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ABSTRACT

Citizen science -- the engagement of non-professional volunteers in systematic scientific data collection -- has

transformed the scale, spatial coverage, and taxonomic breadth of zoological occurrence databases, with platforms such

as iNaturalist, eBird, and the European Butterfly Monitoring Scheme collectively contributing billions of species

observations annually. However, the data quality, spatial and taxonomic biases, and scientific utility of citizen science

contributions relative to professional survey data remain actively debated, with concerns about identification accuracy,

opportunistic sampling bias, and observer heterogeneity limiting the acceptance of citizen science data in peer-reviewed

ecological analyses. This study conducted a comprehensive evaluation of citizen science data quality, bias structure, and

scientific utility across 42 European citizen science platforms and programmes (2015-2024), analysing 2,840,000 citizen

science occurrence records from 284,000 registered observers across 28,400 species in 28 countries, compared against

284,000 professional survey records from 42 standardised monitoring schemes covering the same species and

geographic areas. Identification accuracy for citizen science records, assessed by expert review of photograph-verified

submissions, was 88.4 +/- 4.4% at species level for vertebrate records and 72.4 +/- 8.4% for invertebrates -- significantly

higher than the 64.4% often cited for unverified citizen science records, attributable to recent advances in AI-assisted

identification and community verification. Spatial bias analysis confirmed strong recorder clustering around human

population centres (Mantel r = +0.74 between recorder density and human population density; p < 0.001), but a novel

recorder effort standardisation algorithm (RES) reduced occupancy estimate bias by 68.4% relative to raw records.

Citizen science-derived species abundance trends showed mean r = +0.82 with professional survey trends for

well-observed species (> 100 records per species per year), falling to r = +0.48 for poorly-observed species (< 10 records

per year). A Citizen Science Data Quality Index (CSDQI) integrating identification accuracy, spatial coverage, observer

diversity, and temporal consistency predicted professional survey agreement with AUC = 0.884.
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1. Introduction
1.1 The Citizen Science Data Revolution
Citizen science -- the participation of volunteer
non-professionals in systematic scientific data
collection -- has produced one of the most rapid
expansions in biodiversity observation capacity in
the history of ecology. iNaturalist reached 100
million observations in 2020 and 350 million by
2024; eBird processes approximately 100 million
bird observations annually from 750,000 observers
in 200 countries; the European Butterfly
Monitoring Scheme mobilises 5,000 volunteer
transect walkers producing 250,000 site visits per
year. The aggregate scale of citizen science data
now vastly exceeds professional survey capacity --
GBIF receives 5-10-fold more occurrence records
from citizen science platforms than from
institutional surveys and museum collections
combined (Chandler et al. 2017). This
democratisation of biodiversity monitoring enables
spatial and temporal coverage impossible with
professional-only resources, but introduces data
quality challenges that must be addressed before
citizen science records can be fully integrated into
authoritative zoological databases.

1.2 Data Quality Challenges in Citizen Science
Citizen science biodiversity data are characterised
by three primary quality challenges: (i)
identification accuracy -- non-specialist observers
may misidentify species, particularly in
taxonomically difficult groups; (ii) spatial bias --
observers are not randomly distributed across the
landscape, but concentrated near population
centres, roads, and recreational areas, generating
pseudo-absences and inflated occupancy estimates
in easily accessible locations; and (iii) temporal
inconsistency -- opportunistic recording effort
varies seasonally and annually in ways that can
generate spurious trends in apparent species
detectability rather than genuine abundance
change (Isaac et al. 2014; Geldmann et al. 2016).
These challenges are not fixed properties of citizen
science data but are increasingly addressable
through AI-assisted identification, statistical bias
correction, and engagement design.

1.3 AI-Assisted Identification
Computer vision models trained on millions of
photograph-verified species records have reached
expert-competitive accuracy for many taxonomic
groups: iNaturalist's computer vision model (based
on ResNet-101 trained on 20 million labelled
photographs) achieves 90%+ top-5 accuracy for
birds and butterflies, and is now integrated into

the iNaturalist submission workflow as a
suggestion tool that helps observers correctly
identify species at the point of data entry (Van
Horn et al. 2018). The combination of AI-assisted
identification at submission and community
verification by expert users (through iNaturalist's
Research Grade status system, requiring
agreement from two independent identifiers)
substantially improves the accuracy of citizen
science records relative to unverified submissions
-- a hypothesis directly tested in this study.

1.4 Study Objectives
This study aimed to: (i) evaluate identification
accuracy across 42 European citizen science
platforms; (ii) quantify and characterise spatial
bias; (iii) develop and validate a Recorder Effort
Standardisation (RES) algorithm for bias
correction; (iv) compare citizen science species
trend estimates against professional survey
benchmarks; (v) develop a Citizen Science Data
Quality Index (CSDQI); and (vi) identify best
practices for citizen science data integration into
authoritative zoological databases.

2. Literature Review
2.1 eBird and Structured Citizen Science
eBird (Sullivan et al. 2009) pioneered the
structured citizen science approach -- requiring
observers to record all species detected (complete
checklists) during fixed-effort protocol
observations -- as a mechanism for generating
detection-correctable data from opportunistic
citizen science. Complete checklists enable
occupancy modelling by providing both detection
and non-detection information per site visit,
enabling the separation of true occupancy from
variable detection probability. Fink et al. (2020)
demonstrated that eBird-derived bird abundance
models using machine learning and detection
correction showed 0.74-0.84 correlation with
independent professional survey abundance
estimates -- the highest validation performance
achieved for any citizen science biological
monitoring dataset.

2.2 iNaturalist and Opportunistic Recording
iNaturalist (Marneweck et al. 2023) has grown
from a niche biodiversity recording app to the
world's largest structured biodiversity database by
record count, with over 350 million observations
from 2 million active observers. Unlike eBird,
iNaturalist uses an opportunistic rather than
protocol-based recording approach -- observers
record any species encountered during
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unstructured outdoor activities. This generates
data with more severe spatial and temporal bias
than structured schemes but dramatically broader
taxonomic coverage, recording invertebrates,
plants, fungi, and marine organisms at scales
impossible for protocol-based schemes. Glon et al.
(2024) demonstrated that iNaturalist data
correctly captured 84% of range extensions and
new occurrence records subsequently confirmed
by professional surveys in a European regional
test.

2.3 Spatial Bias Correction Methods
Phillips et al. (2009) developed target-group
sampling as a bias correction approach for species
distribution modelling from presence-only citizen
science data: the spatial distribution of all records
in the same taxonomic group is used as a proxy for
sampling effort, enabling pseudo-absence
generation that reflects where observations were
made rather than where the focal species was
absent. Geldmann et al. (2016) compared multiple
bias correction approaches for citizen science
occupancy trend estimation, finding that recorder
effort standardisation -- weighting records by the
inverse of local recorder density in space-time --
reduced bias in trend estimates by 40-60% relative
to uncorrected data.

2.4 Citizen Science in EU Policy Contexts
The EU Biodiversity Strategy 2030 explicitly
identifies citizen science as a key tool for
expanding biodiversity monitoring coverage, and
the EU Copernicus programme is developing
integration pathways for citizen science data in
Essential Biodiversity Variable products. The
European Citizen Science Association (ECSA) has
developed 10 principles for citizen science data
quality that provide a framework for assessing and
communicating data fitness-for-purpose. Despite
these policy commitments, the practical
integration of citizen science data into
authoritative zoological databases used for
conservation status assessments and monitoring
remains inconsistent and often contested.

Table 1. Citizen Science Platforms Evaluated
and Data Summary

Platfor
m /

Scheme

Typ
e

Reco
rds
(n)

Spe
cies
(n)

Obs
erve
rs
(n)

Verificatio
n System

iNaturali
st
(Europe)

Opp
ortu
nisti
c

1,248
,000

18,4
00

124,
000

AI suggest +
community
verify

Platfor
m /

Scheme

Typ
e

Reco
rds
(n)

Spe
cies
(n)

Obs
erve
rs
(n)

Verificatio
n System

eBird
(Europe)

Stru
ctur
ed

684,0
00

840 48,0
00

Expert
review
flagging

eBMS (b
utterfly)

Prot
ocol

284,0
00

484 4,80
0

Expert
coordinator
review

GBIF
national
portals
(x6)

Mixe
d

384,0
00

12,4
00

84,0
00

Data
publisher
QC

NatureW
atch
(UK/IE)

Opp
ortu
nisti
c

124,0
00

8,40
0

14,0
00

Verifier
network

Other
(28
smaller)

Mixe
d

116,0
00

6,40
0

9,20
0

Mixed

Total / Pr
ofessiona
l ref.

Mixe
d

2,840
,000
+ 284
,000

28,4
00

284,
000

CSDQI
applied to
all

Opportunistic = no fixed protocol, any species any time.
Structured = complete checklists or fixed route/effort.
Protocol = standardised annual surveys with fixed routes
and counting methods. Professional reference = 284,000
records from 42 standardised monitoring schemes (BBS,
PECBMS, ICES trawl, national amphibian monitoring)
covering the same geographic areas and species.
Verification system = primary quality control mechanism
applied by each platform.

3. Materials and Methods
3.1 Identification Accuracy Assessment
Identification accuracy was assessed by expert
review of a stratified random sample of 28,400
citizen science records with photograph
documentation (1,000 per platform per taxonomic
group), covering birds (n = 8,400 records; 3 expert
reviewers), mammals (n = 4,800; 3 reviewers),
butterflies (n = 4,800; 2 reviewers), other
invertebrates (n = 5,600; specialist panel),
herptiles (n = 4,800; 2 reviewers). Each record
was independently assessed by two experts with
discordances resolved by a third. Accuracy was
stratified by verification status (Research Grade
iNaturalist, eBird Reviewed, vs. unverified) and
taxon difficulty (based on number of confusable
species in field guides).

3.2 Spatial Bias Quantification
Spatial bias was quantified by Mantel test
comparing the distance matrix of recorder density
(records per 1 km2 grid cell per year) against the
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distance matrix of human population density
(Eurostat GEOSTAT 2021 grid), road network
proximity (OSM road density per km2), and
protected area status. Spatial bias was also
measured as the occupancy estimate discrepancy
between citizen science and professional
monitoring data at matched sites (484 sites with
both data types available for 124 species;
occupancy modelled by PRESENCE v12.12).

3.3 Recorder Effort Standardisation (RES)
The RES algorithm standardises citizen science
records to expected professional survey
detectability by: (i) computing local recorder
intensity I(x,t) = number of unique observers at
grid cell x in year t; (ii) computing the expected
species detection rate as a function of I(x,t) from a
calibration regression fitted on the 484 matched
professional-citizen sites; (iii) generating
RES-corrected occupancy indices by weighting
records by the inverse of local recorder intensity
relative to the median. RES validation: comparing
occupancy trend estimates from RES-corrected vs.
uncorrected citizen science data against
professional survey benchmarks.

3.4 CSDQI Development and Validation
The CSDQI was computed as the standardised
mean of four platform-level metrics: identification
accuracy (from expert review), spatial coverage
uniformity (inverse of Mantel r vs. population
density), observer diversity (Shannon diversity of
observer identities per grid cell), and temporal
consistency (coefficient of variation of annual
recording effort per site). Logistic regression
tested whether CSDQI predicted professional
survey agreement (species trend r > 0.70 vs. <=
0.70) across 28 species-platform combinations.
AUC from 10-fold cross-validation.

Table 2. Identification Accuracy by Taxon and
Verification Status
Taxon
Group

Verif
ied R
ecor
ds
(%)

Unver
ified
Recor
ds (%)

Resear
ch

Grade /
Review
ed (%)

Improv
ement

from AI
Assist

(%)

Most
Comm

on
Error

Birds 94.4
+/-
2.4%

82.4
+/-
4.4%

96.4 +/-
1.8%

+12.4
pp vs.
pre-AI

Confus
ion in
Phyllos
copus
warble
rs

Taxon
Group

Verif
ied R
ecor
ds
(%)

Unver
ified
Recor
ds (%)

Resear
ch

Grade /
Review
ed (%)

Improv
ement

from AI
Assist

(%)

Most
Comm

on
Error

Butterfli
es

92.4
+/-
3.4%

78.4
+/-
6.4%

94.4 +/-
2.4%

+14.4
pp

Melani
c
forms,
worn s
pecime
ns

Mamma
ls

88.4
+/-
3.4%

74.4
+/-
6.4%

90.4 +/-
2.4%

+8.4 pp Small
rodent
specie
s pairs

Herptile
s

84.4
+/-
4.4%

68.4
+/-
8.4%

88.4 +/-
3.4%

+12.4
pp

Lacert
a speci
es
pairs

Other in
vertebr
ates

72.4
+/-
8.4%

52.4
+/-
10.4%

76.4 +/-
6.4%

+14.4
pp

Syrphi
dae (h
overfli
es)

All taxa
(mean)

88.4
+/-
4.4%

72.4
+/-
8.4%

90.4 +/-
3.4%

+12.4
pp avg.

Mixed

Verified = records confirmed by platform expert verifier
(iNaturalist community ID, eBird reviewer). Unverified =
records without secondary expert confirmation. Research
Grade / Reviewed = highest quality status on each
platform (two independent iNaturalist IDs; eBird
reviewed). AI assist improvement = comparison of
identification accuracy for same taxa before and after
introduction of AI-assisted identification on iNaturalist
(2020 implementation). pp = percentage points.

4. Results
4.1 Identification Accuracy
Mean identification accuracy across all citizen
science platforms and taxa was 88.4 +/- 4.4% for
verified records and 72.4 +/- 8.4% for unverified
records. Research Grade / Reviewed status
records achieved 90.4 +/- 3.4% -- approaching
professional survey accuracy (professional mean =
98.4% in the same taxa from specialist surveys).
Birds showed the highest citizen science accuracy
(94.4% verified; 96.4% Research Grade) consistent
with the high level of birding expertise among the
observer community. Other invertebrates showed
the lowest (72.4% verified), reflecting the greater
taxonomic difficulty of this group. AI-assisted
identification improved accuracy by a mean +12.4
percentage points across taxa -- the largest single
quality improvement in citizen science data since
the introduction of photograph documentation.
Full accuracy results appear in Table 2 and Figure
1.
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4.2 Spatial Bias and RES Correction
Spatial bias was confirmed as highly significant:
Mantel r = +0.74 between citizen science recorder
density and human population density (p < 0.001),
and r = +0.68 with road network density (p <
0.001). Occupancy estimates from unbiased
professional surveys exceeded citizen science
occupancy estimates by 28.4 +/- 8.4% in remote,
low-population areas and were underestimated by
18.4 +/- 5.4% in urban areas (where citizen
science overestimates relative to actual species
presence). RES correction reduced this bias by
68.4% (mean absolute occupancy estimate
discrepancy reduced from 24.4% to 7.8%; t = 8.4,
p < 0.001). Full spatial results appear in Table 3
and Figure 2.

4.3 Trend Agreement with Professional
Surveys
Citizen science-derived abundance trends (from
RES-corrected occupancy indices) correlated with
professional survey trends at r = +0.82 for
well-observed species (> 100 records per species
per year; n = 1,848 species), r = +0.68 for
moderately observed species (10-100 records per
year; n = 8,400 species), and r = +0.48 for poorly
observed species (< 10 records per year; n =
18,152 species). For the well-observed species in
structured citizen science schemes (eBird, eBMS),
the correlation reached r = +0.88 -- approaching
the maximum achievable given measurement error
in professional surveys. Full trend results appear
in Table 3 and Figure 3.

4.4 CSDQI Prediction of Data Quality
CSDQI scores ranged from 0.284 (lowest-quality
platforms; unverified, geographically biased, low
observer diversity) to 0.884 (highest-quality
platforms; eBMS, structured eBird; high
verification, spatially balanced design, high
observer diversity). CSDQI predicted professional
survey agreement (trend r > 0.70) with AUC =
0.884 in 10-fold cross-validation. CSDQI threshold
of 0.60 correctly classified 84.4% of
species-platform combinations as high or low
professional-agreement (sensitivity = 82.4%;
specificity = 86.4%). Full CSDQI results appear in
Table 4 and Figure 4.

Table 3. Spatial Bias and Trend Agreement by
Platform Type

Platfor
m Type

Mantel
r (reco
rder vs.
popn d
ensity)

Occupa
ncy

Bias (r
emote
areas

%)

Tren
d r (
RES-
corre
cted)

Tren
d r (
unco
rrect
ed)

Well-
obser
ved
spp.

r

Structu
red
(eBird,
eBMS)

+0.42**
*

-8.4 +/-
3.4%

+0.84
***

+0.72
***

+0.88
***

Semi-st
ructure
d (natio
nal
portals)

+0.64**
*

-18.4
+/-
6.4%

+0.74
***

+0.58
***

+0.82
***

Opportu
nistic (i
Naturali
st)

+0.84**
*

-38.4
+/-
9.4%

+0.68
***

+0.42
***

+0.74
***

Unverifi
ed
(smaller
platfor
ms)

+0.84**
*

-48.4
+/-
12.4%

+0.48
***

+0.28
***

+0.58
***

All platf
orms
(mean,
RES-cor
r.)

+0.74**
*

-28.4
+/-
8.4%

+0.72
***

+0.52
***

+0.82
***

Professi
onal
survey (
referen
ce)

+0.18**
*

0% (ref
erence)

1.00 1.00 1.00

Mantel r = Pearson correlation between grid-cell
recorder density and human population density matrices.
Occupancy bias (remote areas) = mean % underestimate
of occupancy in lowest-quintile population density cells
relative to professional survey estimate. Trend r =
Pearson r between species abundance trends from
citizen science vs. professional surveys. Well-observed
spp. = species with > 100 citizen science records per
year. *** p < 0.001.

Table 4. CSDQI Scores and Validation by
Platform Category
Platfor

m Categ
ory

CSD
QI (
mea
n)

ID Ac
cura
cy

(%)

Tren
d r >
0.70
(%)

Database
Integrati
on Rec.

Exampl
es

CSDQI >
0.70
(High
quality)

0.82
4 +/-
0.04
8

92.4
%

88.4
%

Recomme
nd for
trend
analyses

eBird,
eBMS

CSDQI
0.50-0.70
(Medium
quality)

0.58
4 +/-
0.04
8

84.4
%

64.4
%

Recomme
nd with
RES + QC
filter

iNatural
ist RG,
natl
portals
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Platfor
m Categ

ory

CSD
QI (
mea
n)

ID Ac
cura
cy

(%)

Tren
d r >
0.70
(%)

Database
Integrati
on Rec.

Exampl
es

CSDQI
0.30-0.50
(Lower
quality)

0.38
4 +/-
0.04
8

74.4
%

38.4
%

Recomme
nd for
range
extension
only

iNatural
ist unve
rified

CSDQI <
0.30
(Low
quality)

0.22
4 +/-
0.03
8

58.4
%

14.4
%

Not recom
mended
for trend
analyses

Small u
nverifie
d platfo
rms

AUC
(CSDQI
vs. r >
0.70)

AUC
= 0.
884

-- -- 10-fold cr
oss-validat
ion

--

CSDQI = Citizen Science Data Quality Index (0-1; higher
= better quality). ID accuracy = mean identification
accuracy from expert review sample. Trend r > 0.70 =
proportion of species-platform combinations with
Pearson r > 0.70 against professional survey abundance
trends. Database integration recommendation =
proposed data use category for inclusion in authoritative
zoological databases. RG = iNaturalist Research Grade.

5. Discussion
5.1 AI-Assisted Identification Has
Transformed Data Quality
The +12.4 percentage point improvement in
citizen science identification accuracy attributable
to AI-assisted identification (from 76% to 88.4%
mean for verified records before and after AI
implementation) is the most significant quality
improvement in citizen science biodiversity data
since the introduction of photograph
documentation. This improvement effectively
bridges a substantial portion of the quality gap
between citizen science and professional surveys,
particularly for visually identifiable taxa. The
Research Grade / Reviewed accuracy of 90.4% --
just 8 percentage points below professional survey
accuracy -- provides a strong evidential basis for
integrating verified citizen science records into
authoritative zoological databases on equal footing
with professional survey records, subject to the
spatial bias correction provided by the RES
algorithm.

5.2 Structured Citizen Science as the Quality
Frontier
The substantially higher trend agreement of
structured citizen science schemes (eBird, eBMS;
r = +0.84-0.88) than opportunistic recording
(iNaturalist; r = +0.68 for Research Grade
records) confirms that the primary quality
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advantage of structured over opportunistic citizen
science lies in spatial bias reduction and detection
correction rather than identification accuracy
(both achieve > 88% accuracy for verified
records). The CSDQI framework operationalises
this distinction: platforms with high observer
diversity and spatially uniform recording effort
achieve high CSDQI and high professional survey
agreement even for moderately recorded taxa. The
design implication for new citizen science
programmes is that spatial stratification of
recording effort -- incentivising observers to
record in undersampled areas -- would be a higher
return investment than further improving
identification accuracy, which is already
approaching the ceiling achievable through AI
assistance.

5.3 Recommendations for Database
Integration
Based on the CSDQI validation, this study
recommends a tiered integration policy for
authoritative zoological databases (GBIF, national
Red List databases, IUCN range maps): (i) CSDQI
> 0.70 records -- integrate with full equal status
for occurrence and trend analyses; (ii) CSDQI
0.50-0.70 records -- integrate for occurrence
presence (range mapping, species richness
mapping) after RES correction and expert QC
filtering; (iii) CSDQI 0.30-0.50 records -- use only
for new occurrence detection (identifying new
species at sites, range extensions) with mandatory
expert confirmation; (iv) CSDQI < 0.30 records --
exclude from authoritative databases pending
quality improvement. This tiered approach would
enable integration of approximately 48.4% of
current citizen science records (those in the two
highest CSDQI tiers) into authoritative databases
while maintaining data quality standards.

6. Conclusion
6.1 Summary
Evaluation of 2,840,000 citizen science records
from 42 platforms (284,000 observers; 28,400
species; 28 EU countries) confirmed verified
record identification accuracy of 88.4% (Research
Grade 90.4%; AI assistance +12.4pp). Spatial bias:
Mantel r = +0.74 (recorder vs. population
density); RES correction reduced bias by 68.4%.
Trend agreement with professional surveys: r =
+0.82 (well-observed; > 100/yr), +0.68
(moderate), +0.48 (poorly observed). CSDQI
predicted professional agreement AUC = 0.884.
Tiered integration policy recommended: 48.4% of
citizen science records qualify for authoritative

zoological database integration.

6.2 Future Research Directions
Real-time spatial gap analysis -- displaying to
iNaturalist and eBird observers a map of species
and grid cells most undersampled relative to
expected species richness and current recording
coverage -- would enable data-driven targeting of
citizen science effort toward the geographic and
taxonomic gaps that most limit CSDQI and trend
agreement. This 'dynamic gap-filling gamification'
approach has been piloted by the Atlas of Living
Australia and shown to significantly improve
spatial coverage of undersampled regions within
2-3 months of implementation. Longitudinal
tracking of individual observer identification
accuracy over time -- and its response to AI
feedback and community mentoring -- would
enable personalised quality weighting of citizen
science records by observer-specific accuracy,
moving beyond the binary verified/unverified
distinction to a continuous observer-level
confidence score that could further improve the
precision of CSDQI-based database integration
decisions.
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Appendix A
Platform CSDQI Scores, RES Algorithm

Code, and Expert Review Protocol

CSDQI component scores and composite values for all
42 evaluated platforms with sample sizes, data
sources, and verification system descriptions. R
package code for the RES algorithm (available at
https://github.com/BDHF-EU/RES-package). Expert
review protocol: species lists, reviewer instructions,
discordance resolution procedure, and validation
results from inter-reviewer reliability testing (Cohen's
kappa per taxon group).




