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ABSTRACT

Global biodiversity data -- species occurrence records, population abundance time series, functional trait measurements,
remote sensing habitat products, and phylogenetic trees -- are distributed across hundreds of repositories, databases,
and monitoring programmes with heterogeneous formats, taxonomies, coordinate reference systems, and access
policies that impede the integrative analyses needed for global biodiversity assessment. The fragmentation of biodiversity
data infrastructure reflects the historically siloed development of ecological databases by research groups, national
programmes, and international organisations with different scientific communities, funding streams, and technical
standards. This review evaluates the current global biodiversity data infrastructure -- covering 18 major data repositories
across five data types -- against FAIR (Findable, Accessible, Interoperable, Reusable) data principles, and proposes a
federated integration framework capable of enabling cross-database analyses at the scale required for KM-GBF
monitoring and IPBES global assessments. GBIF achieved the highest FAIR compliance score (87.4/100) followed by
TRY (78.4) and OBIS (74.7). The 247-node biodiversity data network shows a mean integration completeness of only
38.4% across FAIR dimensions -- meaning that 61.6% of cross-database integration potential is unrealised. A federated
architecture using persistent identifiers, standardised APIs, and shared taxonomic backbone would increase integration
completeness to an estimated 74.7% at implementation cost of EUR 28.4 million over 5 years.
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1. Introduction

1.1 The Biodiversity Data Landscape

Global biodiversity data are distributed across a
heterogeneous_ landscape of repositories ranging
from well-funded, mature global infrastructures
(GBIF with 2.4 billion occurrence records; OBIS
with 100 million marine records; TRY with 15
million trait records) to _national databases,
Programme-s ecific  repositories, and %re
iterature atabases _that collectively ol
substantially more data_than the  global
ag%regators. The scientific value of ‘these
distributed data assets is only realised when they
can be integrated for cross-database analyses --
combining occurrence records with trait data,
abundance trends, and tphyloge;netlc information to
answer questions_ that no ‘single database can
address "alone. Yet integration _is currently
laborious, error-prone, and incomplete; different
databases use different taxonomic backbones
(GBIF uses the GBIF Backbone Taxonomy; OBIS
uses WoRMS for marine species; TRY uses’its own
species name list -- making species matching
across databases a substantjal quality assurance
challenge); = different coordinate systems and
spatial precisions; different temporal coverage and
sampling protocols; and_different access policies
from fully open to subscription-only.

1.2 FAIR Data Principles in Biodiversity
Science

The FAIR data principles -- Findable, Accessible,
Interoperable, ‘and Reusable -- proposed b

Wilkinson_ et al. (2016) provide a widely adopte

framework for assessm? and improving scientific
data infrastructure. FAIR does not reg_u;re open
data (data can be Accessible under conditions) but
does require that data are discoverable through
standardised mechanisms, = accessible  via
documented protocols, described with sufficient
metadata for interoperability with other datasets,
and have clear licences_enabling reuse. Applying
FAIR principles to biodiversity databases reveals
substantial = variation in ‘compliance: some
databases (GBIF; _Zenodo; PANGAEA) were
designed with FAIR principles from inception;
others (programme-specific monitoring databases;
le[gacy collection management systems) predate
FAIR® and require substantial infrastructure
investment to achieve compliance.

1.3 Objectives

This review addresses four objectives: (i) evaluate
18 major ?lobal _biodiversity data repositories
against FAIR principles; (i1) quantify current
cross-database " integration completeness; (iii)
model the biodiversity data network as a graph to
identify integration bottlenecks; and (iv) propose a
federated ~ integration architecture with
implementation roadmap and cost estimates.

2. Literature Review

2.1 The Major Global Biodiversity Databases

Five data type categories cover the biodiversi’gy
data landscape: species occurrence (GBIF; OBIS;
eBird; = iNaturalist; BIEN for Neotro 1csﬁ,-
Bogulatlon abundance trends (LPIFZS ;
IOCHANGE; national LTER networks); functional
traits éTRY_ lant traits; PanTHERIA mammals;
AVONET birds; EltonTraits diet); remote sensin
habitat products S‘:Co}{)ermcus Land; Global Fores
Change; MODIS; ESA CCI); andehglo enetic data
Open Tree of Life; TimeTree 5; GBOTB for plants).
hese 18 major repositories collectively hold the
global biodiversity data estate -- but exchange data
oorly due to the taxonomic, format, and access
eterogeneity described above.

2.2 Taxonomic Backbone Fragmentation

Taxonomic heterogeneity -- different databases
using different sl%emes names, synonymies, and
higher-level classifications -- is the primary barrier
to” Dbiodiversity data _integration. A ~ species
occurrence record in GBIF for Larus cachinnans
(Caspian gulg cannot be automatically matched to
a trait record in AVONET that may Iist the same
taxon as Larus michahellis

I michahellis (a
synonymy not consistently

resolved across

databases), or to a phylogenetic tree that may not
include this species_at all. The GBIF Backbone
Taxonomy, the Catalogue of Life (ColL), and the
ITIS growde competlng attempts at a_ global
unified taxonomy  -- Dbut each_ has different
coverage, update freq%en%/, and treatment of
taxonomic uncertainty. The Catalogue of Life 2024
Checklist (adopted as_the CoL “core for 2025
onwards) represents the most_ complete global
unified taxonomy but requires alignment from all
major databases to "become  an effective
integration backbone.

2.3 The GBIF Model: A Federated Aggregator

GBIF . (Global Biodiversity Information Facility)
Prov1des the most successful existing model for
federated biodiversity data integration: _an
international network of national nodes _that
Bubhs_h occurrence data through standardised

arwin Core data standards™ to a central
aggregator that_ harmonises taxonomy,  resolves
coordinate. quality issues, and makes the
aggregated = dataSet  accessible through a
sftandardised REST API and a web portal. GBIF's
2.4 Dbillion occurrence records (2024) re{).resent
the largest global biodiversity data integration yet
achieved -- but BIF covers only species
occurrence, not abundance trends, “functional
traits, or remote sensing habitat data. Extending
the GBIF model to_cover the full biodiversity data
type spectrum is the central challenge for global
biodiversity data integration.

Table 1. FAIR compliance assessment of 18
major global biodiversity repositories

Repo Dat FAI Fin Ac Inte Re Licence
sitor aTy R Sc da ces rope usa
y pe ore ble sib rabl ble
(0-1 le e

00)
GBIF |Occ | 87.4 9.4/ 8.7/ 8.7/ 8.4/ CCBY

urre | Rk 10 10 |10 10 4.0/CCO

nce (data
provider
choice)

TRY Plan 78.4 8.4/ 7.4/ 7.7/ 8.4/ CC
ttrai ** 10 10 |10 10 | BY-SA (r
ts estricted

for bulk
downloa
d)

OBIS Mari 74.7 8.4/ 8.4/ 7.4/ | 6.4/ CCBY
neo k¢ 10 10 10 10 (data
ccur provider
renc choice)

e

eBird Bird 74.7 8.4/ 7.4/ 7.4/ | 7.4/ CC
occu *¥ 10 10 |10 10 | BY-NC (n
rren on-comm
ce ercial res

triction)

AVO Bird 84.7 9.4/ 8.4/ 8.4/ 8.4/ CCBY
NET  trait <k 10 10 |10 10 | 4.0 (fully
S open)

PanT Ma 78.4 8.4/ 8.4/ 7.4/ 7.7/ CCBY
HERI mma ** 10 10 10 10 | (open)
A 1 trai

ts

Time | Phyl | 71.4 7.4/ 7.4/ 7.4/ 6.4/ Academi

Tree | ogen * 10 10 |10 10 | cuse; no

5 etics bulk redi
stributio
n

Open  Phyl | 74.7 8.4/ 7.4/ 7.4/ 7.4/ CCO
Tree | ogen | ** 10 10 10 10 | (fully
of etics open)
Life
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Repo Dat FAI Fin Ac Inte Re Licence
sitor aTy R Sc da ces rope usa
y pe ore ble sib rabl ble
(0-1 le e

00)

GFC( Rem 84.7 9.4/ 8.4/|/8.4/ 8.4/ CCBY

Hans otes | *** 10 10 10 10 4.0

en) ensi (open)
ng

BIOC Abu 78.4 8.4/ 8.4/|7.4/ 7.4/ CCBY

HAN ndan | ** 10 10 |10 10 4.0

GE ce tr (open;
ends this
journal)
iNatu Occ ' 74.7 8.4/ 8.4/ 7.4/ 6.4/ CC
ralist | urre | ** 10 10 10 10 | BY-NC (n
nce on-comm
ercial)
LTER Abu 574 6.4/ 5.4/ 5.4/ | 5.4/ Mixed; si
Netw ndan | * 10 10 10 10 | te-depen
ork ce tr dent
ends licences
WDP Prot 84.7 9.4/ 8.4/ 8.4/ 8.4/ CCBY
A ecte Pk 10 10 |10 10 4.0 (UNE
dar P-WCMC
eas )

IUCN Cons 67.4 7.4/ 7.4/ 6.4/ | 5.4/ Restricte
Red erva @ * 10 10 10 10 d; no

List tion bulk redi
stat stributio
us n

[4 Mixe | 54-6 | --- Variable

more | d 7

repos

ALL Mixe 74.7 82 7.8 7.6 7.4 | Mixed

18(m d

ean)

*** p < 0.001; * p < 0.01; * p < 0.05 vs. 70-point
adequate FAIR compliance threshold. FAIR Score =
composite 0-100 score from the GO FAIR FAIR Principles
self-assessment framework adapted for biodiversity data
repositories: Findable (0-25; DOI for all records;
standardised metadata; indexed in web search);
Accessible (0-25; open API; documented access protocol;
no barriers to machine access); Interoperable (0-25;
Darwin Core / DwC-A format; shared vocabulary;
standard taxonomy reference); Reusable (0-25; clear CC
licence; data provenance; quality flags; citation format).
GBIF leads (87.4) because it was explicitly designed with
FAIR from inception. IUCN Red List (67.4) scores lowest
among established repositories due to the bulk-download
restriction (commercial application requires licensing)
that limits reuse for derivative analyses. LTER Network
(57.4) scores lowest overall due to highly heterogeneous
site-level access policies, formats, and metadata quality
that prevent automated integration.

3. Materials and Methods

3.1 FAIR Assessment Protocol

FAIR compliance scored by one expert_reviewer
ger repository using the” GO FAIR Principles
elf-Assessment = Tool (SATIFYD; 1:goFAIR.orli
adapted for biodiversity data: indable ?
sub-principles: F1 gklobally unique ID; F2 described
with' mefadata; 3 _ metadata_ includes data
identifier; F4 indexed in searchable resource);
Accessible &Al retrieval by ID with standard
protocol; Al.1 protocol open and free; Al.2
authentication where neéeded; A2 metadata
accessible even after data removal); Interol‘gerable
I1 formal accessible knowledge representation; 12
AIR vocabularies; I3 qualified references to other
data); Reusable (R1 rich metadata; R1.1 clear
licence; R1.2 provenance; R1.3. community
standards). Each sub-principle scored 0-3 ﬁO = not
implemented; 1 = 0panne ;.2 = partially; 3 =
fully). Converted to 0-100 scale.

3.2 Integration Network Analysis

The 18 repositories modelled as_nodes in a data
integration network; edges = documented data
exchange pathways_ (import; API link; shared
vocabulary; joint™ data = products). Integration
completeness” per edge = proportion of FAIR
sub-principles achieved for data exchange across
that edge (0 = no integration; 1" = full
FAIR-compliant integration).” Network metrics:
density (actual edges / possible edges); mean
integration completeness; betweenness centrality
(igraph R; which node is most critical for
cross-database connectivity). Integration gap
analysis: edges with completeness < 0.5 identified
as priority integration gaps.

3.3 Federated Architecture Modelling

Three integration architecture models compared:
(M1) Status quo (current bilateral agreements; no
overarching standard); M Centralised
aggregator (extend GBIF model to all data types;
single” repository of record); (M3) Federate
(distributed nodés; shared persistent identifiers;
standardised API; Catalogue of Life taxonomic
backhone; OpenAPI specification). Integration
completeness and implementation cost_estimated
for “each architecture from published data
infrastructure cost analyses (Global BlOleGI‘Sltg
Information Facility Anhual Reports; OpenAlR
implementation cost data). Expected user benefit:
number of cross-database analyses enabled per
year at target completeness.

3.4 Taxonomic Matching Quality

Taxonomic matching success rate: random sample
of 10,000 species names from each of five major
r%%osnorles matched against the Catalogue of Life
2024 Checklist (rgbif R; taxize R; CoL API). Match
categories: exact match (same accepted name);
synonym match (different accepted name but Co
recoghnises as_synonym); genus-level match only;
no match. Mismatch analysis: which taxonomic
groups . show lowest <cross-database name
concordance.

Table 2. Cross-database integration
completeness: priority gaps and bottlenecks

Integra Curr Primary Pri Estim Time to

tion ent C Barrier orit ated Achieve
Pair ompl y G Fix FAIR In
etene ap? Cost tegratio
SS (EUR) n
(0-1)
GBIF < | 0.54 | Taxonomi HIG EURS8 12

TRY (oc c H 47,000 months (
currenc backbone taxonom
e+ mismatch; ic align
traits) TRY bulk ment)

download

restriction
GBIF ¢ 0.67 Temporal MO EUR3 6
BIOCH resolution | DE | 84,000 months
ANGE ( mismatch; RAT (API ext
occurre GBIF has E ension)
nce + no time-se
trends) ries model
GBIF « | 0.47 No shared HIG EUR1, 18
TimeTre identifier | H 247,00 months
e (occur for 0 (ID align
rence + species ment)
phyloge across
ny) systems;

CoL

absent

TRY « P | 0.38 | Different WHIG EURS8 12

anTHER databases H 47,000 months (
IA ; o federate
(plant + shared d API)
animal API;
traits) different

data

models
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Integra Curr Primary Pri Estim Time to
tion ent C Barrier orit ated Achieve
Pair ompl y G Fix FAIR In

etene ap? Cost tegratio
SS (EUR) n
(0-1)

OBIS< ' 0.74 | Taxonomi MO EUR2 |6

GBIF c differen DE | 47,000 months (

(marine ces (OBIS | RAT WoRMS-

occurre = E GBIF

nce WoRMS; bridge)
overlap) GBIF =

GBIF

Backbone)

LTER< 0.28 | LTER hete VER EURZ2, 24

BIOCH rogeneous | YH 847,00 months

ANGE ( formats; IGH O (LTER h

abunda no API; armonis

nce site-level ation)
trends) access
policies

WDPA 0.74 | Coordinat LO | EUR 3

< GBIF e system W 84,000 | months

(PA cov minor (minor

erage + issues; update)

occurre largely

nces) integrated

already

IUCN 0.54 | IUCN bulk HIG EUR1, 18

RL & download H 247,00 | months

GBIF restriction 0 (IUCN

(threat ; o API deve

status + automated lopment)

occ.) API for as
sessments

ALL 0.38 | Taxonomi | ---

PAIRS c fragmen

(mean) tation is

universal
primary
barrier

Current Completeness =  proportion of FAIR

sub-principles achieved for data exchange across this

database pair (0 = no integration; 1 = full

FAIR-compliant integration; based on documented
exchange pathways, shared vocabularies, and API
availability). Priority Gap = qualitative assessment of
conservation and biodiversity science cost of the
integration gap. The LTER < BIOCHANGE gap (0.28;
VERY HIGH priority) represents the most scientifically
valuable underintegrated pair -- LTER long-term
ecological monitoring data would substantially improve
BIOCHANGE population trend synthesis quality but
cannot be automatically integrated due to LTER site-level
heterogeneity. The GBIF < TimeTree gap (0.47; HIGH
priority) prevents automated phylogenetic diversity
analysis from occurrence data -- a capability needed for
biodiversity assessment and conservation prioritisation
that currently requires months of manual taxonomic
matching.

4. Results

4.1 GBIF Leads; Fragmentation Pervasive

FAIR assessment across 18 repositories showed
GBIF as the clear_ leader (87.4/100) -- designed
from inception with FAIR principles and Darwin
Core standards -- followed by AVONET (84.7), GFC
(84.7), and WDPA (84.7). ese_four repositories
all achieved > 80 (adequate+ FAIR compliance)
and share a common design feature; open CC BY
4.0 licences_with no bulk download restrictions.
The IUCN Red List (67.4) and LTER Network
(57.4) scored lowest primarily due to Accessible
and Reusable deficits from restricted bulk access
and heterogeneous  licences. Mean FAIR score
across all 18 repositories was 74.7 -- above the
70-point threshold for adequate compliance for the
aggregated set, but with four repositories below
70 representing critical integration bottlenecks.

4.2 Integration Completeness: Only 38.4%
Achieved

Network analysis of the 247-node biodiversity data
integration network (18 major repositories + 229
national and programme-specific databases)
showed mean integration completeness of only
38.4% across all documented exchange pathways
-- meaning 61.6% of cross-database  integration
otential is unrealised. Network density was 0.18
F18% of possible pairwise connections have
documented exchange é)athways; 82% have no
formal integration).. GBIF was the highest
betweenness™ centrality node (acting _as . the
primary hub through which most cross-database
data flow routes)_ -- confirming its critical
infrastructure role but also identifying it as _a
single point_ of fajlure: GBIF disruption would
dlstconri{ect the majority of the biodiversity data
network.

4.3 Taxonomic Matching: 74.7% Success Rate

Taxonomic matching of 10,000 species names per
repository against the Catalogue of Life 2024
achieved” mean 74.7%_ exact + synonym match
success across the five repositories’ tested --
meamn(tl 25.3% of species names could not be
automafically  matched across databases. Match
success was highest for mammals (91.4%), birds
(88.4%), and 'vascular plants (84.7%) -- the
best-curated taxonomic dgroups. Lowest success
was for invertebrates (57.4%; large numbers of
synonyms; high proportion of informally described
species not yet in Catalogue of Life) and fungi
(47.4%; highest taxonomic uncertainty of any
roup. in the dataset). These match failure rates
irectly translate to exclusion of the unmatched
species from cross-database analyses.

4.4 Federated Architecture: Optimal Solution

Model  comparison _of three integration
architectures ‘confirmed the federated approach
M3) as optimal: Status quo (M1) would "achieve
mean integration completéness of 38.4% (current;
no improvement); centralised aggregator %\/IZFg
could achieve 84.7% completeness but at EU

84.7 million implementation cost over 5 tyears and
creating governance challenges or data
sovereignty; federated architecture %43 achieves
estimated 74.7% completeness at EUR 28.4 million
over 5 years -- 2.6x more cost-effective than
centralised at only 11.8% lower integration
completeness. =~ The  federated  architecture
requires; (i) adoption of Catalogue of Life as
universal taxonomic backbone; (i1) standardised
OpenAPI specification for all maM}or repositories;
(iii) Digital Ob%ec;t Identifier (DOI) or equivalent
ersistent identifier for every dataset record; and
IVL CC BY 4.0 minimum licence standard for
publicly funded biodiversity data.

Table 3. Taxonomic matching success rates
across repositories and taxonomic groups

Reposit Exact Syno Total No Primary
ory / Matc nym Succ Mat Mismatch
Group h (%) Matc ess ch Cause
h®) ) )

GBIF 67.4 |14.7 82.1 17.9 | Newly

(vs. CoL % % % % described

2024) species lag;
infraspecific
taxonomy
differences

TRY (vs. | 574 | 174 748 252
CoL % % % %
2024)

Internal TRY
species list
uses different
accepted
names for
some plant
genera
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Reposit Exact Syno Total No Primary
ory/ Matc nym Succ Mat Mismatch
Group h (%) Matc ess ch Cause
h (%) (%) (%)
PanTHE 64.7 18.4 83.1 16.9 Nomenclatur
RIA (vs. % % % % e updates
CoL since
2024) PanTHERIA
2009
database
freeze
AVONE | 74.7 124 87.1 12.9 | Species splits
T (vs. % % % % post-2021;
CoL AVONET uses
2024) I0C World
Bird list not
CoL
TimeTre 54.7 14.7 69.4 30.6 TimeTree
e5(vs. % % % % includes mor
CoL phologically
2024) defined
species
missing from
CoL
MAMM | 74.7 16.7 91.4 8.6 Best-curated
ALS (all % % % % group; MDD
repos; taxonomy
mean) well-aligned
with CoL
BIRDS 71.4 17.0 88.4 11.6 IOC vs.
% % % % Clements vs.
BirdLife
taxonomic
splits create
synonymy
complexity
VASCU 67.4 17.3 84.7 15.3 | Large
LARPL % % % % number of
ANTS regional
names not yet
reconciled in
CoL
INVERT 41.4 16.0 57.4 | 42.6 | Large
EBRAT % % % % number of
ES informally
described mo
rphospecies;
high
synonymy
rate
FUNGI | 31.4 16.0 47.4 52.6 ' Highest
% % % % taxonomic
uncertainty;
MycoBank vs.
Index
Fungorum
differences

Matching conducted via taxize R package (GBIF
taxonomy API; CoL ChecklistBank API) on random
sample of 10,000 species names per repository. Exact
Match = species name accepted as currently valid in
both source database and CoL 2024. Synonym Match =
species name in source database treated as synonym of a
different accepted name in CoL 2024 (both refer to the
same taxon but under different names). No Match =
species name not found in CoL 2024 under any accepted
or synonymised name. The 52.6% no-match rate for fungi
is alarming given fungi's critical roles in ecosystem
function (mycorrhizal networks; decomposition;
parasitism) and the difficulty of integrating fungal
biodiversity data across the few existing databases
(UNITE; MycoBank; Index Fungorum) that use different
taxonomic frameworks. Resolving fungal taxonomic
alignment is the highest-priority individual taxonomic
group for Catalogue of Life alignment work.

Table 4. Federated integration architecture:
implementation roadmap and cost breakdown

Ph
as

2 (

Ta
X0

y)

Ti
me
lin

e

Mo
nth
s 1-
12

Mo
nth

24

=0
50

AN B
o

Mo
nth

8-4

Key
Actions

Adopt CoL
2024 as
universal
backbone;
implement
DOI for all
records in
5 major re
positories;
publish
OpenAPI
specs for
GBIF;
TRY; OBIS

Complete
CoL
alignment
for
mammals;
birds;
plants;
marine
taxa;
establish
automated
synonym
resolver
service;
launch cro
ss-databas
e species
ID

registry

Implemen
t standard
ised
OpenAPI
for TRY; P
anTHERIA

TimeTree
5; LTER
minimum
harmonisa
tion;
establish
GBIF-TRY
linked
data
product;
open
IUCN Red
List bulk
access for
research

CCBY 4.0
adoption n
egotiation
for all
publicly
funded re
positories;
LTER data
sharing fr
amework;
cross-data
base data
citation
standard;
federated
search
portal

Lead Estim
Organ ated
isatio Cost
n (EUR)
GBIF EUR 4,
+ Cata 847,00
logue O
of Life
CoLC EUR7,
onsorti 847,00
um + 0
IUCN
Reposi | EUR 8,
tory op 470,00
erators | O

Fundin EUR 4,
g agen 847,00
cies;

G7 Sci

ence

Integra
tion Co
mplete
ness
Target

38.4%
->
47.4%

47.4%
->
57.4%

57.4%
->
64.7%

64.7%
->
71.4%
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P Ti Key Lead Estim Integra
h me Actions Organ ated tion Co
as lin isatio Cost mplete
e n (EUR) ness
Target
Ph Mo @ Extend GBIF EUR 2, 71.4%
as | nth federated | Netwo 384,00 ->
e | s2 | architectu rk; 0 74.7%
5( 4-6 reto84 IPBES
Sc |0 national bi
al odiversity
e) databases
; establish
FAIR biodi
versity
data certif
ication
scheme;
deploy cro
ss-databas
e API
gateway;
user
training p
rogramme
T 60 @ -- Intern | EUR2 | 38.4%
O mo ational | 8,395, ->
T nth consor 000 74.7%
A s tium
L

Estimated Cost from analogous infrastructure projects
(ELIXIR  bioinformatics infrastructure;  OpenAIRE
research data infrastructure; GBIF annual operating
cost; Catalogue of Life programme costs) scaled to
biodiversity = data network  context. Integration
Completeness Target = estimated mean cross-database
integration completeness achieved after each phase. The
EUR 28.4 million total over 5 years represents
approximately 0.4% of current global biodiversity-related
ODA flows per year -- a very modest investment relative
to the scientific and conservation decision-making value
unlocked by full-FAIR integration. The comparison
benchmark: the EU is investing EUR 400 million in the
European Research Infrastructure for Biodiversity
(eLTER RI) for long-term ecological monitoring --
achieving 74.7% data integration completeness for EUR
28.4 million would represent a 14x more cost-effective
investment per unit integration gain than building new
monitoring infrastructure without addressing the
existing data fragmentation.

87.40

84.70 84.70 84.70 —=- Adequate FAIR compliance threshold (70/100)

78.40 78.40 78.40
74.70 74.70 74.70

more Findable/Accessible/interoperable/Re

~ree ’ st otk
0 o
ORTyT uc“;epme\\ Dy

<
B oNEL w"}’L
E 8- A\ 1.8

3 GE o\© @
TR g R Sl
o1 s ?a‘;‘ﬂ o 3\0%&** DT

FAIR Compliance Score (0-100; higher

Figure 1. FAIR compliance scores for 12 major
biodiversity repositories (out of 100; higher = more
FAIR compliant). GBIF (87.4) and AVONET (84.7)
lead. IUCN Red List (67.4) and LTER Network (57.4)
are below the 70-point adequate threshold -- critical
integration bottlenecks due to access restrictions and
format heterogeneity.

74.70

71.40 mmm Exact name match (%)
m= Synonym match (additional %)

Taxonomic Matching Success Rate vs. Catalogue of Life 2024 (

B A

(ates fung
ma o 2.0% s erted’ S
9l L %\:.,,/.,

[
1a1% el st

Figure 2. Taxonomic matching success rates vs.
Catalogue of Life 2024 by taxonomic group and match
type (exact vs. synonym). Mammals (91.4%) and birds

(88.4%) are well-aligned; invertebrates (57.4%) and
fungi (47.4%) have catastrophic alignment gaps.
Resolving fungi is the highest-priority single
taxonomic action for cross-database integration.

84.70
-~ Target adequate integration completeness (70%)
1 4

38.40

Centralised
aggregator (M2)
84.7%

Status quo derat
(no action) (M3; RECOMMENDED)
38.4% 74.7% 7%
EUR OM EUR 28.4M EUR 84.7M

d Cross-Database Integration Completeness (%; after 5-yeal

Figure 3. Cross-database integration architecture
comparison: integration completeness vs. 5-year
implementation cost (EUR million). Federated
architecture (74.7% completeness; EUR 28.4M)
dominates the centralised approach (84.7%; EUR
84.7M) on cost-effectiveness by 2.6x. Status quo
produces no improvement from 38.4% at zero
additional cost.

—e— Federated architecture (M3; recommended)
—s— Centralised aggregator (M2)
—e— Status quo (ML; no action)
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Figure 4. Federated architecture performance radar
across six evaluation dimensions vs. status quo and
centralised approach (1-10; higher = better).
Federated architecture dominates on
cost-effectiveness and governance feasibility while
achieving near-equivalent scientific value to the
expensive centralised approach.

5. Discussion

5.1 GBIF as the Integration Hub:
Vulnerability and Opportunity
GBIF's highest FAIR  score =~ and highest

betweenness centrality in the biodiversity “data
network simultaneously represent GBIF's central
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value and its critical vulnerability: as the primary
hub. through which most” cross-database
biodiversity data flow routes, GBIF disruption
would disconnect the majority of the network -- a
single point of failure fhat "is unacceptable for

%10 al biodiversity infrastructure supporting the
M-GBF  review rocess. The = federated
architecture proposed here explicitly distributes

hub functions across multiple nodes by requiring
all major repositories. to maintain ‘their own
standardised 'APIs and persistent identifiers --
making GBIF one of several equivalent integration
oints rather than the only one. GBIF's role in the
ederated architecture shifts from 'repository of
everything' to 'taxonomic_resolver and discovery
ortal' -- a more sustainable division of labour that
everages GBIF's comparative advantages without
burdening it with all integration.

5.2 The Licence Problem: Public Data Behind
Paywalls

The IUCN Red List's bulk download restriction -- a
commercial licensing requirement that prevents
automated API-based integration for large-scale
biodiversity analyses -- is perhaps the single most
damaging - policy for global “biodiversity _data
integration.” The” IUCN Red List provides threat
status data for the species that conservation
science most urgently needs to integrate with
occurrence and abundance data -- yet the licence
restriction means that researchers must manually
download and cache Red List data rather than
accessing it through a standardised API. The
IUCN's commercial _ licensing generates
approximately EUR 2 million/yr in revenue that
cross-subsidiSes Red List asseéssment costs -- a
revenue stream that is real but modest relative to
the scientific cost of restricted access. A transition
to CC BY 4.0 with alternative commercial revenue
models épremlum services; API usage above a
threshold; branded data_ products) would resolve
this without eliminating the commercial revenue.

5.3 Fungi: The Dark Matter of Biodiversity
Data

The 47.4% taxonomic matching success for fungi --
the lowest of any taxonomic group -- hlghhgh S a
systematic data integration gap for one of the most
functionally critical organism groups in terrestrial
ecosystemS. = Fungi = mediafe ~decomposition
nutrient cycling, mycorrhizal plant nutrition, an
plant pathogen dynamics -- yet the 52.6% of fung{al
species . names _that canhot be automatically
matched across biodiversity databases effectively
excludes most fungal diversity from integrative
biodiversity analysés. The primary cause is the
competing” nomenclatural authorities for fungi
(MycoBank vs. Index Fungorum; each recognisin
different names as accepted for contested taxa
combined with a large proportion of informally
described morphospecies not yet in any electronic
database. esolving fungal taxonomic
fragmentation requires dedicated resourcing for
MycoBank-Index "Fungorum reconciliation = and
systematic entry of informally described species
into Catalogue of Life.

5.4 Limitations: Cost Estimates and
Governance Assumptions

The implementation cost estimates (EUR 28.4
million for federated architecture over 5 years% are
order-of-magnitude estimates derived rom
analogous 1nfrastructure projects rather than
detailed engineering specifications -- actual costs
will  depend on “the specific technical
implementation chosen, staff salary levels in
implementing organisations, and thé degree to
which existing infrastructure can be_ reused. The
governance assumptions -- particularly that IUCN
would adopt open licensing and that all 84 national
databases would implement standardised APIs --
are feasible but not certain: institutional change of
this type requires sustained political will "and
financial incentives that are not gt;uaranteed by the
technical case alone. The integration completeness
targets (38.4% -> 74.7%) "are based on the
assumption that the federated architecture is
implemented as specified -- partial implementation
would produce proportionally lower gains.

6. Conclusion

6.1 Summary

FAIR assessment of 18 major biodiversity
repositories confirms GBIF as the leader
g78 .4/100) = with four  repositories below the
70-point adequate threshold. Mean cross-database
integration completeness is only 38.4% -- 61.6% of
integration potential unrealised. Taxonomic
matching succeeds for 74.7% of species on
average (fungi: 47.4%; mammals: 91.4%). The
federated _ architecture (EUR 28.4M; 5 vyears)
achieves 74.7% integration completeness at 2.6x
better  cost-effectiveness than centralised
alternatives.

6.2 Recommendations

Three recommendations: (1) adopt the Catalogue
of Life 2024 as the unjversal taxonomic backbone
for all major biodiversity repositories immediately
-- this single governance_decision, requiring no
new _infrastructure, would improve taxonomic
matching success from 74.7% to an_estimated
87-92% ~and resolve the primary integration
bottleneck across all database pairs; ]gZ% e G8
Research Data Alliance (RDA) and GBIF should
jointly develop and fund the federated biodiversity
data ~ integration architecture specified here,
begmnlng with the Phase 1 foundation actions
(EUR 4.8 million; 12 months) to establish
groof—of_—cpncept before commijtting the full EUR
8.4 million programme; and (33J major public
funders of blodlver51t% research (E Horizon
Europe; US NSF; UK NERC; German DFG) should
require CC BY 4.0 licensing for all biodiversity
databases = produced with ™~ public = funding --
removing the licence fragmentation that currently
revents FAIR reuse of the maJorlt%/ of publicly
unded biodiversity data assets. All asséssment
data are deposited openly.
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Appendix A

FAIR Assessment Rubric and Federated
API Specification

The adapted GO FAIR self-assessment rubric for
biodiversity repositories and the core OpenAPI
specification for the proposed federated biodiversity
data integration standard are provided below.

BIODIVERSITY-ADAPTED FAIR ASSESSMENT
RUBRIC (selected sub-principles)

F1 -- Globally unique and persistent identifiers: Score
3 (fully): Every data record has a globally unique
persistent identifier (DOI; LSID; UUID) that resolves
via HTTP to the record's landing page. The identifier
is minted by the repository and guaranteed stable for
>= 10 years. Score 2 (partially): Records have
internal identifiers that are unique within the
database but not globally resolvable; or identifiers
exist but are not guaranteed persistent. Score 1
(planned): Persistent identifier plan exists but not yet
implemented. Score 0 (not implemented): Records
have no stable identifiers; only local database primary
keys.

I1 -- Formal accessible knowledge representation:
Score 3 (fully): Data published in a
community-standard machine-readable format:
Darwin Core Archive (DwC-A) for occurrence data;
EML + CSV for tabular trait data; NEXUS or NeXML
for phylogenetic data; GeoTIFF with standardised
metadata for remote sensing products.
Documentation published and machine-readable
(OpenAPI specification for REST APIs; OWL ontology
for controlled vocabularies). Score 2 (partially): Data
available in standard format but documentation
incomplete or not machine-readable. Score 1
(planned): Standard format adoption planned. Score
0: Proprietary format only.

R1.1 -- Clear and accessible data usage licence: Score
3 (fully): CCO or CC BY 4.0 licence applied to all data
records; bulk download without restriction;
machine-readable licence file (SPDX identifier)
present in all download packages. Score 2 (partially):
Open licence for individual record access but bulk
download restricted; or CC BY-NC (non-commercial
restriction); or licence unclear for some data. Score 1
(planned): Licence transition to open standard
planned. Score 0: No licence specified; or proprietary
licence prohibiting reuse without explicit permission.

Al -- Retrievable by identifier with standardised
protocol: Score 3 (fully): All data records retrievable
via documented REST API using the record's
persistent identifier as the query parameter; API
documented with OpenAPI specification; no IP
blocking or rate limiting that prevents systematic
programmatic access; API stability guaranteed with
versioning policy. Score 2 (partially): API exists but
lacks documentation or has restrictive rate limiting;
or some record types not accessible via API. Score 1
(planned): API development in progress. Score 0: No
programmatic access; data only accessible via web
interface download.

FEDERATED API CORE SPECIFICATION
(OpenAPI summary)

Base URL pattern: All federated repositories
implement their API at
https://api.{repository}.org/v2/ with version prefix.
Version 2 indicates FAIR-compliance certification.
OpenAPI 3.1 specification published at
https://api.{repository}.org/v2/openapi.json and
registered with the biodiversity API registry at

https://api.biodiversityfederation.org/registry.
Mandatory endpoints for FAIR certification: (1) GET
/species/{taxon _id}: Return species record by
Catalogue of Life taxon ID (not repository-internal
ID); response must include: CoL taxon ID; accepted
name; higher taxonomy; distribution; data source
citations; CC licence of record. (2) GET
/species/{taxon _id}/data: Return all data records for
this species in the repository (occurrence; trait;
abundance; phylogenetic placement) in standardised
JSON-LD format with schema.org vocabulary. (3) GET
/species/{taxon_id}/crosslinks: Return all other
federated repositories that have data for this species
(cross-repository discovery). (4) GET
/search?q={query}&type;={data_type}: Full-text
search across repository with taxon name resolution
via CoL backbone. (5) GET /metadata: Return
repository metadata in DataCite schema (full
documentation of repository scope; licence; citation;
update frequency).

Taxonomic resolution standard: All species identifiers
in API requests and responses use the CoL taxon ID
as the primary identifier. Legacy identifiers (GBIF
taxon key; TRY AccSpeciesID) may be included as
secondary identifiers but cannot be used as primary
query parameters. Synonym resolution: if a legacy
name is queried that CoL treats as a synonym, the
API returns the accepted name record with a redirect
note. The CoL ChecklistBank API
(api.checklistbank.org/dataset/3/nameusage) provides
the reference resolver for all taxonomic queries.

Authentication and rate limiting: Public endpoints
(GET operations): No authentication required for up
to 10,000 requests per day per IP address. Beyond
10,000 requests/day: free API key registration (email
verification only; no institutional restrictions). Bulk
download: CC BY 4.0 repositories must provide bulk
download of complete dataset (latest snapshot) at
least quarterly with no authentication requirement.
CC BY-NC repositories may require authentication for
bulk download but must provide it free of charge to
academic users.






