations are at the individual
level. BIEN contains over 25 million trait records spanning 54
distinct plant traits, derived primarily from publicly available
data sets from more than 800 published trait studies (see
Supporting Information; Appendix 2). These traits cover critical
plant characteristics such as leaf area, wood density and seed
mass, enabling functional analyses across species and ecosystems
(Table S5). The most numerous trait data in BIEN are the following:
Diameter at breast height (14,929,488); Whole plant height
(10,167,913); Whole plant growth form (330,047; see Engemann
et al., 2016); Seed mass (93,543); Stem wood density (39,162); Leaf
area per leaf dry mass, SLA (51,894).

The different observation data types in BIEN can be leveraged to
share relevant information between data types. For trait data, BIEN
contains the most information on plant size (e.g. diameter at breast
height, height) and growth form. Growth form can be inferred from
size measurements in plot and survey data. BIEN's standardized
trait data allow for within-species studies of intraspecific variation
as well as cross-species comparisons—essential for ecological and
evolutionary studies. A list of available trait data can be accessed
using the BIEN trait list () function in the BIEN R package (B.
Maitner, 2023).

Together, these observation records offer a high-resolution, in-
tegrative view of plant biodiversity. These data have provided a key
resource for studying how geography, climate, megafaunal extinc-
tions, and human land use shape plant diversity, species distributions
and extidnction risks (Doughty et al. 2016; Echeverria-Londofio
et al.,, 2018; Flower et al., 2021; Hannah et al., 2020; Moulatlet et al.
2025; Morueta-Holme et al. 2013; Neves et al. 2021). For more de-
tails on each of the above data sources and methods, please see the

Supporting Information S1 and S2.

2.5 | Partner applications and linkages

The methodologies and workflows developed by BIEN have catalysed
the creation of complementary partner tools that extend its principles
of transparency, reproducibility and modularity to other biodiversity
data sets. Many of these tools leverage BIEN's application program-
ming interfaces (APIs), ensuring seamless access to its services for
taxonomic resolution, geographic validation and data filtering. By
providing APIs as a foundation, BIEN facilitates interoperability with
external tools. In the Supporting Information S2.4, we detail three
add-on partner applications (i.e. occTest Serra-Diaz et al., 2024,
Wallace Kass et al., 2018, 2023; occCite Owens et al., 2021) that en-
able researchers to apply BIEN's core approaches—data integration,
quality control and transparency—across various contexts (Owens
et al., 2021; Serra-Diaz et al., 2024).

-

2.6 | Derived biodiversity products—Species
geographic ranges and standardized species lists

2.6.1 | Geographic ranges

Using the integrated observation data, the BIEN group has
generated species range maps for 98,829 plant species within
North and South America (Goldsmith et al., 2016; described
in Maitner et al., 2017; Neves et al., 2021). In addition, we have
recently generated an unprecedented additional set of 289,743
plant species range maps across the globe, including 112,953
species in the Americas. Updated geographic ranges from BIEN 4.2
are detailed in Merow et al. (ms in prep.), and are also highlighted in
Moulatlet et al. (2025).

The BIEN OpenRange database (Maitner et al., 2025) con-
tains generated range maps for all terrestrial plant species in the
Americas with >15 unique records on a 5km grid suitable for es-
timating species distribution models. Previous versions of this
workflow and BIEN species range maps are presented in Neves
et al. (2021), Feng et al. (2021) and Jung et al. (2021). A sum-
mary of the details of Merow et al. (ms in prep) is provided in the
Supporting Information S2.3.14.

These maps were made available as a proof of concept for the
Open Range initiative (part of the Open Nature initiative, https://
www.open-nature.org/), which aims to create range maps that
anyone can use, subject to attribution. While these new Open
Range maps have yet to be peer-reviewed and should be used
cautiously, they include metadata that can be used to assess their
quality and suitability for different purposes. Geographic range
maps are available via an API (https://github.com/EnquistLab/
Biendata-Backend-Express) and an R package (Table 2; https://doi.
org/10.5281/zen0do.18392177) and can thus be easily integrated
with other workflows. Future efforts will expand the availability

of the range maps.

2.6.2 | Species lists

BIEN provides a useful repeatable method generating lists of spe-
cies that occur within a given political division (e.g. country, state/
province, county/parish) or within any user-defined polygon (e.g.
protected area). Within the BIEN R package, lists can be produced
using a function beginning with "BIEN 1list ", (e.g. BIEN_list_
country(); B. Maitner, 2023). These lists are generated from the
scrubbed and harmonized taxonomic and geopolitical names in
BIEN, along with the geovalidated coordinates. Since these lists
are based on occurrence data, they complement other sources of
species lists derived from checklists or taxonomic information,
such as the Global Inventory of Floras and Traits (GIFT; Weigelt
et al., 2020) and the World Checklist of Vascular Plants (WCVP;
Govaerts et al., 2021).
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2.7 | Where to look to understand different
data fields

To clarify the meaning of the different components of the BIEN db,
a new function has been added to the BIEN R package (Maitner
et al,, 2017) BIEN metadata data dictionaries (). This func-
tion provides the user with data dictionaries containing information

about the tables, columns and values in the BIEN db.

2.8 | Citation practices

As Robert A. Heinlein aptly stated, ‘There ain't no such thing as a
free lunch’ (TANSTAAFL; Heinlein, 1966). Using BIEN data entails,
the responsibility to attribute the original data providers properly.
To streamline this process, the BIEN R package (Maitner, 2023)
includes the function BIEN metadata citation(), which
BibTeX-formatted

acknowledgment statements for publications that use BIEN

automatically generates citations and
data. Similarly, each BIEN module offers functions for generating
citations to the original data providers, specific to the tool used.
For example, the GNRS citations () function in the GNRS R
package (Boyle & Maitner, 2021) provides citations for geographic
name resolution services. See Supporting Information S3.4 for
recommendations for when, in some instances, the number of

citations required may exceed journal-imposed limits.

3 | BIEN APPLICATIONS
3.1 | Thedefault query

Queriestothe BIEN db from the BIEN R package use a default query
that excludes cultivated and introduced observations and includes
only specific observation types to ensure data reliability and
relevance. The default query in SQL (Supporting Information S3)
is designed to maximize data quality by filtering out records that
are likely to introduce noise or errors into analyses. However, as
we discuss below, the user can specify additional queries to obtain

unfiltered data.

3.2 | BIEN flags and data augmentation

BIEN supports diverse research needs by augmenting each observa-
tion with flags that enable researchers to filter and subset data by
quality, geographic relevance and taxonomic accuracy (Supporting
Information S3.2). Each data observation record passing through the
BIEN's validation services (TNRS, GNRS, GVS and NSR) is augmented
with numerous flags (Tables S1-S4). These flags allow researchers
to query the BIEN db or tailor their own data sets to specific ana-

lytical objectives. Each data record that passes through all BIEN data

services is augmented with more than 50 distinct flags (Tables S1-S4).

The following is a summary of the most important or ‘key’ BIEN flags:

1. is cultivated: Identifies whether a record pertains to cul-
tivated specimens. 1: Cultivated specimen. 0: Non-cultivated
specimen. null: Cultivation status undetermined.

2. is _introduced: Flags observations of non-native species.
These flags are used to identify and exclude exotic species from
ecological analyses.

3. observation type: Specifies the record's source (e.g. plot,
specimen, literature, checklist). This flag enables filtering by data
type to suit the study's focus.

4. is geovalid: Indicates whether geographic coordinates are
accurate. 1: Verified and accurate. O or null: Geographic accuracy
is erroneous or unverified.

5. higher plant group: Distinguishes records by taxonomic
group, excluding non-target groups like algae, fungi and bacteria.

6. is centroid: Flags records that are georeferenced to adminis-
trative centroids rather than specific locations. 1: Georeferenced
to a centroid. O: Accurately georeferenced.

7. scrubbed species binomial: Provides a standardized taxo-
nomic name resolved via TNRS, reducing ambiguity and improv-
ing consistency across data sets.

3.3 | Filtering and subsetting

BIEN enables users to refine data sets using combinations of
flags, metadata columns, geographic information and political
divisions (see Tables S1-S4). Combining BIEN's built-in flags with
TNRS's detailed outputs allows researchers to filter data sets to
achieve the highest possible quality and relevance for their spe-
cific scientific goals (see Figure 4). In Tables S1-S4, we describe
and list each of the BIEN flags. Key data flags like—'is geo-
valid, ‘scrubbed species name’, new.world’ and ‘is cul-
tivated'—allow researchers to adapt BIEN data to their unique
analytical needs. Selecting or excluding data based on the data in
these columns will enhance data quality and relevance for analy-
ses of plant biodiversity.

The two primary approaches—flag filtering and geographic/po-
litical filtering—offer flexibility for tailoring data sets to specific re-
search needs.

1. Flag filtering: This feature allows you to select or exclude re-
cords based on specific flags (e.g. using is cultivated and
is_introduced to exclude cultivated or introduced species).

2. Geographic and political filtering: Subset data by geographic co-
ordinates or political divisions to focus on regions of interest.

Depending on the question at hand, six additional flags and filters
can be used to further assess biodiversity data. In the Supporting

Information (see $3.2), we detail these additional flags and filters:
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FIGURE 4 Winnowing of observation records through the BIEN workflow for better species distribution modelling. This figure illustrates
the sequential filtering of observation records through the BIEN workflow to identify high-quality data for species distribution modelling.
Starting with all records, each sequential step applies specific cleaning and validation processes, progressively reducing the data set to
remove biased or erroneous observations. Key steps include: (i) All Records to Geovalidated: Incorporates the Geographic Name Resolution
Service (GNRS) and Geocoordinate Validation Service (GVS) to ensure accurate geographic metadata and validate coordinates; (ii) Excluding
Cultivated and Centroids: Utilizes the Native Species Resolver (NSR) and GVS to exclude records flagged as cultivated or centroid-based; (iii)
liberal vs. conservative thresholds: The ‘liberal’ threshold retains records flagged as ‘No opinion’ by the Taxonomic Name Resolution Service
(TNRS) and records with ‘is introduced’=NULL in the NSR. The ‘conservative’ threshold excludes these records for stricter quality control.
At each stage, observation records are filtered to remove potential errors and biases, resulting in a refined data set tailored to the specific

use case. This winnowing process highlights the BIEN workflow's effectiveness in producing high-confidence data sets for biodiversity
research. It simultaneously underscores that a large fraction of biodiversity data (~50%) does not meet rigorous criteria for species

distribution modelling due to various sources of error and bias.

3. Filter by Geographic Validity, 4. Filter by Cultivation Status, 5.
Subset by Observation Type, 6. Filter based on Native Status, 7.
Filter or subset for Regional Studies, 8. Taxonomic Standardization
and give examples of their use.

Users should be aware that some names in large biodiversity
data sets may still need to be resolved and require additional re-
search. For further guidance on interpreting TNRS output and best
practices for taxonomic name resolution, (see https://tnrs.biend
ata.org/instructions/). Furthermore, users may use the functions
Name matched url and Accepted name url to explore further
matched or accepted names via linked taxonomic resources for ver-
ification or additional metadata.

For users creating checklists or other lists that are highly sen-
sitive to the presence of synonyms, it is recommended to compare
all accepted names in the data set with their original names. Any
taxonomic name service will be several years behind the current lit-
erature and recent changes, including new or outdated synonyms or
newly described species, will not be processed correctly by TNRS.
For an extensive biodiversity study, this level of inaccuracy may be
considered acceptable, but in, for example, a checklist, such names
should not be missed or misinterpreted.

3.4 | Flagging of errors, standardization and
identification of highest quality data

Most plant biodiversity data contain errors and potential biases.
Between 65.4% and 72.5% of the taxonomic names were errone-
ous or unclear (Tables 3 and 4). Furthermore, of the total number
of observation records processed (where an observation name had
a taxonomic name that could be parsed by the TNRS), 159,189,390
(55.96%) had an issue with taxonomy or coordinate location. This
indicates that most botanical observation records contain at least

one potential source of error.

3.5 | BIEN use cases: Examples

The BIEN workflow and standardized database provide a flexible, re-
producible framework for addressing core challenges in biodiversity
science. Since the release of the first RBIEN package, researchers
have applied BIEN tools to a wide range of questions in taxonomy,
ecology, biogeography and conservation. Table Sé lists 19 published
studies, each accompanied by open-source code and documented
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TABLE 3 Key metrics, data types and total number of scrubbed and standardized species within BIEN 4.2, showcasing its role as a
standardized, augmented database for global plant ecological and evolutionary research.

Total number of observations

Observation records from herbarium specimens
Observation records from citizen science
Observation records from plots

BIEN db 380,417
BIEN db 363,258

Observation records from trait observations
Number of plots
Trait measurements?®

Species geographic range maps BIEN db 98,829

BIEN db 284,466,171
BIEN db 73,927,842
BIEN db 153,551,098
BIEN db 17,247,823

BIEN db 25,932,454

Open Range db 289,743

Number of species on Earth

Angiosperms (flowering plants)

Gymnosperms

Gymnosperms (conifers)

Gymnosperms (non-conifer)

Ferns and allies

Bryophytes

Embryophyta (land plants)

Pre-TNRS

Total # species names
1,323,320

Post-TNRS

Total # species names
363,567-457,949

Post-TNRS Total # species names
323,377-404,043

Post-TNRS Total # species names
1280-1429

Post-TNRS Total # species names
856-978

Post-TNRS Total # species names
424-451

Post-TNRS Total # species names
12,102-20,921

Post-TNRS Total # species names
26,808-31,556

Note: The table details the total number of observations, categorized into specimens, plot observations and trait data, along with derived products
like geographic range maps (BIEN-curated and open access) and species counts across major plant groups. Species numbers are presented as a range:
the lower bound reflects TNRS accepted species, while the upper bound includes names that lack taxonomic opinions. A full description of data
sources and contributors is available in Table S1. Code underlying these data is available in Enquist et al. (2026a) in the file 1_BIEN_stats.R.

*This includes observation records from trait observations (from the literature) and trait measures obtained from metadata included with observation
records in plots (includes measures of size [diameter, height] and growth form [tree, liana etc.]).

workflows that illustrate distinct use cases within the BIEN ecosys-
tem. We encourage users seeking additional examples or reproduc-
ible templates to consult the code and workflows linked in these
studies.

These applications span a broad range of topics, including tax-
onomic standardization and species richness estimation, trait-en-
vironment modelling, macroecological and biogeographic analyses,
species distribution and range modelling, climate change impact and
vulnerability assessments, community assembly and diversity-func-
tion relationships, phylogenetic and evolutionary studies, biodiver-
sity forecasting and scenario modelling, and data quality assessment
and validation.

Below, we present six general use cases that demonstrate
how BIEN's modular services and comprehensive plant database
enable reproducible workflows for data integration, cleaning and

analysis.

3.5.1 | Use case 1—Quantifying the total number of
named plant species on earth

BIEN enables researchers to estimate the total number of known
land plant species by resolving taxonomic inconsistencies using
the TNRS. Taxonomic standardization corrects synonyms, spell-
ing errors and ambiguous names, reducing redundancy and en-
abling consistent and reproducible global diversity estimates.
Incorrect, ambiguous or synonymous taxon names present a per-
sistent obstacle for studies in comparative biology, biodiversity
science and conservation (Dayrat, 2005). Large-scale ecological
analyses, phylogenetic studies and conservation planning often
rely on data sets aggregated from diverse sources. Without taxo-
nomic standardization, such counts can inflate species richness
estimates and bias scientific conclusions and conservation policy
(Bortolus, 2008).
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TABLE 4 The majority of plant observation data have errors and possibly issues flagged by the BIEN workflow.

Validation flag(s) Description

Native status (NSR)

Taxonomic (TNRS)
accepted (or no opinion) name

Geovalidation (GNRS and GVS)

Cultivated status (NSR)

Checks whether or not the organism is known to be native in
the region based on published checklists

Checks whether or not the taxonomic name matches an

Checks whether or not coordinates are possible and fall
within the specified political divisions

Checks whether or not the organism is cultivated or not

Number of observation records
failing validation

102,401,972 (36.00%)
(26.02% introduced, 9.98% unclear)

Original Name Pre-TNRS

94,164,849 (33.10%; Not ‘Accepted’)
87,277,419 (30.68%; Neither ‘Accepted’ or
‘No Opinion’)

Scrubbed Name Post-TNRS

14,553,538 (5.12%; Not ‘Accepted’)
3,640,826 (1.28%; Neither ‘Accepted’ or
‘No Opinion’)

62,510,599 (21.97%)

3,588,539 (1.26%)

cultivated based on location and provided metadata

Centroid (GVS)
geopolitical centroid

TNRS, GVS, GNRS

Checks whether or not the occurrence likely represents a

Occurrence records that have a TNRS perfect match score

861,945 (0.30%)

159,189,390 (55.96%)

of 1 and with no flags indicating no error in Geovalidation or

a Centroid

Note: Summary of validation flags applied to plant observation data. This table summarizes the number and fraction of plant observation records
flagged for potential biases and errors during validation using BIEN's key tools: TNRS, GNRS, NSR and GVS. These flags identify issues in taxonomy,
geographic coordinates and other metadata recorded with the original observation or specimen. The bold values indicate the proportion of records
in that category that are erroneous. Of the total processed records, 159,189,390 (55.96%) passed all taxonomy and geographic accuracy checks,
ensuring high confidence for ecological and evolutionary analyses (see Figure 4). Queries for these analyses are available in the supplemental

document and Enquist et al. (2026a) in the file 1_BIEN_stats.R.

Prior to taxonomic standardization with the TNRS, the BIEN database
contained 1,323,320 unique land plant names (Table 3) across more than
284 million botanical observation records—a number far exceeding any
reasoned estimate of global plant diversity. Between 72.5% and 65.4%
of the taxonomic names encountered were erroneous, synonymous or
unclear. After standardization, the final data set consists of 34,902,348
unique observation records, representing 363,567-457,949 land plant
species (Table 3; the lower bound estimate reflects TNRS accepted spe-
cies, while the upper bound includes names that lack taxonomic opin-
ions). Importantly, without TNRS correction, 959,753-865,371 names (or
72.5%-65.4%) in global biodiversity data sets are redundant, incompati-
ble or erroneous. In Table 3, we list the total number of species for each
major land plant clade. The workflow underlying these estimates is avail-
able in Enquist et al. (2026a) in the file 1_BIEN_stats.R.

These data, derived from herbarium specimens and ecological plot
surveys, provide a comprehensive and standardized global view of
plant diversity. The TNRS plays a pivotal role in ensuring that this data
set reflects the best available taxonomic knowledge, enabling accurate

and reproducible matching of species identities across sources.
3.5.2 | Use case 2—The cumulative number of plant
species recorded over time

The gap between the true number of species that actually exist and
those that have already been described is known as the Linnean

shortfall (Brown & Lomolino, 1998). Accurately estimating the num-
ber of known plant species is a foundational challenge in biodiver-
sity science, essential for advancing ecological theory, conservation
planning and global biodiversity assessments (Hortal et al., 2015a).
Reliable estimates require resolving taxonomic inconsistencies, cor-
recting synonyms and minimizing errors that inflate richness esti-
mates or bias conclusions (Boyle et al., 2013; Lessa et al., 2024; Lu &
He, 2017). Open, reproducible workflows for calculating the Linnean
shortfall are needed to ensure transparency, validation and adapt-
ability for the broader research community (e.g. Lessa et al., 2024).
Using BIEN's standardized framework, we conducted an updated
analysis of the cumulative number of plant species recorded over
time, following the methods from Feng et al. (2022). We obtained
data from BIEN (version 4.2; accessed December 2024) that com-
piled plant distribution data from GBIF (https://doi.org/10.15468/
dl.87zyez) and non-GBIF sources. These data sets were harmonized
through BIEN's data scrubbing and standardization pipeline, includ-
ing the TNRS (version 5.3.1). Only records with valid collection years
and standardized taxonomic names were included in the analysis.
We quantified species accumulation from 1750 to 2020 and
fitted cumulative species counts as a function of year (Figure 5).
The data were categorized into three groups: GBIF, non-GBIF and
the combined full data set. We counted the number of species in
all three data sources over time, from 1750 to 2020. We fitted the
cumulative numbers (dependent variable) and years (independent
variable) with logistic regression using ordinary least squares ['nls’
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function in stats package version 4.2.0 in R version 4.2.0; R Core
Team 2021]. Results indicate a gradual approach towards saturation
in the number of recorded species (Figure 5). Based on the logistic
model, the predicted asymptote for terrestrial plant species in BIEN
is 438,157 +1895 (mean=+SD), using taxonomically standardized
names resolved by TNRS (version 5.3.1; Boyle et al., 2013). The full
workflow is available from Enquist et al. (2026b).

This analysis also enabled an estimate of the Linnean shortfall for
plants. The current number of species in the BIEN database is con-
servatively estimated at 363,567 (Table 3). The difference between
the asymptotic estimate (438,157 + 1895 species) and the current
count suggests that approximately 74,590 + 1895 species remain to
be discovered and described (Figure 5). Our analysis is based on cur-
rently incorporated records, but this trajectory will shift as new field
observations and historical specimen data are integrated. Factors
influencing this dynamic include: (i) newly described species often
derived from older specimens; (ii) rates of lumping and splitting of
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FIGURE 5 The cumulative number of Embryophyte species
recorded from 1750 to 2020 across three data sources: BIEN
(green), GBIF (grey) and other non-GBIF sources (red). The

x-axis represents time in years, while the y-axis shows the
cumulative number of unique species identified after taxonomic
standardization through the TNRS. The figure builds on the analysis
in Feng et al (2022) and highlights each data set's contributions to
understanding global plant diversity. BIEN integrates data from
GBIF, non-GBIF sources, and additional data sources, providing

a comprehensive overview. The curves show the trajectory of
species discovery over time, with an initial rapid increase followed
by a gradual levelling off. This pattern suggests that species
accumulation is approaching an asymptotic limit, indicating that
we are nearing a near-complete inventory of land plant species on
Earth. This trend reflects the effectiveness of current sampling
and data harmonization efforts and underscores the importance
of BIEN's harmonized data set as a critical tool for biodiversity
science. It provides strong evidence that the global catalogue of
land plant species is approaching saturation.

taxa due to ongoing taxonomic revision; and (iii) variation in species
concepts (Lessa et al., 2024). These factors introduce uncertainty
into estimates of the Linnean shortfall, as differing rates of discov-
ery and taxonomic change can underestimate or overestimate the
total number of extant species (Lessa et al., 2024). Despite these
challenges, our analysis provides an open and reproducible work-
flow that serves as a basis for improving our understanding of global

plant diversity.

3.5.3 | Use case 3—Mapping global plant species
richness

Accurate global species richness maps are essential for identifying
biodiversity hotspots, guiding conservation priorities and assess-
ing the ecological impacts of global change (Hannah et al., 2020).
BIEN's harmonized and augmented occurrence data enable users
to generate high-quality species distribution models that filter out
cultivated or uncertain records and standardize taxonomy. BIEN's
high-resolution global richness maps incorporate only validated
occurrences, ensuring taxonomic and geographic precision. These
efforts build on several published studies using BIEN data to gen-
erate species geographic ranges and to map plant biodiversity
(Echeverria-Londoiio et al., 2018; Goldsmith et al., 2016; McFadden
et al.,, 2019; Morueta-Holme et al., 2013; Moulatlet et al., 2025;
Neves et al., 2021). New global updates are the focus of several
forthcoming papers that showcase the distribution of plant diversity
across geographic regions (Merow et al. in prep), and assessments of
the quality and methodology of the range maps are discussed within.

Using BIEN's standardized Open Range db, we generated global
plant biodiversity maps by stacking species distribution models for
289,743 plant species (Figures 6 and 7; Merow et al. in prep; see
also Moulatlet et al., 2025). Species range maps were derived from
BIEN's integrated occurrence records, which were processed using
the TNRS and GNRS to resolve taxonomic inconsistencies and vali-
date spatial information. Native species records were identified and
filtered using the NSR to exclude introduced and cultivated species.

These maps reveal global latitudinal diversity gradients and high-
light regions of exceptional species richness, including the Amazon
Basin, Lower Guinea and Southeast Asia. While sampling intensity
remains uneven across regions (Figure 7), particularly outside the
Americas, the use of standardized, validated data substantially im-
proves the reliability of diversity estimates (Merow et al., in prep). By
resolving taxonomic inconsistencies, validating geographic data and
filtering for native species, BIEN enhances the precision and repro-
ducibility of large-scale biodiversity mapping. Continued improve-
ment in geographic sampling and data integration will further refine
these estimates. Nonetheless, BIEN's range maps may represent a
foundation for global analyses of biodiversity patterns, environmen-
tal drivers and conservation priorities. They enable researchers to
link species richness to environmental gradients, land use change
and climate impacts, thereby supporting the development of scal-
able, reproducible biodiversity forecasts.
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FIGURE 6 Global plant biodiversity maps created from stacking 289,743 Embryophyta (Land Plant) species geographic ranges created
from the BIEN db. The upper geographic part figures show regional variation in species richess. The lower global part figures show plant
species richness broken out by Flowering Plants, Ferns and Allies, Bryophytes, and Gymnosperms. These figures showcase global species
richness generated using BIEN's harmonized and augmented data set. The maps were constructed by stacking individual species range
rasters, with each raster representing the distribution of a single species. These rasters were projected in a Mollweide equal-area coordinate
system at a 5 km spatial resolution (Merow et al. ms in prep). The resulting maps depict the sum of species ranges overlapping within each
grid cell, highlighting patterns of biodiversity across geographic regions. Map (i) is the richness map for the Land Plants (Embryophyta) using
an absolute linear scale to emphasize species richness hotspots. Map (ii) separates four major land plant clades and groups, Angiosperms,
Ferns (and allies), Bryophytes and Gymnosperms.
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FIGURE 7 BIEN global sampling intensity maps. These maps illustrate the global distribution of sampling intensity for botanical
observation records within the BIEN 4.2 db in each 100km cell. Legend colours represent 5 classes using quantile values. Sampling intensity
is represented as the density of records per unit area, highlighting regions with extensive data coverage and areas with sparse or incomplete
sampling. The global sampling map (overview) integrates three primary data types: herbarium specimens, ecological plot surveys and trait
observations. While these maps provide a broad overview, it is important to note some limitations. Maps underscore the uneven global
distribution of plant biodiversity data, with sampling intensity concentrated in North America and parts of the Global North. These patterns
reflect biases in historical data collection and highlight the need for increased sampling efforts in biodiversity-rich but underrepresented
regions such as the Global South. Addressing these gaps is critical for achieving a more comprehensive understanding of global biodiversity
patterns and improving the predictive capacity of biodiversity science. For example, ecological plots within BIEN 4.2 are overrepresented

in certain regions such as Europe. Future integration with several rapidly growing plot and trait data networks (Cooper et al., 2024; Feng

et al., 2022; ForestPlots.net et al., 2021; Gallagher et al., 2020; Kattge et al., 2020; Sabatini et al., 2021) will help fill in sampling gaps.
Updates in BIEN 4.2 and beyond address these gaps, incorporating additional plot networks and refined geographic mapping to improve
representation in undersurveyed regions.
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3.54 | Use case 4—How many plant species
are found in the UNESCO protected areas across
the globe?

This use case addresses the challenge of accurately identifying na-
tive plant species within UNESCO World Heritage sites, correct-
ing long-standing taxonomic and geographic errors in biodiversity
data (Figure 8; see also Nic Lughadha et al., 2018). UNESCO World
Heritage sites occur disproportionately in global biodiversity hot-
spots. They are believed to safeguard a significant fraction of global
plant diversity while occupying less than 1% of Earth's surface
(UNESCO International Union for Conservation of Nature, 2023).
Quantifying their biodiversity contributions requires an open, trans-
parent and reproducible workflow. Using BIEN, we partnered with
UNESCO to assess the botanical diversity of these sites by integrat-
ing high-resolution, taxonomically standardized plant occurrence
data with protected-area boundaries.

The workflow (available in Enquist et al. (2026a) in file 3_
UNESCO_use_case.R) begins by querying BIEN's comprehensive
database to retrieve plant occurrence records within UNESCO site
boundaries. All taxonomic inconsistencies are resolved using the
TNRS; geographic coordinates are validated through the GVS; and
non-native species are flagged using the NSR. The resulting records
are spatially overlaid with UNESCO site polygons, producing a clean,
validated data set linking species occurrences directly to protected
areas. This reproducible workflow can be readily adapted to other
protected-area networks, allowing comparative biodiversity assess-
ments across regions.

By integrating BIEN data with IUCN Red List estimates, we
found that UNESCO World Heritage sites protect approximately
74,295 plant species, around 16% of global plant diversity (UNESCO
International Union for Conservation of Nature, 2023). Of these,
2,130 species are classified as threatened, underscoring their crit-
ical conservation importance. However, if raw, unstandardized data
were used (i.e. prior to TNRS correction), the estimated number of
unique species would be inflated by roughly 52% (38,633 additional
names) due to unresolved synonyms and misapplied taxa (UNESCO

International Union for Conservation of Nature, 2023).

‘

3.5.5 | Use case 5—Fetching and cleaning
occurrence data for cactus distribution modelling

This use case highlights how BIEN's modular and reproducible eco-
system enables the development of high-quality, data-driven species
distribution models. The workflow, Enquist et al. (2026c¢), developed by
Pillet et al. (2022; Pillet et al. ms in prep) demonstrates BIEN's capacity
to address global biodiversity challenges by automating the retrieval,
cleaning and validation of occurrence data for the Cactaceae family—a
taxonomically and ecologically diverse group often underrepresented
in global data sets. The pipeline integrates multiple BIEN services, in-
cluding RBIEN, TNRS, GNRS and NSR, along with the occTest pack-
age, to minimize manual curation and enhance data reliability (Figure 8).
Specifically, it begins by querying global Cactaceae records from BIEN,
then standardizes taxonomic names using the TNRS. Geographic vali-
dation is then performed through the GNRS and the NSR, which to-
gether flag occurrences located outside known native ranges.

This use case illustrates how BIEN's ecosystem facilitates the de-
velopment of high-quality species distribution models for Cactaceae
(Pillet et al. ms in prep) while addressing challenges such as taxonomic
inconsistencies, spatial errors and non-native observations (Figure 8).
Despite filtering out low-quality records and species with sparse data,
the resulting models produced robust and biologically consistent pre-
dictions of cactus species richness and distribution. This workflow
underscores BIEN's role in enabling fully reproducible biodiversity
modelling pipelines, in which users can combine standardized tax-
onomic, geographic and environmental validation tools to gener-
ate transparent, replicable data products for large-scale ecological
research.

3.5.6 | Use case 6—Building your own integrated
biodiversity data set by running your own data
harmonization and scrubbing pipeline

One of BIEN's most novel features is its modular architecture
(Figure 2), which enables users to construct reproducible, custom-

izable workflows tailored to their specific research goals. A data

FIGURE 8 (I) Contribution of UNESCO World Heritage Sites (WHS) to global biodiversity conservation. This figure from UNESCO-IUCN
(2023) illustrates the estimated number of threatened species and the percentage of species protected within UNESCO World Heritage
Sites (WHS), focusing on plants and trees. The WHS network protects an estimated 464,348 plant species (16% of global plant diversity),
including 2130 threatened taxa, and safeguards 57,959 tree species, representing 29% of global tree diversity. The analysis leverages the
BIEN database and workflow to integrate plant occurrence data with [IUCN Red List assessments and UNESCO site boundaries through
spatial overlays. Key BIEN tools (such as the Taxonomic Name Resolution Service (TNRS), Geographic Name Resolution Service (GNRS),
Geocoordinate Validation Service (GVS) and Native Species Resolver (NSR)) enhance data accuracy by resolving taxonomic ambiguities,
validating geographic data, and identifying native and introduced species. These steps reduce bias and errors, ensuring harmonized, reliable
data sets. This figure highlights WHS as critical to global biodiversity conservation, protecting significant portions of Earth's plant and tree
diversity, including many vulnerable taxa. It demonstrates how BIEN supports reproducible biodiversity science, improving data quality
and representation for conservation planning and policy decisions. Data and Figure Source: BIEN database and UNESCO-IUCN (2023) (Il)
Comparison of stacked species distribution models predicted for current cactus species richness. (a), The average cactus species richness
across all maps for North and South American cactus species using BIEN data and sources. (b), Cactus richness based on expert maps by the

IUCN. Figure is from Pillet et al. (2022).
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harmonization and scrubbing pipeline within the BIEN ecosystem

typically proceeds through the following sequential steps:

1. (TNRS): The workflow begins by passing observation data through
the TNRS, which standardizes scientific names by resolving inconsis-
tencies, correcting spelling errors and updating outdated synonyms
to accepted names. This ensures taxonomic consistency across data
sets and reduces identification errors. TNRS also returns data-quality
flags that can be carried forward into subsequent steps.

2. (GNRS): Next, the GNRS resolves and standardizes geographic
place names (e.g. country, state, province). It corrects spelling er-
rors and aligns locality information with known political bounda-
ries, thereby enhancing spatial precision and enabling accurate
cross-referencing among data sets.

3. (GVS): Observation data passing from the TNRS and GNRS are
then further validated with the GVS, which flags geographic er-
rors, identifies centroid-based inaccuracies and assesses co-
ordinate precision. This ensures that spatial data are accurate,
reproducible and suitable for spatial analyses.

4. (NSR): Data validated through TNRS, GNRS and GVS are then
processed using the NSR, which determines whether occurrences
represent native or introduced species within specific political di-
visions. By leveraging prior validation steps, NSR enables users to
filter out cultivated or non-native observations for ecological and
conservation analyses.

5. (OccTest Integration) As an optional final step, data can be further
processed using the R package occTest, which identifies environ-
mental outliers, duplicates, and records from unsuitable habitats.
OccTest also provides a visualization of outputs to better scruti-
nize occurrence data. It integrates multiple BIEN services into a
single automated pipeline and allows advanced users to custom-

ize modules for specific analytical needs.

The resulting data sets include all BIEN-derived flags and meta-
data augmentations (see Tables S1-S4), enabling researchers to
subset and filter high-quality observation points and taxa for their
specific analyses (see Figure 4). This flexible and reproducible work-
flow supports a wide range of research questions—from biogeo-
graphic modelling to conservation prioritization—while maintaining
data integrity and provenance.

Users can deploy these tools through the BIEN web interface,
R packages or APIs, creating automated workflows that yield har-
monized taxonomic and geographic data, validated coordinates and
native status flags. Whether leveraging pre-integrated tools like oc-
cTest or assembling bespoke pipelines, BIEN's modular system em-
powers researchers to clean, integrate and analyse biodiversity data
with precision, transparency and reproducibility.

3.6 | BIEN as an open community

The ecosystem of BIEN data products, software products and ser-
vices, and the people who have built, maintained and used these

-

products, represents an open science community that magnifies
and stimulates new research capabilities in biodiversity science.
Building the BIEN ecosystem of data, tools and services required
collaborative work from many people in biodiversity analytics and
modelling, data systems design and development, software design
and development, and computing systems operation and security.
By following open science principles, BIEN's data and workflow can
also be used more broadly in other biodiversity initiatives. For ex-
ample, BIEN plant occurrences and range maps could be integrated
with BON in a Box (developed by the Group on Earth Observations
Biodiversity Observation Network, or GEO BON) to support bio-
diversity modelling and indicator calculation (Griffith et al., 2024).
Nonetheless, significant challenges face future efforts by BIEN and
other open communities (see Supporting Information S1). For BIEN
to continue to impact biodiversity science, at a minimum, sustained
investment in maintenance and operations will be required to ad-
dress security and software changes needed for compatibility with
the evolving software landscape in which BIEN is embedded (Downs
et al., 2015; Hinsen, 2019).

4 | DISCUSSION

The Botanical Information and Ecology Network (BIEN) is an inte-
grated, modular informatics framework for biodiversity science.
By addressing key challenges in data integration, quality and ac-
cessibility, BIEN provides an open resource for large-scale, repro-
ducible biodiversity research (see further discussion in Supporting
Information S2). Its dual contributions—an integrated global plant
biodiversity database and a suite of open-source tools—empower
researchers to harmonize and validate data, conduct advanced anal-

yses and generate insights into plant diversity and conservation.

4.1 | How the BIEN relates to other large-scale
plant occurrence databases

Two key distinctions set the BIEN db apart from other large-scale
biodiversity databases. First, BIEN integrates species occurrence
data from multiple sources while ensuring high taxonomic resolution
through its TNRS. For example, in comparison to the plant occur-
rence data of GBIF, BIEN provides broader taxonomic and spatial
coverages (Feng et al., 2022; Figure 5). Also, GBIF used a compre-
hensive strategy to develop a taxonomic backbone that fits their
aggregating purpose; in contrast, BIEN used TNRS to standardize
the indexed taxonomy, which is expected to be of higher scientific
rigour, evidenced by the broader usage of this approach by the com-
munity (Denelle et al., 2023; Kattge et al., 2020). Second, BIEN pro-
vides open-access tools and broad open-access availability of both
species occurrence and vegetation plot data, facilitating biodiver-
sity research at multiple scales. BIEN is among the largest and most
comprehensive integrated plant biodiversity databases available.
It aggregates millions of species occurrence records and includes
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harmonized vegetation plot data. Unlike many regional databases,
BIEN offers globally standardized taxonomic and spatial data, ensur-
ing comparability across studies. The BIEN workflow tools enable
the integration and resolution of taxonomic and geographic incon-
sistencies, making it a valuable resource for ecological modelling,
macroecology and conservation planning. By incorporating BIEN's
TNRS, researchers can efficiently resolve taxonomic ambiguities,
ensuring consistency in biodiversity data sets. Third, while there
are several rapidly growing plot data databases/networks [e.g. sPlot
(Sabatini et al., 2021)], the workflow developed by BIEN enables ef-
fective integration of plant occurrence, plot and trait data; the ca-
pacity to integrate different types of data will be very valuable in
filling gaps in our global biodiversity knowledge in the next stage
of biodiversity informatics (Feng et al., 2025; Hortal et al., 2015b).

4.2 | How BIEN relates to other global trait
database efforts

In terms of the absolute total number of trait observation records,
BIEN 4.2, with 25,932,454 records, is the largest compilation of plant
trait observations. This is 10 million more records than the TRY global
trait observation database (Kattge et al., 2011). The observation
records within BIEN that contain trait data are all from (i) published
open-source data sets (over ~800 published papers and books have
contributed trait data observations in BIEN) or (ii) trait values that are
extracted from other plant observation data sets (e.g. measurements
of plant size, growth form from ecological plot surveys).

The BIEN trait data are well-suited to studies of intra- and in-
terspecific variation in plant size because each individual has a large
sample of plant size observations. The trait data within BIEN are a
smaller subset of the number of different types of traits (BIEN has
focused on a smaller number of core traits, 54 different traits) than
in TRY (TRY contains around 2661 different traits). Furthermore,
many plant trait observations in BIEN are derived from querying plot
and survey data for measures of plant size (growth form, diameter
at breast height [dbh], and height). Significantly, BIEN's data cura-
tion model and database schema differ from TRY in that they codify
traceability of each trait observation to the original data provider
(see criticism of the TRY database on data applicability and traceabil-
ity in Augustine et al., 2024).

4.3 | BIEN as a model for future biodiversity
database systems

BIEN's transparent, flexible architecture promotes collaboration,
future development and Open Science, fostering innovation in the
study of biodiversity patterns, species distributions and functional
traits. By integrating herbarium, plot, citizen science and trait data
into a geospatial framework, BIEN enables researchers to tackle
complex ecological and conservation questions with unprecedented
precision and scope.

While the BIEN database offers comprehensive coverage of
global plant biodiversity, crucial sampling gaps remain (Figure 6).
Large degrees of sampling heterogeneity exist. Important knowl-
edge gaps in Asia and Africa undoubtedly limit our ability to assess
the geographic distribution of plant diversity, to model species dis-
tributions and to estimate the total number of species. Addressing
these biodiversity knowledge gaps will require addressing the rep-
resentation of data collaborative networks (Pettorelli et al., 2021).
Filling crucial gaps in the representation of researchers from the
Global South persists while researchers from the Global North re-
main overrepresented. These imbalances exacerbate existing bio-
diversity knowledge gaps and limit global biodiversity knowledge
(Park, Feng, et al., 2023).

Looking ahead, the BIEN workflow provides a model for ad-
vancing biodiversity science and biodiversity informatics and filling
numerous knowledge and representation gaps. The BIEN workflow
addresses the urgent challenges posed by biodiversity loss and cli-
mate change. By creating a globally integrated plant data observation
network, BIEN establishes a foundational resource that underscores
the critical role of plants in shaping ecosystems, regulating the cli-
mate and supporting life on Earth. However, plants are only one
component of the intricate web of life and of ecosystem function.

Extending similar efforts to link with other major organism
groups, such as fungi, invertebrates, insects, vertebrates and micro-
bial communities, is essential for developing a comprehensive un-
derstanding of biodiversity and ecosystem dynamics. Expanding this
framework to encompass diverse taxa would enable us to explore
and quantify critical interactions, such as those between plants
and their mutualists, decomposers and consumers (see the GLOBI
data set of interactions, https://www.globalbioticinteractions.org/
(Poelen et al., 2014)). Geographic variation in the diversity of mycor-
rhizal associations (Mikryukov et al., 2023; Toussaint et al., 2020),
pollinators (Olesen & Jordano, 2002), herbivores (OIff et al., 2002)
and soil microbes (Buzzard et al., 2019) is among the most obvious
‘next adjacent possibles’ to link with. Such integration of diverse taxa
and ecologies is crucial for understanding the cascading effects of
biodiversity loss and alteration across trophic levels and their impli-
cations for ecosystem resilience, services and stability under global

change.
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STATEMENT OF INCLUSION

The BIEN initiative brings together a geographically diverse au-
thorship team with expertise in plant ecology, biodiversity infor-
matics, systematics, and conservation science. Our study aimed
to integrate biodiversity data networks from global and regional
databases of plant occurrences, traits and distributions to address
critical knowledge gaps. Often, these data networks are organized
by non-local researchers. Despite efforts to engage local research-
ers, particularly in biodiversity-rich regions where primary data
were collected, these efforts were constrained by the scarcity of
scientists working on large-scale biodiversity informatics in some
areas, funding to support travel and involvement, and capacity con-
straints in forming new collaborations. Consequently, crucial gaps
in the representation of researchers from the Global South persist.
We acknowledge that our work is biased towards the perspectives
and knowledge of researchers from the Global North. These im-
balances exacerbate existing gaps in biodiversity knowledge. We
sought to incorporate diverse perspectives by engaging with re-
searchers at different career stages, citing relevant literature from
regional experts and consulting local stakeholders to guide data
interpretation. However, significant challenges remain in achieving
broader inclusion, improving data integration and ensuring equita-
ble access to biodiversity data. Moving forward, to close biodiver-
sity knowledge gaps, it is essential to expand collaborations with
scientists and institutions in underrepresented regions, promote
capacity-building programmes and strengthen equitable access to

biodiversity data for research and conservation planning.
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