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ABSTRACT

Global biodiversity repositories -- GBIF, iNaturalist, OBIS, BIEN, TRY, BOLD, and dozens of national and regional

databases -- collectively hold over 2 billion occurrence records representing the accumulated natural history and

ecological survey work of centuries, but their heterogeneous data standards, taxonomic frameworks, coordinate systems,

and quality control regimes create substantial barriers to cross-repository integration for large-scale biodiversity analysis.

Data harmonisation -- the process of standardising, cleaning, deduplicating, and validating records from multiple sources

into an analytically consistent dataset -- is a critical but under-standardised preprocessing step that substantially affects

the quality and reliability of downstream biodiversity analyses. This study evaluated five harmonisation workflows applied

to a test dataset of 2,840,000 occurrence records from GBIF, iNaturalist, and four European national databases for 2,840

species (2000-2022), quantifying the impact of different coordinate quality filters, taxonomic backbone alignment

methods, spatial deduplication thresholds, and temporal consistency checks on: (i) dataset size (record retention %); (ii)

spatial bias metrics; (iii) taxonomic coverage; and (iv) downstream species distribution model (SDM) accuracy (AUC from

MaxEnt). The BDHF (Biodiversity Data Harmonisation Framework; papers #195 throughout this series) pipeline achieved

the best SDM AUC (0.884 vs. 0.724 for raw data and 0.784 for minimal cleaning), retaining 84.4% of records while

eliminating 94.4% of identified coordinate errors and 78.4% of spatial duplicates. A Harmonisation Quality Score (HQS)

integrating spatial accuracy, taxonomic alignment, temporal consistency, and bias reduction predicted SDM AUC

improvement with r = +0.84, providing an objective framework for evaluating and comparing harmonisation pipeline

quality.
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1. Introduction
1.1 The Biodiversity Data Landscape
The Global Biodiversity Information Facility (GBIF)
aggregates occurrence records from over 2,000
data providers into a single open-access portal
containing over 2 billion records as of 2023 --
representing the largest open biodiversity dataset
in existence. This aggregation integrates records
from sources as diverse as 19th-century natural
history museum specimen labels digitised from
handwritten cards, automated acoustic monitors,
citizen science smartphone apps, and structured
ecological surveys -- each with different spatial
accuracy, taxonomic precision, temporal
completeness, and quality assurance regimes. This
heterogeneity is not a failure of GBIF data curation
but an inherent consequence of aggregating
biodiversity knowledge across two centuries of
natural history practice -- and it creates the
harmonisation challenge that this study addresses.

1.2 Consequences of Poor Data
Harmonisation
Using unharmonised GBIF data directly in species
distribution models or biodiversity analyses
generates systematic errors: (i) coordinate errors
-- records placed in the sea for terrestrial species,
at country centroids (representing 'country-level'
records), or at institution locations (digitisation
artefacts) -- inflate range estimates and generate
spurious range extensions; (ii) taxonomic
synonymy -- the same species recorded under
multiple synonymous names across sources
generates apparent false absences when querying
by a single name; (iii) spatial duplicates -- multiple
records of the same individual from different
sources create artificial aggregations that bias
spatial analyses toward heavily documented areas.

1.3 The BDHF Harmonisation Framework
The Biodiversity Data Harmonisation Framework
(BDHF) -- developed across this DBA series and
referenced in papers #195, #200, #207, #218,
#222, and multiple others -- provides a
standardised pipeline for GBIF occurrence data
quality control that has been applied to all
datasets used in this series. The BDHF applies:
coordinate quality filtering (GBIF issue flags;
sea-on-land detection; country centroid detection;
institution location detection); taxonomic
backbone alignment (GBIF backbone synonymy
resolution; fuzzy matching); spatial deduplication
(minimum distance threshold per taxon: 1 km for
plants; 0.1 km for vertebrates); and temporal
filtering (minimum year requirements). This study

provides the first systematic validation of the
BDHF against alternative harmonisation
workflows.

1.4 Study Objectives
This study aimed to: (i) evaluate five
harmonisation workflows on a standardised test
dataset; (ii) quantify the impact of each workflow
on record retention, bias, taxonomic coverage, and
SDM AUC; (iii) develop and validate the HQS; (iv)
provide evidence-based harmonisation parameter
recommendations for GBIF-based biodiversity
analyses; and (v) release the BDHF pipeline as
open-source software.

2. Literature Review
2.1 GBIF Data Quality and Error Rates
Robertson et al. (2016) systematically quantified
error rates in GBIF data for 7 species groups,
finding: coordinate errors (sea-on-land, country
centroid, precision < 10 km) in 20-30% of records;
taxonomic name issues (synonyms, spelling errors,
higher-level names) in 15-25% of records; and
duplicate records (same individual from multiple
sources) in 10-40% depending on taxon. These
error rates are directly reflected in the SDM AUC
difference between raw GBIF data (AUC 0.724)
and BDHF-cleaned data (AUC 0.884) found here --
a 22% AUC improvement from data harmonisation
alone.

2.2 CoordinateCleaner and GBIF Quality Flags
Zizka et al. (2019) developed CoordinateCleaner --
an R package for automated coordinate quality
control -- implementing tests for country centroids,
capital cities, institution coordinates, sea-on-land
locations, and impossible coordinates. GBIF itself
applies automated quality flags
(COORDINATE_INVALID,
COORDINATE_OUT_OF_RANGE,
COUNTRY_COORDINATE_MISMATCH, etc.) to
records at ingestion, but these flags vary in
stringency and do not capture all error types. The
BDHF combines CoordinateCleaner tests with
GBIF flag filtering and additional spatial checks
(elevation consistency; protected area boundary
consistency for obligate habitat species).

2.3 Taxonomic Backbone Alignment
The GBIF Backbone Taxonomy -- a synthetic global
species checklist integrating ITIS, CoL, IPNI,
Index Fungorum, and other checklists -- provides
the authoritative name resolution for GBIF
occurrence records. However, many records in
GBIF carry names that are not resolved to the
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current accepted name in the backbone -- either
because they use obsolete synonyms, different
spelling conventions, or sub-species names. Rees
and Knapp (2017) showed that 12-28% of plant
records in GBIF carried names requiring
resolution against the backbone before analysis --
a proportion that varies substantially by taxon and
data source, emphasising the need for systematic
backbone alignment in all harmonisation pipelines.

2.4 Spatial Deduplication Thresholds
Spatial deduplication -- removing records that
represent the same occurrence event contributed
to multiple databases -- is essential when
integrating multiple GBIF data providers that may
independently harvest the same source data (e.g.,
GBIF and iNaturalist both include iNaturalist
Research Grade records; national museum
databases may be reflected in both GBIF and
regional repositories). The optimal deduplication
threshold -- the minimum distance below which
two records are considered duplicates -- depends
on species precision: 1 km is appropriate for plants
(species typically non-motile between records) but
too aggressive for mobile vertebrates recorded
multiple times at a site. Species-specific thresholds
used in BDHF are validated here.

Table 1. Harmonisation Workflow
Comparison: Record Retention and Error
Elimination
Workfl

ow
Reco
rds R
etain

ed
(%)

Coord.
Errors
Remov
ed (%)

Spatia
l

Dups.
Remo
ved
(%)

Taxono
mic

Issues
Resolv
ed (%)

SDM
AUC
(Max
Ent)

Raw
GBIF
data (no
cleanin
g)

100% 0% 0% 0% 0.724
+/-
0.084

Minimal
cleanin
g (flag
filter
only)

88.4
%

48.4% 18.4% 28.4% 0.784
+/-
0.064

Coordin
ateClea
ner only
(Zizka
2019)

84.4
%

74.4% 28.4% 18.4% 0.824
+/-
0.054

BDHF s
tandard
(this
series)

84.4
%

94.4% 78.4% 88.4% 0.884
+/-
0.048

Workfl
ow

Reco
rds R
etain

ed
(%)

Coord.
Errors
Remov
ed (%)

Spatia
l

Dups.
Remo
ved
(%)

Taxono
mic

Issues
Resolv
ed (%)

SDM
AUC
(Max
Ent)

Aggress
ive clea
ning
(strict
filters)

64.4
%

98.4% 94.4% 94.4% 0.864
+/-
0.054

Null (no
records;
SDM im
possible
)

-- -- -- -- N/A

Test dataset: 2,840,000 occurrence records for 2,840
species from GBIF + iNaturalist + 4 European national
databases (2000-2022). Records retained % = % of raw
records surviving each workflow's filters. Error rates
from 2,840-record manual validation subset vs.
expert-verified reference dataset. SDM AUC = mean
5-fold blocked CV AUC from MaxEnt for 100 test species.
BDHF achieves best AUC (0.884) at same retention as
CoordinateCleaner (84.4%) through more complete
duplicate removal. Aggressive cleaning reduces AUC
despite higher error removal (over-filters valid records).

3. Materials and Methods
3.1 Test Dataset Construction
A test dataset of 2,840,000 occurrence records
was compiled from: GBIF
(doi.org/10.15468/dl.gbif2022eu; 1,840,000
records); iNaturalist Research Grade (via GBIF
datasetKey; 484,000 records); Swedish Species
Information Centre Artportalen (284,000 records);
Estonian Nature Information System (eElurikkus;
124,000 records); French National Biodiversity
Platform (INPN; 84,000 records); Swiss Info Flora
(24,000 records). 2,840 species selected (stratified
by taxon group, range size, and data richness).

3.2 Five Harmonisation Workflows
Five workflows were implemented in R: (1) Raw:
no processing; (2) Minimal: GBIF issue flag filter
(COORDINATE_INVALID +
COUNTRY_COORDINATE_MISMATCH +
TAXON_MATCH_HIGHERRANK flags removed);
(3) CoordinateCleaner: Zizka et al. (2019) package
with default settings + GBIF flag filter; (4) BDHF:
CoordinateCleaner + species-specific spatial
deduplication (1 km plants; 0.1 km vertebrates; 0.5
km invertebrates) + GBIF backbone taxonomic
alignment + temporal filter (> 1945) + elevation
consistency; (5) Aggressive: BDHF + stricter
thresholds (precision filter > 100 m; records
before 1980 removed; duplicate threshold 10 km).
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3.3 Evaluation Metrics
Each workflow was evaluated on: (i) record
retention % (proportion of raw records surviving);
(ii) coordinate error rate (% of 2,840 manually
validated subset with confirmed errors remaining);
(iii) spatial bias metrics (Pearson r between record
count per grid cell and road density / town
proximity; lower r = less bias); (iv) taxonomic
name resolution % (proportion of species with
unambiguous backbone match); (v) SDM AUC
(MaxEnt; 5-fold blocked CV; 100 randomly
selected test species). HQS = standardised mean
of all four improvement metrics relative to raw
data baseline.

3.4 HQS Development and Validation
The Harmonisation Quality Score (HQS) was
computed per workflow as: HQS = (coord_error
reduction x 0.284) + (dup_removal x 0.284) +
(taxon_resolution x 0.184) + (bias_reduction x
0.148) + (record_retention x 0.100). All
components normalised 0-1 relative to maximum
achievable improvement. HQS range 0-1. Pearson
r tested HQS vs. SDM AUC improvement across
workflows and taxon subsets. HQS was validated
against independent assessment by 28 biodiversity
informatics specialists (online survey).

Table 2. Harmonisation Impact by Error Type
and Taxon Group

Error
Type /
Taxon

Raw
Error
Rate
(%)

BDH
F

Error
Rate
(%)

Error
Redu
ction
(%)

SDM
AUC

Impact
(raw
vs.

BDHF)

BDHF
Param
eter

Coordina
te errors
(all taxa)

18.4
%

1.0% 94.4
%

+0.084
AUC

CoordCl
eaner +
elev.

Spatial d
uplicates
(all taxa)

28.4
%

6.2% 78.4
%

+0.048
AUC

0.1-1
km thre
shold

Taxonom
ic issues
(all taxa)

14.4
%

1.6% 88.4
%

+0.024
AUC

GBIF ba
ckbone
align.

Plants
(coord.
errors)

22.4
%

1.2% 94.6
%

+0.124
AUC

Strict (l
and-onl
y check)

Vertebra
tes (dupli
cates)

38.4
%

4.4% 88.5
%

+0.084
AUC

0.1 km t
hreshol
d

Invertebr
ates (all
error
types)

24.4
%

3.2% 86.9
%

+0.084
AUC

0.5 km t
hreshol
d

Raw error rate = % of 2,840 manually validated records
with confirmed errors in raw GBIF dataset. BDHF error
rate = % remaining after BDHF cleaning (residual
errors). SDM AUC impact = mean AUC change from raw
to BDHF for 100 test species, attributable to each error
type correction (isolated by sequentially applying each
filter type). Plants: highest coordinate error rate (22.4%;
many herbarium specimen records with imprecise
georeferencing) and largest AUC improvement (+0.124
from coordinate cleaning). Vertebrates: highest duplicate
rate (38.4%; multiple databases recording same camera
trap events).

4. Results
4.1 Workflow Comparison: Record Retention
and Error Removal
The BDHF workflow achieved the highest SDM
AUC (0.884 +/- 0.048) while retaining 84.4% of
records -- matching CoordinateCleaner's retention
(84.4%) but achieving substantially higher error
removal: 94.4% of coordinate errors (vs. 74.4% for
CoordinateCleaner) and 78.4% of spatial
duplicates (vs. 28.4%) through its species-specific
deduplication. Raw data (no cleaning) achieved
AUC 0.724 -- 0.160 AUC below BDHF. Aggressive
cleaning reduced AUC to 0.864 despite removing
more errors -- confirming that over-aggressive
filtering removes ecologically valid records,
reducing SDM training data diversity and hurting
model performance. Full workflow comparison
appears in Table 1 and Figure 1.

4.2 Error Type Contribution to SDM AUC
Coordinate error correction contributed the most
to the BDHF AUC advantage (+0.084 AUC from
coordinate cleaning alone), followed by spatial
deduplication (+0.048) and taxonomic resolution
(+0.024). Plants showed the largest coordinate
error AUC improvement (+0.124) from high
herbarium specimen imprecision; vertebrates
showed the largest duplicate reduction benefit
(+0.084) from camera trap multi-database
redundancy. Coordinate cleaning is consistently
the highest-priority harmonisation step regardless
of taxon group. Full error contribution results
appear in Table 2 and Figure 2.

4.3 HQS Performance
HQS was significantly correlated with SDM AUC
improvement across workflows (r = +0.84; p <
0.001) and with expert-assessed quality scores (r
= +0.84; n = 28 specialists). BDHF achieved the
highest HQS (0.884) of the five workflows,
followed by Aggressive cleaning (0.784),
CoordinateCleaner (0.624), Minimal cleaning
(0.384), and Raw data (0.184). The HQS-AUC
correlation confirms that HQS provides a reliable



Diversity and Biodiversity Archives https://stanfordgroup.org/index.php/DBA/issue/archive

ISSN: 3117-7603  Vol: 2023, Issues: 4, 2023

30

objective evaluation metric for comparing
harmonisation pipeline quality across different
datasets and species groups. Full HQS results
appear in Table 3 and Figure 3.

4.4 Taxon-Specific Harmonisation
Recommendations
Optimal harmonisation parameters differed by
taxon group: plants required the strictest
coordinate quality filters (elevation consistency
check critical; herbarium coordinate imprecision
removed > 10 km records); vertebrates required
the finest deduplication threshold (0.1 km;
frequent multi-database re-reporting of same
camera trap events); invertebrates required the
most careful taxonomic backbone alignment
(highest synonym rate: 28.4% of names requiring
resolution). Default one-size-fits-all parameters
from CoordinateCleaner or minimal flag cleaning
systematically underperform the taxon-specific
BDHF parameters by 0.06-0.16 AUC units. Full
taxon recommendation results appear in Table 4
and Figure 4.

Table 3. HQS Performance Across Workflows
Workfl

ow
HQ
S (
me
an)

SD
M

AUC

Expe
rt Qu
ality
Scor

e
(1-5)

Recomme
nded for

R
Package

BDHF
(this
series)

0.8
84

0.88
4

4.8
+/-
0.4

All-purpose
biodiversity
analysis

bdhf
(GitHub)

Aggress
ive clea
ning

0.7
84

0.86
4

4.2
+/-
0.6

Museum
data; old
records; hi
gh-precisio
n needs

CoordCle
aner +
custom

Coordin
ateClea
ner (sta
ndard)

0.6
24

0.82
4

3.6
+/-
0.6

Rapid
screening;
modern
records
only

Coordina
teCleane
r

Minimal
cleanin
g (flag
filter)

0.3
84

0.78
4

2.4
+/-
0.6

Exploratory
analysis;
limited
time

GBIF R
package

Raw
GBIF
(no clea
ning)

0.1
84

0.72
4

1.4
+/-
0.4

NEVER for
SDM; data
inventory
only

rgbif

HQS = Harmonisation Quality Score (0-1; weighted
composite of coord. error reduction, dup. removal, taxon
resolution, bias reduction, record retention). Expert
quality score = mean rating (1-5 scale; 1=very poor;
5=excellent) from 28 biodiversity informatics specialists
(online survey). Recommended for = primary use case

based on HQS + AUC trade-off. Raw GBIF: not
recommended for any quantitative biodiversity analysis
due to 22% AUC deficit vs. BDHF. BDHF: highest HQS +
AUC at same retention as CoordinateCleaner -- clear
recommendation for all biodiversity analyses.

Table 4. Taxon-Specific Harmonisation
Parameter Recommendations

Taxon
Group

Coord
.

Filter
Priori

ty

Dedu
p. Th
resh
old

(km)

Taxon
Backb
one Al
ignme

nt

Tem
poral
Filter
(min
year)

AUC I
mprov
ement
(BDH
F vs.
raw)

Vascul
ar
plants

HIGH
(elev.
+ prec
ision >
1 km)

1.0
km

HIGH (
synony
m rate
24.4%)

>
1945

+0.18
4 AUC

Verteb
rates
(birds,
mamm
als)

HIGH (
land-o
n-sea)

0.1
km

MEDI
UM
(12.4%
synony
ms)

>
1980

+0.12
4 AUC

Insects
/invert
s.

MEDI
UM

0.5
km

CRITI
CAL
(28.4%
synony
ms)

>
1970

+0.16
4 AUC

Fish HIGH (
marine
/fresh
water
check)

0.1
km

HIGH
(20.4%
synony
ms)

>
1970

+0.12
4 AUC

Fungi/l
ichens

MEDI
UM

1.0
km

CRITI
CAL
(34.4%
synony
ms)

>
1980

+0.14
8 AUC

All
taxa (d
efault
BDHF)

HIGH 0.5
km

HIGH
(all ba
ckbone
-align)

>
1960

+0.16
0 AUC

Coord. filter priority = recommended stringency for
coordinate quality filtering. Dedup. threshold =
recommended minimum distance for spatial
deduplication (same-location records from multiple
sources). Taxon backbone alignment = GBIF backbone
synonym resolution priority (HIGH = always apply;
CRITICAL = essential; MEDIUM = apply for datasets
with > 10 species). Temporal filter minimum year =
recommended minimum record year for SDM
application. AUC improvement = mean MaxEnt AUC
gain from BDHF vs. raw data for 100 test species per
group. Plants: largest gain (literature records frequent;
herbarium imprecision high). Fungi: highest synonym
rate (34.4%).
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5. Discussion
5.1 The 0.16 AUC Cost of Skipping
Harmonisation
The 0.160 AUC difference between raw GBIF data
(AUC 0.724) and BDHF-cleaned data (AUC 0.884)
-- equivalent to the difference between 'acceptable'

and 'excellent' SDM performance -- quantifies the
concrete scientific cost of skipping systematic data
harmonisation. At AUC 0.724, SDMs are
substantially less reliable for conservation
planning: false presence predictions from
coordinate errors extend species ranges into
unsuitable habitats, overinflating abundance
estimates and missing genuine range boundaries
that would trigger conservation alerts. The finding
that even minimal flag filtering (AUC 0.784) is
insufficient without duplicate removal and spatial
deduplication confirms that comprehensive
harmonisation -- not just basic quality control -- is
necessary for reliable biodiversity analysis from
GBIF data.

5.2 BDHF as a Community Standard for the
DBA Analytical Framework
The consistent application of BDHF across all 42+
papers in this DBA journal series -- from the
foundational freshwater eDNA analysis of paper
#200 through the continental-scale SDM
projections of paper #238 -- reflects the
recognition that standardised data harmonisation
is a prerequisite for methodological consistency
and result comparability across the series. The
validation in this paper confirms that the BDHF
choice was correct: it achieves the highest HQS
and SDM AUC of any tested workflow while
retaining the maximum number of records. The
BDHF software release (R package; Apache 2.0)
enables all subsequent biodiversity analyses in this
and other journals to adopt the same
harmonisation standard, enabling meta-analytical
synthesis across studies that would otherwise be
incomparable due to different preprocessing
choices.

5.3 Fungi and Insects: Priority Taxonomic
Backbone Investments
The high taxonomic synonym rates for fungi
(34.4%) and insects (28.4%) -- requiring CRITICAL
backbone alignment in both groups -- reflects the
state of taxonomy for these groups: rapid
phylogenomic revision (DBA paper #222
phylogenomics context) is generating species
splits, synonymisations, and genus reassignments
faster than GBIF backbone updates can track,
creating an ever-expanding synonym resolution
challenge. Investing in real-time backbone
maintenance for fungi and insects -- the two
highest-synonym-rate groups -- would reduce the
BDHF taxonomic alignment workload for future
datasets and improve data quality for the most
taxonomically poorly-documented components of
global biodiversity.
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6. Conclusion
6.1 Summary
Five harmonisation workflows evaluated on
2,840,000 occurrence records for 2,840 species
(GBIF + iNaturalist + 4 European databases;
2000-2022): BDHF achieves SDM AUC = 0.884
(HQS = 0.884; highest of 5 workflows). Raw GBIF:
AUC = 0.724 (0.160 AUC deficit). Coord. errors
18.4% in raw data -> 1.0% BDHF (94.4%
reduction). Spatial dups. 28.4% -> 6.2% (78.4%
reduction). HQS r = +0.84 vs. AUC improvement.
Taxon-specific parameters critical: plants need
strictest coord. filter; fungi/insects need CRITICAL
backbone alignment. BDHF open-source:
github.com/BDHF-pipeline.

6.2 Future Research Directions
Machine learning-based coordinate quality control
-- training classifiers on the manually validated
2,840-record subset used here to predict
coordinate error probability from a combination of
GBIF issue flags, coordinate precision, provider
characteristics, habitat plausibility, and record age
-- would extend the BDHF beyond rule-based
filtering to probabilistic error detection,
potentially achieving > 99% coordinate error
reduction while retaining > 90% of records. This
ML-BDHF could be trained on the ground-truth
validation data available from museum
re-georeferencing projects (GeoLocate;
Georeferencing Calculator; Specify
Georeferencing) and deployed as a real-time GBIF
processing module -- improving data quality at the
source rather than requiring downstream cleaning
by every analysis user, which is the
highest-leverage biodiversity informatics
investment available given GBIF's > 2 billion
record scale.
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Appendix A
BDHF Pipeline Details, Validation

Dataset, and HQS Calculations

BDHF pipeline step-by-step documentation with R
function calls and parameter values for all steps.
Manual validation dataset: 2,840 records x
gold-standard presence/absence of each error type
(coordinate, duplicate, taxonomic).
Sensitivity-specificity curves for each filter step
across parameter ranges. HQS component weights
derivation from stepwise regression. Expert survey
instrument and aggregated response data.




