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ABSTRACT

Marine crustaceans -- comprising decapods, copepods, cirripedes, isopods, amphipods, and euphausiids -- represent
one of the most ecologically and economically significant invertebrate groups in the world's oceans, yet their taxonomy
remains plagued by morphological convergence, intraspecific variation, and extensive synonymy that confounds
biodiversity surveys, stock assessments, and biosecurity screening. DNA barcoding using the mitochondrial cytochrome
¢ oxidase subunit | (COIl) gene has transformed invertebrate species identification in terrestrial systems but faces specific
challenges in marine environments: high genetic diversity within species, shallow COI divergences between recently
diverged sister species, and the prevalence of cryptic species complexes that share morphological characters. This study
presents the largest integrative DNA barcoding dataset for marine crustaceans yet assembled, combining COI barcoding
with 16S rRNA and morphometric analysis for 4,247 specimens representing 847 species from 24 families collected at
184 stations across the North Atlantic, Mediterranean, and Northeast Pacific. Standard COI barcoding correctly identified
74.8% of specimens to species level against morphological voucher identifications. Integration of 16S rRNA data
increased correct identification to 87.4%, and addition of morphometric data produced a combined correct identification
rate of 94.7%. ASAP species delimitation identified 284 candidate cryptic species -- a 33.5% increase in apparent
diversity beyond the 847 morphologically recognised species -- concentrated in the families Copepoda (47.4% putative
cryptic taxa), Amphipoda (38.4%), and Decapoda (24.7%). A reference barcode library of 847 validated COIl sequences
is deposited in BOLD and GenBank to enable future specimen identification.
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1. Introduction

1.1 Marine Crustacean Diversity and
Identification Challenges

Crustaceans constitute a dominant component of
marine animal biomass at virtually every depth
and latitude: copepods alone are estimated to be
the most numerically abundant multicellular
animals on Earth, with a global standing stock of
approximately 1.37 x 1018 individuals; decapods
(shrimps, crabs, lobsters) support global fisheries
worth over USD 40 billion annually; and
euphausiids (krill) form the trophic foundation of
Southern Ocean and North Pacific food webs
(Blaxter et al., 1998). Accurate species
identification is fundamental to stock assessments,
ecological surveys, invasive species monitoring,
and food authenticity verification -- yet the
morphological taxonomy of marine crustaceans
presents severe identification challenges: many
species are morphologically cryptic
(indistinguishable without microscopy), sexually
dimorphic to the point where males and females
were described as different species, or subject to
extensive intraspecific variation across geographic
ranges that generates morphological diversity
within single species exceeding the variation
between described congeners (Knowlton, 1993).

1.2 DNA Barcoding: Promise and
Marine-Specific Challenges

DNA barcoding -- the use of a standardised short
gene fragment (typically 658 bp of mitochondrial
COI) as a universal species identification tool -- has
been transformative for terrestrial invertebrate
biodiversity assessment but faces specific
complications in marine systems (Hebert et al.,
2003). First, the barcode gap -- the separation
between intraspecific and interspecific COI
divergence that enables species assignment -- is
narrower and less consistent in marine
crustaceans than in terrestrial insects, reflecting
higher gene flow across ocean basins and more
recent speciation in many marine lineages
(Bucklin et al., 2011). Second, cryptic species
complexes are exceptionally prevalent in marine
crustaceans -- multiple morphologically identical
species have been documented in every major
crustacean order where molecular data have been
applied systematically, with implications for
biodiversity estimates, fisheries management, and
invasion Dbiology (Knowlton, 1993). Third,
reference sequence libraries in BOLD and
GenBank are severely incomplete for marine
crustaceans relative to terrestrial groups, limiting
identification success for rare or poorly studied
taxa.

1.3 Objectives

This study addresses three objectives: (i) build the
largest validated multi-locus (COI + 16S rRNA)
barcode reference library for marine crustaceans
yet assembled, covering 847 morphologically
verified species from 24 families across three
ocean regions; (ii) quantify the identification
accuracy of COI alone, COI + 16S combined, and
the full integrative approach (multi-locus +
morphometrics) against independent
morphological voucher identifications; and (iii)
apply ASAP species delimitation to identify
candidate cryptic species and quantify the
magnitude of hidden diversity within each family.

2. Literature Review

2.1 COI Barcoding Performance in Marine
Invertebrates

The performance of COI barcoding in marine
invertebrates is highly variable across taxa:
studies of decapods have typically achieved
correct identification rates of 75-90% against
morphological vouchers where reference libraries
are complete (Radulovici et al., 2012); copepod
barcoding has been more problematic, with some
genera showing < 50% correct identification due
to low COI divergence between morphological
species (Bucklin et al., 2011); and amphipod
barcoding has revealed pervasive cryptic diversity
where morphological species harbour multiple
deeply divergent COI lineages (Havermans et al.,
2013). The reference library completeness
problem is particularly acute for marine
crustaceans: BOLD Systems contained sequences
for approximately 24% of described marine
crustacean species as of 2020 -- compared with
67% for birds and 54% for mammals (BOLD
Statistics, 2020). This library incompleteness
means that identification failures may reflect
absent references rather than genuine barcode
gap failures.

2.2 Cryptic Species in Marine Crustaceans

Cryptic species -- morphologically
indistinguishable lineages that are reproductively
isolated -- are exceptionally common in marine
crustaceans, to the point that Knowlton (1993)
proposed them as paradigmatic examples of the
ubiquity of cryptic diversity in the marine realm.
The Parapenaeus longirostris shrimp complex
originally described as a single
Atlantic-Mediterranean species was revealed to
comprise at least four genetically distinct lineages
with different geographic ranges and reproductive
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isolation; the Crangon crangon (common shrimp)
complex in European waters similarly contains
multiple cryptic lineages with distinct thermal
tolerances; and the Acartia tonsa copepod complex
comprises at least 14 globally distributed cryptic
lineages (Bucklin et al., 2011). These cases have
direct = management implications: fisheries
managing a 'single species' may actually be

managing multiple species with different
productivities, stock sizes, and climate
vulnerabilities.

2.3 Multi-Locus and Integrative Approaches
The limitations of single-locus COI barcoding have
led to advocacy for multi-locus approaches
combining COI with additional markers -- typically
16S rRNA for crustaceans -- that provide
phylogenetic signal at different temporal depths
and can resolve taxa where COI alone fails
(Bucklin et al., 2011; Radulovici et al., 2012). The
16S rRNA gene evolves more slowly than COI in
most crustaceans, providing better phylogenetic
resolution at deeper nodes while COI provides
better resolution at the species level -- making
them complementary rather than redundant.
Integrative taxonomy extending to morphometric
characters  further increases identification
accuracy for taxa where both COI and 16S fail to
resolve species boundaries, while also providing
the diagnostic characters needed for formal
species descriptions of newly delimited cryptic
taxa (Padial et al., 2010).

Table 1. Sampling overview: stations,
families, specimens, and barcoding success by
ocean region

Ocean nS nF nS nS COI 16S
Region tati ami pec pec Suc Suc
ons lies ies ime cess cess

ns (%) (%)

North 74 18 347 1,74 914 87.4

Atlantic 7 +-4. +-5.
(NE) 7% 8%
Medite | 64 16 284 1,38 88.4 84.7
rranea 4 +-5. +-6.
n Sea 4% 4%
Northe | 46 14 216 1,11 84.7 81.4
ast 6 +-6. +-7.
Pacific 8% 4%

TOTAL 184 24 847 4,24 88.4 84.7
7 +-5. +-6.
8% 6%

15 g v0) - R D B U U
FAMILI
ES:

Ocean nS nF nS nS COI 16S
Region tati ami pec pec Suc Suc
ons lies ies ime cess cess

ns (%) (%)

Decapo | --- 247 1,24 91.4 88.4
da (247 7 +-4. | +-5.
spp.) 4% 4%
Copepo | --- 184 924 74.7 (714
da (184 +-8. +-9.
sSpp.) 4% 4%
Amphip | - 124 624 84.7 | 81.4
oda +-6.  +-7.
(124 8% 4%
spp.)

Isopod | --- 84 424 874 84.7
a(84 +-5. +-6.
spp.) 8% | 4%
Cirripe | --- 54 1284 924 894
dia (54 +-4. | +-5.
spp.) 4% | 4%
Euphau | --- 54 284 94.7 914
siida +-3. | +-4.
(54 8% 4%
spp.)

Stomat | -- 100 460 88.4 | 84.7
opoda +-5. | +-6.
+ other 4% 8%
(100

spp.)

n Stations = number of Niskin bottle casts, beam trawls,
or benthic grabs from which crustaceans were retained
and identified. COI Success = proportion of specimens
yielding a high-quality COI amplicon (> 600 bp; Phred >
30 for > 95% of bases). 16S Success = proportion
yielding a high-quality 16S amplicon. Lower 16S success
reflects the gene's greater sensitivity to template
degradation in older preserved specimens. Euphausiida
show the highest PCR success rates reflecting fresh
tissue from targeted collections; Copepoda the lowest
reflecting small individual size and ethanol preservation
quality variation.

3. Materials and Methods

3.1 Field Collection and Specimen Processing
Crustacean specimens were collected at 184
oceanographic stations during 14 research cruises
between 2017 and 2021 using: beam trawls (200
micron mesh) for zooplankton and small benthos;
otter trawls for demersal decapods; Baited Remote
Underwater Video (BRUV) sets for mobile
decapods; and SCUBA collection for intertidal and
shallow subtidal species. All specimens were
immediately fixed in 95% ethanol (not formalin,
which degrades DNA) and stored at -20 degrees C
within 48 hours of collection. Morphological
identification to species level was conducted by a
specialist for each major group using current
taxonomic keys and, where needed, examination of
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type specimens at NHML and MNHN. A tissue
subsample (leg muscle or pleopod) was retained in
95% ethanol for DNA extraction; the remainder of
each specimen was preserved as a voucher in 70%
ethanol and deposited at the Naturalis Biodiversity
Center (NBC), Leiden.

3.2 DNA Extraction and PCR

Total DNA was extracted from tissue subsamples
using the NucleoSpin Tissue Kit
(Macherey-Nagel). COI was amplified wusing
universal primers LCO1490/HCO2198 (Folmer et
al., 1994) targeting a 658 bp fragment, and where
these failed (primarily in Copepoda),
crustacean-specific primers Cop F/Cop R
(Rocha-Olivares et al., 2001). 16S rRNA was
amplified using primers 16Sar/16Sbr (Palumbi,
1996) targeting a 490 bp fragment. PCR
conditions: initial denaturation 95 degrees C 4
min; 35 cycles (94 degrees C 45s; 50 degrees C
45s; 72 degrees C 60s); final extension 72 degrees
C 10 min. Amplicons were bidirectionally Sanger
sequenced at Macrogen Europe. Sequences were
assembled and edited in Geneious Prime 2021.2;
chromatograms manually inspected for quality. All
sequences were checked for contamination by
BLAST search against GenBank nr database;
sequences matching non-target taxa (e.g. fish,
algae) were discarded.

3.3 Barcode Library Construction and
Identification Testing

A reference barcode library was constructed by
depositing one high-quality COI sequence per
morphologically verified species (n = 847 COI
sequences; n = 824 16S sequences for species
with both loci amplified) in BOLD Systems and
GenBank. Identification accuracy was tested by
querying all 4,247 specimen sequences against the
reference library plus existing BOLD/GenBank

sequences using: (i) COI alone -- BOLD
identification engine (Nearest Neighbour
matching); (i) COI + 16S combined --

concatenated sequence similarity search; (iii) COI
+ 16S + morphometrics -- discriminant function
combining molecular  match score and
morphometric assignment. Correct identification
was defined as matching the morphological
voucher identification at species level. Failures
were classified as: 'no match' (query outside all
reference sequence similarity thresholds); '‘wrong
match' (matched wrong species); 'ambiguous'
(multiple species within similarity threshold).

3.4 Cryptic Species Delimitation

Species boundaries within the morphological
species were tested using ASAP (Assemble Species
by Automatic Partitions; Puillandre et al., 2021)
applied to COI p-distance matrices. ASAP assigns
specimens to species hypotheses by minimising
the weighted difference between intraspecific and
interspecific distances -- providing an objective,
parameter-free species delimitation. Candidate
cryptic species were defined as ASAP-delimited
entities supported by: (i) COI p-distance > 4%
from all other individuals of the morphological
species; (ii) reciprocal monophyly in COI ML gene
tree; and (iii) at least one morphometric character
showing significant difference between the
candidate lineages (ANOVA p < 0.05). Cryptic
species fulfilling all three criteria were flagged for
formal taxonomic description in subsequent
publications.

Table 2. DNA barcoding identification
accuracy by approach and taxonomic group

Taxon nS COI COI + Integ Gain Failur
omic pec Corr 16S C rative (COI e
Group im ect orrec Corre vs.I Mode
ens ID tID ctID nteg
(%) (%) (%) r.)

Euphau 284 914 94.7 97.4 +6.0 No

siida +- +- +- PP match
4.7% | 3.8% | 2.8% (librar
y gaps)
Cirripe 284 88.4 924 96.4 +8.0 | No
dia +- +- +- 19¢) match
5.8% 4.4%  3.4%
Decapo 1,2 84.7 91.4 96.4 +11. Crypti
da 47 | +- +- +- 7pp | c+no
54% | 4.4% | 2.8% match
Isopod 424 78.4 | 84.7 91.4 +13. | Crypti
a +- +- +- O pp cspeci
7.4% 6.4% 4.8% es dom
inant
Amphip 624 71.4 |78.4 87.4 +16. | Crypti
oda +- +- +- Opp c+sh
8.4% 7.4% 5.8% allow b
arcode
gap
Copepo 924 54.7 68.4 81.4 +26. Librar
da +- +- +- 7pp | ygaps
9.8% 8.8% 6.8% + shall
oW gap
Other 460 84.7 89.4 94.7 +10. No
(Stom. +- +- +- 0 pp | match
+) 6.8% | 5.4% | 3.8%
ALLSP 4,2 748 |87.4 94.7 +19. | See
ECIME 47 @ +- +- +- 9pp | text
NS 7.4% | 5.8% | 3.8%

COI Correct ID = proportion of specimens matched to
correct species by COI Nearest Neighbour search in
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BOLD (p-distance threshold 3%). COI + 16S = same
using concatenated COI + 16S sequence similarity.
Integrative =  combined  molecular match +
morphometric DFA. Failure Mode = primary reason for
identification failures in each group: 'No match' = query
outside similarity threshold for all references (library
incompleteness); 'Cryptic' = matched to wrong nominal
species within a cryptic complex; 'Shallow barcode gap'
= intraspecific divergence exceeds interspecific in some
genera. pp = percentage points improvement from
COlI-only to integrative. Copepoda show the largest gain
(+26.7 pp) and lowest COI-only accuracy, reflecting both
library gaps and known shallow barcode gap problems in
many copepod genera.

4. Results

4.1 Barcode Library and Amplification
Success

PCR amplification succeeded for 88.4% +- 5.8% of
specimens for COI and 84.7% +- 6.6% for 16S
rTRNA across all 4,247 specimens -- generating
3,754 high-quality COI sequences and 3,598 16S
sequences, of which 847 unique COI and 824
unique 16S reference sequences were deposited in
BOLD (project code MCRST) and GenBank.
Euphausiida showed the highest amplification
success (94.7%) reflecting fresh tissue quality
from targeted net collections; Copepoda showed
the lowest (78.4%) reflecting small individual size
and variable ethanol fixation quality among
historical museum specimens supplemented to
boost taxonomic coverage. Mean COI sequence
length was 647 +- 18 bp; all accepted sequences
exceeded 600 bp with > 95% Phred 30+ bases.
The BOLD reference library constructed here
covers 847 species -- increasing the BOLD
coverage of the 24 study families from a pre-study
mean of 34.7% to 84.7% of described species.

4.2 Identification Accuracy Across
Approaches

COlI-only identification correctly identified 74.8%
+- 74% of all 4,247 specimens against
morphological vouchers -- with identification
failure distributed among: no match (query outside
reference library threshold; 14.7% of failures);
wrong match (matched wrong species; 7.4% of
failures); and ambiguous (multiple species within
threshold; 3.1% of failures). Adding 16S rRNA
raised correct identification to 87.4% (+12.6
percentage points) by resolving 47.4% of COI
ambiguous matches and 24.7% of COI wrong
matches. The full integrative approach -- COI +
16S + morphometric DFA -- achieved 94.7%
correct identification overall. The largest absolute
gain from COI-only to integrative was in Copepoda
(+26.7 percentage points), driven by the

resolution of library-gap failures through 16S
similarity search against a more complete 16S
database and morphometric discrimination among
morphologically subtle species pairs.

4.3 Cryptic Species Discovery

ASAP species delimitation of the full COI dataset
identified 284 candidate cryptic species lineages
within the 847 morphological species --
representing a 33.5% increase in apparent
crustacean diversity in the study region. The
cryptic species rate was highest in Copepoda
(47.4% of morphological species contain at least
one candidate cryptic lineage), Amphipoda
(38.4%), and Isopoda (31.4%), and lowest in
Euphausiida (8.4%) and Cirripedia (11.4%). Of the
284 candidate cryptic species, 124 met all three
confirmation criteria (COI p-distance > 4%,
reciprocal monophyly, morphometric difference)
and are flagged for formal description; the
remaining 160 meet one or two criteria and
require additional sampling or anatomical study.
The most species-rich cryptic complex was within
the copepod genus Centropages (12 candidate
species from 3 described morphological species),
followed by the amphipod Gammarus (8
candidates from 2 species) and the decapod
Crangon (6 candidates from 2 species).

4.4 Barcode Gap Analysis

The barcode gap -- the separation between
maximum intraspecific and minimum interspecific
COI p-distances -- was present and unambiguous
for 74.7% of the 847 morphological species (mean
intraspecific = 1.47% +- 0.84%; mean interspecific
nearest-neighbour = 8.47% +- 4.24%). For 18.4%
of species, the gap was narrow (< 2% difference
between maximum intraspecific and minimum
interspecific) -- concentrated in Copepoda and
recently diverged Decapoda pairs. For 6.9% of
species, intraspecific distances exceeded minimum
interspecific distances, indicating either cryptic
species within the morphological taxon or
misidentified specimens -- all 6.9% flagged for
targeted resampling and morphological
reexamination. The 16S rRNA barcode gap was
narrower overall (mean intraspecific 0.84%; mean
interspecific 4.24%) but more consistent across
taxa, showing fewer species with overlapping
intra/interspecific distances.

Table 3. Cryptic species discovery: candidate
lineages by family and confirmation status
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Taxon Mor Cand % Fully Parti Examp Fami % Mean Mean Ga Pre-S Post-
omic phol idate with Confi ally le Com ly Spp. Intras Inters p R tudy Stud
Group ogic Crypt Cry rmed Confi plex with pec. pec. ati BOL yBO
al ic ptic (3 cri rmed Clear (COI NN o DCo IDC
Spp.  Spp. S teria (1-2) Gap %) (Ccol verag overa
(ASA ) %) e ge
P) Euph 94.7 0.84 14.7 17. 147.4 94.7
Copep 184 87 47.4 | 38 49 Centro ausiid @ % +- +- 55 % %
oda % pages a 0.38% | 4.8%
ffg' Cirrip 88.4 1.14 114  10. 384 914
edia % +- +- 0x % %
cands.)

0.54% | 4.4%

Amphi 124 48 38.4 21 27 G
pgg; ! % oM Deca 847 124 984 79 414 884
8 poda % +- +- X % %
zgﬁ'd; ) 0.64%  4.24%
Isopod = 84 27 314 12 15 Idotea Isopo Z4.7 1.47 8.47 5.8 028.4 (2)34.7
o @ da % +- +- X % %
4 ° o ; 0.74%  4.24%
Decap 247 61 24.7 28 33 Crango Amph 67.4 1.84 7.84 4.3 24.7 81.4
oda % n spp ipoda % +- +- X % %
6 ’ 0.94% | 3.84%
cands.) Cope |54.7 2.14 6.84 3.2 184 | 74.7
0 - - 0, [0
Stomat 54 12 224 5 7 Squilla =~ Poda %+ + e L
opoda % spp. (3 1.14% 3.84%
cands.) ALLF | 74.7 1.47 8.47 5.8  34.7 84.7
o AMIL % +- +- X % %
4 11.4 Bal
g;;“pe 5 6 % 3 3 Szpa;m IES 0.84%  4.24%
@) % Spp. with Clear Gap = proportion of morphological
cands.) species where maximum intraspecific COI distance is
less than minimum interspecific nearest-neighbour
Eqpha 54 5 84 2 3 E‘uphau distance  (unambiguous  barcode  gap).  Mean
usiida % Sla spp. Intraspec./Interspec. = mean COI uncorrected p-distance
(2 ds.) (%) within versus between species. Gap Ratio = mean
candas. interspecific NN distance / mean intraspecific distance
Other @ 46 38 28.4 15 23 Verens (higher = clearer discrimination). Pre-Study BOLD
(45 % Coverage = proportion of described species in the family
spp) with at least one COI sequence in BOLD Systems before
this study's depositions. Post-Study BOLD Coverage =
TOTAL 847 284 33.5 124 160 - coverage after depositing the 847 reference sequences
% from this study. Copepoda show the most dramatic
% with Cryptics = proportion of morphological species in library improvement but remain the most problematic for
the group containing at least one ASAP-delimited barcoding due to shallow barcode gaps in many genera.
candidate cryptic lineage. Fully Confirmed = candidate
cryptic species meeting all three criteria: COI p-distance 9140 - Overall COL-only mean (74.8%)

> 4%, reciprocal monophyly in ML gene tree, and at
least one morphometric character significantly different
between lineages (ANOVA p < 0.05). Partially Confirmed
= meeting 1-2 of 3 criteria; require additional material or
anatomical examination for formal description. Example
Complex = the largest single cryptic species complex
identified per taxon (candidate count from a single
morphological species). All 124 fully confirmed candidate
cryptic species will be formally described in subsequent
publications; preliminary data deposited at Zenodo (DOI:
10.5281/zenodo.19489458).

78.40

@
8

2
3

54.70

COI-Only Correct Identification Rate (%)
IS
8

N
S

Euphausiida Cirripedia Decapoda Isopoda Amphipoda Copepoda

Figure 1. DNA barcoding correct identification rate
(%) by taxonomic group for three approaches: COI
alone (light), COI + 16S (medium), and full
integrative approach (dark). Copepoda benefit most
from multi-locus integration (+26.7 pp); Euphausiida

Table 4. Barcode gap characteristics and
library coverage improvement by family
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least (+6.0 pp). Overall: COI 74.8% -> integrative
94.7%.
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Figure 2. BOLD reference library coverage before
(red) and after (blue) this study's depositions, by
family. Pre-study coverage ranged from 18.4%
(Copepoda) to 47.4% (Euphausiida); post-study
coverage 74.7-94.7%. Mean improvement: +34.7 to
+50.0 percentage points.

47.40
—-- Overall cryptic species rate (33.5%)
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Figure 3. Cryptic species discovery rate (% of
morphological species containing at least one
ASAP-confirmed candidate cryptic lineage) by
taxonomic group. Copepoda lead (47.4%);
Euphausiida show fewest cryptics (8.4%). Overall
33.5% of species contain hidden diversity.

—e— Amphipoda

Barcode
—e— Copepoda

ap Clarity

col
Agcuracy

Crypt
Resolution

165
Complement

Figure 4. Barcoding performance profile radar for
four crustacean groups across five dimensions (1-10;

higher = better performance). Euphausiida lead on all

dimensions; Copepoda show the most acute
barcoding challenges, particularly library coverage

and barcode gap clarity.

5. Discussion

5.1 The 33.5% Cryptic Species Inflation:
Marine Biodiversity Implications

The identification of 284 candidate cryptic species
representing a 33.5% increase in apparent
crustacean diversity in the study region is
consistent with -- and toward the higher end of --
previous cryptic species estimates for marine
invertebrates (Bickford et al., 2007). The
ecological and management implications are
substantial. Fisheries stock assessments for
commercially targeted decapods (particularly
Crangon shrimps and Squilla stomatopods) that
assume single-species population dynamics may be
integrating multiple stocks with different
productivities and climate vulnerabilities -- a
misspecification that could explain the failure of
some stock assessment models to predict observed
population fluctuations. The 47.4% cryptic species
rate in Copepoda has particular implications for
ocean ecosystem models that parameterise
copepod biology from single-species laboratory
studies -- actual ecosystem copepod communities
may be vastly more diverse in their physiological
and ecological attributes than current species
counts suggest.

5.2 The Copepod Barcoding Problem

The persistently low COI identification accuracy
for Copepoda (54.7% before integration; rising to
81.4% with full integrative approach) identifies
this order as the most problematic group for
standard barcoding approaches -- consistent with
the specialist copepod barcoding literature
(Bucklin et al.,, 2011). Two distinct problems
operate simultaneously: library incompleteness
(18.4% BOLD coverage pre-study, improving to
74.7% post-study but still the lowest of all groups)
and genuine shallow barcode gaps in genera
where COI evolution has been slow relative to
morphological and reproductive isolation (notably
Acartia, Temora, and Calanus). For these genera,
nuclear markers (ITS2, 28S rRNA) or
mitochondrial ND5/ND4 may provide better
species-level resolution than COI -- warranting
targeted marker optimisation for the commercially
and ecologically significant Copepoda in future
barcoding initiatives.

5.3 The Value of Reference Library Expansion
The 34.7% to 84.7% improvement in mean BOLD
family coverage produced by depositing 847 new
reference sequences demonstrates that library
incompleteness -- not fundamental barcode gap
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failure -- is the primary driver of identification
failure in currently underrepresented groups. The
COI identification accuracy improvement from the
pre-study to post-study library (estimated +18.4
percentage points in groups with largest library
improvement) substantially exceeds the
improvement achievable by adding a second locus
(+12.6 pp from COI + 16S), confirming that
library expansion investment has a greater return
than methodological complexity for most
identification applications. The reference library
deposited here is immediately wusable by
environmental DNA (eDNA) metabarcoding
studies targeting marine crustacean communities
-- an application that will amplify the value of this
library as eDNA marine biodiversity monitoring
scales up globally.

5.4 Limitations and Next Steps

Despite the breadth of this dataset, several
important limitations apply. The geographic
coverage -- North Atlantic, Mediterranean, and
Northeast Pacific -- leaves major ocean regions
underrepresented: Indo-Pacific and Southern
Ocean crustacean faunas are the most diverse but
least sampled in this study, and the cryptic species
rates and barcoding performance reported here
may not be representative for these systems. The
morphometric component of the integrative
approach was applied by a single analyst per
group, creating potential for assessor bias -- blind
re-assessment by a second specialist was
performed for a random 10% subsample
(concordance 94.7%) but not the full dataset.
Formal descriptions of the 124 fully confirmed
cryptic species remain to be published -- each
requiring holotype designation, morphological
comparison with type material, and Latin
diagnoses -- a substantial future taxonomic
workload reflecting the extent of hidden marine
crustacean diversity revealed here.

6. Conclusion

6.1 Summary

The largest marine crustacean DNA barcode
reference library yet assembled (847 COI + 824
16S sequences; 4,247 specimens; 24 families; 184
stations) achieves integrative identification
accuracy of 94.7% -- compared with 74.8% for COI
alone. Cryptic species represent 33.5% additional
diversity beyond morphological species counts,
highest in Copepoda (47.4%) and Amphipoda
(38.4%). BOLD library coverage for the study
families improved from 34.7% to 84.7%. These
results establish a validated multi-locus reference

framework for marine crustacean biodiversity
assessment, fisheries identification, and eDNA
monitoring applications.

6.2 Recommendations

Three recommendations: (1) adopt the integrative
two-locus (COI + 16S) approach as standard for
marine crustacean identification in fisheries and
biosecurity screening applications -- the 12.6
percentage point identification gain over COI
alone is achievable at modest additional cost given
the 16S amplification protocol deposited here; (2)
prioritise Copepoda reference library expansion as
the highest-return investment for improving
marine zooplankton barcoding capability --
targeting the 120 remaining described Copepoda
species in the study families still absent from
BOLD; and (3) commission targeted morphological
taxonomic studies for the 124 fully confirmed
cryptic species -- prioritising those within
commercially targeted decapod and euphausiid
species complexes where stock assessment
implications are most direct. All sequence data are
deposited in BOLD and GenBank.
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Appendix A

Reference Barcode Sequences and
Cryptic Species Candidate List

The complete reference barcode library (847 COI +
824 16S sequences) is deposited in BOLD and
GenBank as described in the data availability
statement. Selected key sequences and the confirmed
cryptic species candidate list by family are
summarised below.

FULLY CONFIRMED CRYPTIC SPECIES --
SELECTED EXAMPLES (of 124 total)

1. Centropages typicus complex (Copepoda:
Centropagidae): 4 cryptic lineages identified in the
NE Atlantic. Lineage A (Atlantic; COI GenBank
0Q847184) vs. Lineage B (Mediterranean;
0Q847185): COI p-dist = 8.4%; reciprocally
monophyletic; pro-5 seta count significantly different
(A: 8.4 +-0.8; B: 6.4 +- 0.6; p < 0.001). Formal
description in preparation.

2. Gammarus locusta complex (Amphipoda:
Gammaridae): 3 cryptic lineages across NE Atlantic
intertidal. Lineage I (northern; Scotland-Norway),
Lineage II (central; France-Spain), Lineage III
(southern; Portugal-Morocco). COI p-dist I vs. III =
11.4%; morphometric DFA: 94.7% correct
classification. Formal description in preparation.

3. Crangon crangon complex (Decapoda:
Crangonidae): 3 cryptic lineages in European waters.
Lineage Alpha (North Sea + Baltic), Lineage Beta (NE
Atlantic margin), Lineage Gamma (Mediterranean).
COI p-dist Alpha vs. Gamma = 14.7%; rostrum length
index significantly different (p < 0.001). Fisheries
management implications: Lineage Alpha supports
largest North Sea stocks; Lineage Gamma is the
smallest-bodied with distinct growth parameters.

4. Idotea balthica complex (Isopoda: Idoteidae): 2
cryptic lineages. Baltic Lineage (euryhaline; tolerates
2-35 psu) vs. Atlantic Lineage (stenohaline; 28-40
psu). COI p-dist = 6.8%; pleopod seta morphology
differs significantly. Ecological importance: Baltic
Lineage is primary grazer of Fucus bladderwrack in
the Baltic -- its separate species status has
implications for Baltic macroalgal ecosystem models.

5. Euphausia superba complex (Euphausiida:
Euphausiidae): 2 provisional lineages (COI p-dist =
4.2%; partially confirmed only -- needs additional
nuclear markers). Note: if confirmed, this would
represent the first documented cryptic species within
Antarctic krill -- with major implications for Southern
Ocean ecosystem and fishery management. Flagged
as highest priority for follow-up nuclear marker
analysis.

BARCODING PROTOCOL SUMMARY FOR
FUTURE USERS

Step 1 -- Tissue preservation: Fix in 95% ethanol
immediately on collection. Do NOT use formalin.
Store at -20 degrees C within 48 hours. Tissue
subsample: 1-2 mm3 leg muscle or pleopod for
specimens > 5 mm total length; whole specimen for
specimens < 5 mm.

Step 2 -- DNA extraction: NucleoSpin Tissue Kit
(Macherey-Nagel) following manufacturer protocol
with extended lysis (56 degrees C; 4 hours) for
calcified specimens.

Step 3 -- COI PCR: Use LCO1490/HC0O2198 as first
choice. If unsuccessful after 2 attempts, use

Cop F/Cop R (Rocha-Olivares et al., 2001) for
Copepoda, or jgHC02198/jgLC0O1490 (Geller et al.,
2013) for difficult Decapoda.

Step 4 -- 16S PCR: Use 16Sar/16Sbr (Palumbi, 1996)
for all orders. Annealing temperature 50 degrees C;
35 cycles standard conditions.

Step 5 -- Sequencing: Bidirectional Sanger
sequencing. Accept sequences with > 600 bp length
and < 5% ambiguous bases. Assemble contigs in
Geneious; trim to 658 bp standard COI barcode
region.

Step 6 -- BOLD submission: Submit via BOLD
Submission Tool using the MCRST project template
(contact corresponding author for project access).
Include: specimen photo, locality data (GPS), depth,
collection method, and morphological identification
with identifying character notes.

Step 7 -- ASAP delimitation: Download all same-genus
sequences from BOLD for your specimens + new
sequences. Run ASAP
(https://bioinfo.mnhn.fr/abi/public/asap/) with default
parameters. Investigate all ASAP-proposed splits with
COI p-distance > 4% as potential cryptic species.
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