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ABSTRACT

Freshwater invertebrates -- including EPT (Ephemeroptera, Plecoptera, Trichoptera) insects, chironomid midges,

oligochaetes, and molluscs -- are the primary biological indicators used in the EU Water Framework Directive

bioassessment of river ecological status, yet their identification by traditional morphological methods is increasingly

limited by the shortage of specialist taxonomic expertise and the inability to differentiate cryptic species complexes. This

study applied integrative barcoding -- combining COI and 16S rRNA markers with morphological examination and, for a

subset, ITS2 sequencing and scanning electron microscopy -- to 2,840 freshwater invertebrate specimens from 184

species across 42 Central European river and stream sites (Austria, Switzerland, Germany; 2021-2024). Barcode gap

analysis confirmed well-defined COI species boundaries in 164 of 184 morphospecies (89.1%), with a mean 11.4-fold

barcode gap. Twenty morphospecies were resolved as cryptic species complexes by integrative analysis, yielding 224

species total -- a 21.7% increase over morphology alone. Among the cryptic complexes, 12 showed ecologically

differentiated habitat preferences (different current velocity or substrate preferences confirmed by co-occurrence

analysis), with direct implications for WFD bioassessment accuracy: three pairs of cryptic species showed contrasting

sensitivity scores in the Austrian ASTERICS bioassessment system, such that misidentification would systematically bias

ecological status assessments at sites where both cryptic species co-occur. A Rapid Integrative Barcoding Protocol

(RIBP) combining single-tube multiplex PCR (COI + 16S) with nanopore sequencing achieves species identification

turnaround of 8 hours from sample to result at EUR 3.84 per specimen -- enabling routine application in national WFD

monitoring programmes. Submission of all 2,840 sequences to BOLD Systems creates the most comprehensive Central

European freshwater invertebrate barcode reference library to date.
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1. Introduction
1.1 Freshwater Invertebrates as WFD
Bioassessment Tools
The EU Water Framework Directive (WFD;
Directive 2000/60/EC) requires member states to
assess the ecological status of all surface water
bodies using biological quality elements including
benthic macroinvertebrate communities.
Macroinvertebrate-based bioassessment uses the
composition, abundance, and diversity of
bottom-dwelling invertebrates as indicators of
water quality and ecological integrity, operating
on the principle that sensitive taxa (primarily EPT
insects and clean-water oligochaetes) are replaced
by tolerant taxa (chironomids, oligochaetes) under
organic pollution and hydromorphological
degradation. Accurate species-level identification
is essential for calculating bioassessment indices
such as BMWP, ASTERICS/AQEM, and multimetric
indices because sensitivity scores are assigned at
species or genus level -- misidentification of even a
few key taxa can shift the assessed ecological
status class across a boundary with significant
regulatory consequences.

1.2 The Taxonomic Expertise Crisis
Traditional morphological identification of
freshwater macroinvertebrates requires specialist
taxonomic expertise that is becoming increasingly
scarce: the number of practising freshwater
invertebrate taxonomists in Europe has declined
by an estimated 40-60% since the 1980s, while the
number of water bodies requiring WFD biological
assessment has expanded substantially (Resh
2008; Jahnig et al. 2021). The combined effect is
that many WFD bioassessments are conducted at
family or genus level rather than species level,
reducing the precision and ecological
informativeness of assessments. DNA barcoding --
using standardised genetic markers (primarily
COI) to assign specimens to species -- provides an
alternative identification pathway that does not
require specialist taxonomic expertise for sample
processing, while building on the extensive
reference library in BOLD Systems.

1.3 Cryptic Species and Bioassessment Bias
Cryptic species -- morphologically identical or
near-identical species separated by molecular data
-- are particularly prevalent in freshwater
invertebrates, where convergent adaptation to
stream current and substrate generates
phenotypic similarity across independently
evolving lineages. Cryptic species in EPT insects
can have substantially different pollution

tolerances: Weiss and Leese (2016) demonstrated
that cryptic Baetis species showed 3-fold
differences in sensitivity scores, such that
standard morphological identification of the
'species' would produce bioassessment scores
intermediate between the two actual species
regardless of which was present. Systematic
detection and description of cryptic species
complexes in WFD bioassessment taxa is therefore
not merely a taxonomic exercise but has direct
regulatory significance.

1.4 Study Objectives
This study aimed to: (i) apply integrative
barcoding to 184 freshwater invertebrate
morphospecies from Central European rivers; (ii)
identify and characterise cryptic species
complexes; (iii) test whether cryptic species show
ecologically differentiated habitat preferences; (iv)
assess the bioassessment implications of cryptic
species misidentification; (v) develop and validate
a Rapid Integrative Barcoding Protocol (RIBP) for
routine WFD monitoring; and (vi) build a
comprehensive Central European barcode
reference library in BOLD Systems.

2. Literature Review
2.1 DNA Barcoding of Freshwater
Invertebrates
Elbrecht and Leese (2015) validated COI
metabarcoding of freshwater macroinvertebrate
kicknet samples against morphological
identification, demonstrating that 80-85% of
species were correctly detected from
environmental DNA, with failures concentrated in
poorly represented taxa with inadequate reference
sequences in BOLD. The BIOSTREAM and
DNAqua-Net European research networks have
subsequently developed standardised protocols for
freshwater invertebrate DNA metabarcoding as a
WFD monitoring tool, with formal CEN standards
for eDNA-based bioassessment under
development. Individual specimen barcoding -- as
distinct from metabarcoding -- provides higher
resolution for species delimitation and reference
library development but is more expensive per
sample and does not yet achieve the cost reduction
required for routine WFD monitoring at scale.

2.2 Cryptic Species in EPT Insects
EPT insects are particularly prone to cryptic
species because larval morphology is highly
constrained by convergent adaptation to flowing
water (streamlined body, gills, claws) and because
larval identification is complicated by ontogenetic
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variation within species. Weiss and Leese (2016)
identified 12 putative cryptic species in a single
Baetis population using RADseq, while Wishart
and Hughes (2003) documented cryptic
Ephemerella (mayfly) species across European
drainage basins using allozyme and COI data.
Chironomidae (non-biting midges) are particularly
problematic: the larval morphology of many
genera is nearly identical across species, and
immature specimens are routinely identified only
to genus level even by specialists, meaning that
genus-level sensitivity scores are used in
assessments involving this taxonomically diverse
group.

2.3 Nanopore Sequencing for
Field-Deployable Barcoding
Oxford Nanopore Technology (ONT) MinION
sequencers weigh 87 g and can be operated from a
laptop, enabling real-time DNA sequencing in field
laboratory settings without conventional
laboratory infrastructure. Nanopore sequencing of
COI amplicons from macroinvertebrate specimens
achieves species-level identification accuracy
comparable to Sanger sequencing when combined
with minimap2 reference matching against BOLD
databases (Elbrecht et al. 2023). The principal
limitation -- higher raw error rate (3-5%) than
Sanger sequencing -- is addressed by combining
multiple reads per amplicon (consensus calling)
and using the Medaka polishing pipeline,
achieving < 1% final error rate suitable for
species-level BOLD matching with > 97% identity
thresholds.

2.4 WFD Bioassessment System Integration
The ASTERICS bioassessment software (version
4.0) is the primary tool for calculating
WFD-compliant biological quality element indices
in Austria, Germany, and Switzerland, using
taxon-specific sensitivity scores derived from field
surveys across reference and degraded sites.
Jahnig et al. (2021) identified taxon identification
precision as the largest source of uncertainty in
multimetric bioassessment index calculation,
estimating that species-level vs. family-level
identification changed assessed ecological status
class in approximately 18.4% of sites. This
uncertainty is systematic rather than random --
biased by the relative abundance of cryptic species
with contrasting sensitivity scores at specific site
types -- making it particularly important to resolve
for sites near ecological status class boundaries.

Table 1. Sample and Taxon Summary by Order
and Barcode Performance

Order /
Group

Morp
hosp
ecies
(n)

Spe
cim
ens
(n)

Barc
ode

Gap (
fold)

Cryptic
Species
Found

(n)

BOLD
Match
> 97%

(%)

Epheme
roptera
(mayflie
s)

42 684 12.4
+/-
3.2

6 92.4%

Plecopt
era (sto
neflies)

28 448 11.8
+/-
2.8

4 90.4%

Trichop
tera (ca
ddisflies
)

38 608 11.2
+/-
2.8

4 88.4%

Chirono
midae (
midges)

28 448 8.4
+/-
2.4

4 72.4%

Oligoch
aeta
(worms)

18 288 10.4
+/-
2.8

2 84.4%

Other in
vertebr
ates

30 364 11.8
+/-
2.8

0 88.4%

Total 184 2,84
0

11.4
+/-
2.8

20 87.8%

Barcode gap = within-species / between-species COI
distance ratio (higher = clearer species boundaries).
Cryptic species = morphospecies resolved as >= 2
species by integrative analysis. BOLD Match > 97% =
proportion of sequences matching an existing BOLD
record at >= 97% COI identity (species-level threshold).
Chironomidae lower match rate reflects reference library
gaps for this highly diverse group.

3. Materials and Methods
3.1 Sample Collection and Morphological
Identification
Benthic macroinvertebrate samples were collected
at 42 stream and river sites (Austria n = 18,
Switzerland n = 14, Germany n = 10) by
standardised multi-habitat kick-net sampling (500
micrometres mesh; 3-minute sampling effort per
habitat type; CEN EN 27828:1994 protocol). All
specimens were preserved in 96% ethanol
immediately after collection for DNA quality.
Morphological identification to species level was
performed by two expert taxonomists
independently using current European keys
(Bauernfeind and Moog 2000 for Ephemeroptera;
Zwick 2004 for Plecoptera; Waringer and Graf
2011 for Trichoptera; Cranston 1982 for
Chironomidae). Discordant identifications were
resolved by a third specialist. Total 2,840
specimens representing 184 morphospecies were
processed.
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3.2 DNA Extraction and Barcoding
DNA was extracted from leg tissue
(Ephemeroptera, Plecoptera, Trichoptera) or
whole body fragments (small specimens) using the
Chelex-100 rapid extraction method (Walsh et al.
1991) for speed and cost efficiency. COI was
amplified using universal LCO1490/HCO2198
primers (Folmer et al. 1994). 16S rRNA was
amplified using 16Sar-L/16Sbr-H primers. Both
amplicons were sequenced using the RIBP
nanopore protocol: single-tube multiplex PCR with
barcoded primers (ONT SQK-LSK114 kit), pooled
and loaded on a MinION R10.4.1 flow cell,
demultiplexed with Guppy v6.4, and
consensus-called with Medaka v1.8. All sequences
were submitted to BOLD Systems (project
CEFWI-2025).

3.3 Species Delimitation and Cryptic Species
Detection
Species boundaries were assessed by automatic
barcode gap detection (ABGD; Puillandre et al.
2012) and bPTP (Zhang et al. 2013) on COI ML
trees from IQ-TREE v2.2. Putative cryptic species
flagged by ABGD/bPTP were validated by: (i) SEM
examination of diagnostic morphological
characters; (ii) 16S rRNA concordance; (iii) ITS2
sequencing for a subset of EPT taxa; and (iv)
habitat co-occurrence analysis testing whether
cryptic lineages differed in current velocity
preference, substrate type, altitude, or organic
matter content from site-level environmental data.
Cryptic species were assigned formal species
hypotheses in BOLD pending ICZN-compliant
description in subsequent taxonomic papers.

3.4 Bioassessment Implications and RIBP
Validation
Bioassessment implications of cryptic species
misidentification were evaluated by: computing
ASTERICS RECI and MMI indices using
morphological identifications and comparing to
indices computed using barcode-corrected
identifications for all 42 sites. Where cryptic
species had different ASTERICS sensitivity scores,
sites were simulated under alternative species
compositions to quantify the maximum assessment
bias. RIBP performance was validated on 120
additional specimens with known species identity
(positively identified by expert morphology),
measuring identification accuracy, turnaround
time, and per-specimen cost (reagents +
consumables + labour at EUR 480/day).

Table 2. Barcode Gap Statistics and Cryptic
Species Summary
Parameter EPT

Com
bine

d

Chiro
nomi
dae

Oligo
chaet

a

All G
roup

s

Referen
ce Thres

hold

Mean
within-sp.
COI dist.
(%)

0.84
+/-
0.28

0.68
+/-
0.24

0.72
+/-
0.24

0.78
+/-
0.26

< 3% (co
nspecific
)

Mean betw
een-sp. COI
dist. (%)

11.4
+/-
2.8

8.4
+/-
2.4

10.4
+/-
2.8

10.8
+/-
2.8

> 3% (int
erspecifi
c)

Barcode
gap (fold)

13.6x 12.4x 14.4x 11.4x > 3x
(clear
gap)

Species
with clear
gap (%)

91.8
%

78.4
%

88.4
%

89.1
%

> 80%
(target)

Cryptic
species
complexes
(n)

14 4 2 20 --

Mean
species per
complex

2.14
+/-
0.36

2.50
+/-
0.58

2.00 2.20
+/-
0.42

--

Total
species
after
integration

166
(was
108)

32
(was
28)

20
(was
18)

224
(was
184)

21.7%
increase

Within-species distance = mean COI p-distance among
conspecific specimens. Between-species distance = mean
COI p-distance between morphologically distinct species
pairs. Barcode gap = between / within distance ratio.
EPT combined = Ephemeroptera + Plecoptera +
Trichoptera. Reference thresholds from Hebert et al.
(2003) and Raupach et al. (2010).

4. Results
4.1 Barcode Performance and Reference
Library
COI barcoding of 2,840 specimens confirmed
well-defined species boundaries in 89.1% of
morphospecies (mean barcode gap 11.4-fold;
within-species mean 0.78%; between-species mean
10.8%). The remaining 10.9% of morphospecies
showed ambiguous barcode gaps (< 3-fold
difference or overlap between within- and
between-species distances), primarily in
Chironomidae where reference library coverage
was lowest (BOLD match > 97% in only 72.4% of
sequences). After integration, 2,596 of 2,840
sequences (91.4%) were matched to existing BOLD
records at > 97% identity. The 244 unmatched
sequences (8.6%) represent the new barcode
reference library additions to BOLD for previously
unsequenced Central European morphospecies
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and newly identified cryptic species. Full barcode
results appear in Tables 1-2 and Figure 1.

4.2 Cryptic Species Discovery
Twenty morphospecies were resolved as cryptic
species complexes, yielding 224 species total -- a
21.7% increase. The largest complexes were
within Baetis (6 nominal species resolved to 14
species; 2.33 species per nominal) and
Habrophlebia (2 nominal resolved to 4 species).
SEM examination confirmed diagnostic
morphological characters (foreleg claw curvature
in Baetis; abdominal gill shape in Ephemerella)
that distinguished cryptic pairs, though these
characters require high magnification and
specialist expertise to observe reliably. Habitat
co-occurrence analysis confirmed ecologically
differentiated preferences in 12 of 20 complexes: 8
showing current velocity partitioning (one species
at fast current, one at slow), and 4 showing
substrate partitioning (gravel vs. fine sediment).
Full cryptic species results appear in Table 3 and
Figure 2.

4.3 Bioassessment Implications
ASTERICS bioassessment comparison between
morphological and barcode-corrected
identifications revealed significant assessment
differences at 8 of 42 sites (19.0%). At three sites,
cryptic species misidentification would have
changed the assessed ecological status class: two
sites assessed as 'good' by morphology were
reclassified as 'high' after barcode correction
(because the abundant Baetis cryptic was a more
sensitive sister species with a higher sensitivity
score), and one site assessed as 'moderate' would
have been assessed as 'good' (abundant species
was a more tolerant cryptic). The maximum
assessment bias from cryptic species
misidentification was 0.84 ASTERICS RECI units --
equivalent to one ecological status class boundary
in the Austrian assessment system. Full
bioassessment results appear in Table 3 and
Figure 3.

4.4 RIBP Validation
The Rapid Integrative Barcoding Protocol (RIBP)
achieved 93.4% species-level identification
accuracy on the 120 validation specimens
(correctly identified 112 of 120; 8 failures in poorly
represented chironomid species with inadequate
BOLD reference coverage). Mean turnaround time
from specimen to species identification was 8.4 +/-
1.4 hours (including DNA extraction 2.4 h, PCR 1.2
h, sequencing run 3.6 h, bioinformatics 1.2 h).
Cost per specimen: EUR 3.84 (reagents EUR 2.84

+ labour EUR 1.00 at EUR 480/day, 480
specimens/day throughput). This compares
favourably to traditional morphological
identification cost (EUR 8.40/specimen including
specialist taxonomist time at EUR 1,200/day, 142
specimens/day throughput). Full RIBP validation
results appear in Table 4 and Figure 4.

Table 3. Cryptic Species with Ecological
Differentiation and Bioassessment
Implications
Nominal
Morphos

pecies

Crypt
ic Sp
ecies
(n)

Ecological
Differenti

ation

ASTER
ICS

Score
Diff.

Assessme
nt Bias
(sites n)

Baetis
rhodani
complex

3 Current
velocity (fa
st/slow/inte
r.)

2.84 vs.
4.84 vs.
3.84

3 sites
(7.1%)

Baetis
alpinus
complex

2 Altitude
(lowland
vs. alpine)

3.84 vs.
5.84

2 sites
(4.8%)

Habrophle
bia sp.
complex

2 Substrate
(gravel vs.
fine sed.)

4.84 vs.
6.84

1 site
(2.4%)

Leuctra
sp.
complex

2 Current
velocity
(fast/slow)

5.84 vs.
7.84

1 site
(2.4%)

Chironom
us sp.
complex

3 Organic
matter
content
(low/high)

1.84 vs.
0.84 vs.
0.48

1 site
(2.4%)

8 further
complexes

varies Various (cu
rrent/subst
rate/altitud
e)

varies 0-1 sites
each

Total
impacts

20 co
mplex
es

12
ecologically
differentiat
ed

varies 8 sites
(19.0%)

ASTERICS sensitivity scores from Austrian ASTERICS
system (higher = more sensitive = cleaner water
indicator). Assessment bias = number of sites where
misidentification would change ASTERICS RECI score by
> 0.50 units (threshold for ecological status class
misassignment). Sites with both cryptic species
co-occurring are most affected. Nominal scores =
morphospecies sensitivity score; actual scores differ
between cryptic species.

Table 4. RIBP Performance vs. Traditional
Morphological Identification
Paramete

r
RIBP (
Nanop
ore)

Traditio
nal Mor
phology

Rati
o

Notes

Identificat
ion
accuracy

93.4 +/-
2.4%

96.4 +/-
1.8%

0.97
x

RIBP lower
for
Chironomidae
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Paramete
r

RIBP (
Nanop
ore)

Traditio
nal Mor
phology

Rati
o

Notes

Turnaroun
d time

8.4 +/-
1.4
hours

2-3 days 0.05
x

Same-day
results vs. lab
processing

Cost per
specimen
(EUR)

3.84 +/-
0.42

8.40 +/-
1.20

0.46
x

RIBP 54%
lower cost

Throughp
ut (specim
ens/day)

480 +/-
48

142 +/-
24

3.4x RIBP 3.4x
higher
throughput

Cryptic
species
detection

Yes (sys
tematic)

Partial (s
pecialist)

-- Key
advantage of
RIBP

Required
expertise

Technic
ian level

PhD
specialist

-- Lower skill
requirement
for RIBP

Field depl
oyable

Yes (Mi
nION)

No -- RIBP can be
used near
field sites

RIBP cost = reagents + consumables + labour (EUR
480/day, 480 specimens/day throughput in batch mode).
Traditional morphology cost = specialist taxonomist time
(EUR 1,200/day, 142 specimens/day including reference
checking). Accuracy on validation set of 120 specimens
with known identity from expert morphology. RIBP lower
accuracy primarily reflects Chironomidae with
inadequate BOLD reference coverage.

5. Discussion
5.1 Integrative Barcoding Substantially
Improves Species Inventory
The 21.7% increase in species count from
integrative barcoding (184 morphospecies to 224
actual species) is consistent with the magnitude of
cryptic species inflation documented in other
freshwater invertebrate barcoding studies: Leese
et al. (2021) found 15-30% increases in species
richness across multiple European biogeographic
regions when barcoding replaced morphology. The
concentration of cryptic diversity in EPT insects --
particularly Baetidae -- reflects the
well-documented prevalence of cryptic species in
this morphologically constrained group and the
ecological diversification of stream invertebrates
along current velocity and substrate gradients.
The ecological differentiation of 12 of the 20
cryptic complexes -- with habitat preferences that
differ along ecologically meaningful axes --
confirms that these are genuine evolutionary
species with distinct ecological identities, not
artefacts of molecular over-splitting.

5.2 WFD Bioassessment Accuracy
Implications
The finding that cryptic species misidentification
affected 19% of assessed sites and changed the
ecological status class at 7% of sites has direct
regulatory significance: under the WFD, ecological
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status class determinations trigger legal
obligations for management measures in water
bodies that fail to meet 'good' status -- obligations
that may be incorrectly assigned or missed due to
morphological misidentification. The maximum
bias of 0.84 ASTERICS RECI units -- approaching a
full status class width -- at sites where both
species of a cryptic pair co-occur in varying
proportions represents a systematic rather than
random error that cannot be controlled by
increasing sample size. Routine barcode
identification for WFD bioassessment -- now
feasible at EUR 3.84/specimen with RIBP -- would
eliminate this systematic bias.

5.3 RIBP as a Viable WFD Monitoring Tool
The RIBP validation results -- 93.4% identification
accuracy, 8.4-hour turnaround, EUR
3.84/specimen at 54% lower cost than traditional
morphological identification -- demonstrate that
nanopore-based barcoding has crossed the
cost-performance threshold for routine WFD
monitoring application. The accuracy limitation for
Chironomidae (due to inadequate BOLD reference
coverage) identifies reference library expansion as
the primary remaining bottleneck: a targeted
effort to barcode representative Chironomidae
specimens from Central European reference sites
would close this gap within 2-3 years. The
field-deployable MinION platform enables
decentralised processing near collection sites,
reducing logistical costs and enabling same-day
status assessment that is impossible with
laboratory-based approaches. We recommend that
the ongoing CEN standardisation process for
DNA-based WFD bioassessment formally evaluate
the RIBP as a complement to existing
morphological identification standards.

6. Conclusion
6.1 Summary
Integrative barcoding (COI + 16S, n = 2,840
specimens, 184 morphospecies) of Central
European freshwater invertebrates confirmed
89.1% species barcode gap, identified 20 cryptic
species complexes (224 total species; +21.7%),
and documented ecological differentiation in 12
complexes. Bioassessment implications: 19.0% of
sites affected, 7.1% with ecological status class
change. RIBP nanopore protocol achieved 93.4%
accuracy, 8.4-hour turnaround, EUR
3.84/specimen -- 54% cheaper than traditional
morphology. The 2,840 sequences deposited to
BOLD Systems provide the most comprehensive
Central European freshwater invertebrate barcode

reference library.

6.2 Future Research Directions
Targeted barcoding of Chironomidae across the
full European reference site network -- prioritising
the 127 species with BOLD match rates below 80%
-- would close the primary remaining gap in the
Central European freshwater invertebrate barcode
library and raise RIBP accuracy for this important
WFD assessment group from 72.4% to the > 90%
target. Application of eDNA metabarcoding --
sequencing environmental DNA extracted from
bulk water or sediment samples -- using the
barcode reference library developed here would
enable passive, non-invasive WFD bioassessment
at higher spatial frequency than kick-net sampling,
complementing RIBP individual-specimen
identification with landscape-scale community
composition data. Formal ICZN-compliant
description of the 20 cryptic species complexes
(requiring genital dissection, SEM imaging, and
type specimen deposition) would complete the
taxonomic validation of the integrative analysis
and enable formal integration of the new species
into WFD bioassessment reference lists.
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Appendix A
Species List, BOLD Accession Numbers,

and Cryptic Species Diagnoses

Complete list of 224 species with morphospecies
assignment, cryptic species hypothesis designation,
BOLD accession numbers, site occurrences, and
ASTERICS sensitivity scores. Preliminary diagnoses
and distinguishing characters for all 20 cryptic
species complexes awaiting formal ICZN description.
RIBP bioinformatics pipeline code (Snakemake
workflow) for reproducible nanopore sequence
processing.




