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Abstract

The first step in many community ecology studies is to produce a species list from a sample of individuals. Commu-

nity ecologists now have two viable ways of producing a species list: morphological and barcode identification. In

this study, we compared the taxonomic resolution gained by a combined use of both methods and tested whether a

change in taxonomic resolution significantly impacted richness estimates for benthic macroinvertebrates sampled

from ten lakes in Sequoia National Park, USA. Across all lakes, 77 unique taxa were identified and 42% (32) were

reliably identified to species using both barcode and morphological identification. Of the 32 identified to species,

63% (20) were identified solely by comparing the barcode sequence from cytochrome oxidase I to the Barcode of Life

reference library. The increased resolution using a combined identification approach compared to identifications

based solely on morphology resulted in a significant increase in estimated richness within a lake at the order, family,

genus and species levels of taxonomy (P < 0.05). Additionally, young or damaged individuals that could not be iden-

tified using morphology were identified using their COI sequences to the genus or species level on average 75% of

the time. Our results demonstrate that a combined identification approach improves accuracy of benthic macroinver-

tebrate species lists in alpine lakes and subsequent estimates of richness. We encourage the use of barcodes for iden-

tification purposes and specifically when morphology is insufficient, as in the case of damaged and early life stage

specimens of benthic macroinvertebrates.
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Introduction

Understanding the biology and ecology of aquatic

species and their management starts with proper identifi-

cation (Merritt et al. 2008). Aquatic species’ identification,

however, can be complicated and there is a large and

diverse literature describing many of these challenges

(Resh & McElravy 1993; Lenat & Resh 2001; Jones 2008;

Pfrender et al. 2010; Bevilacqua et al. 2012). For example,

identification of aquatic invertebrates to the species level

is generally only possible using adults, and often adult

males. However, adults of many taxa are often present

only during narrow time windows. As a consequence,

samples tend to be dominated by immature life stages

(i.e. larvae and pupae), and these life stages generally

lack the required morphological characteristics needed

for species-level identifications (Lenat & Resh 2001; Jones

2008; Pfrender et al. 2010). Additionally, damaged speci-

mens may be impossible to identify because they lack the

required morphological characteristics used in most

keys. Recently, the genetic approach of specimen identifi-

cation by comparing a sequence from an unknown speci-

men to that of a referenced barcode library was proposed

as a way to circumvent these challenges of identification

and compliment morphology based approaches (Valentini

et al. 2009; Pfrender et al. 2010; Baird & Sweeney 2011;

DeWalt 2011).

Using DNA to identify a specimen can overcome

some challenges associated with morphology-based

identification; however, DNA-based identification relies

on having a curated and annotated reference barcode

library. For many animals, the region that is used for

a reference barcode is a 658 base pair region of the

mitochondrial cytochrome oxidase I gene (COI). ACorrespondence: Kristy Deiner, E-mail: alpinedna@gmail.com
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reference barcode is usually generated by sequencing

this gene region, annotating it with metadata (e.g. raw

sequence data, specimen museum number and picture

of specimen) and depositing it in the Barcode of Life

Data System (BOLD, Ratnasingham & Hebert 2007).

Once a barcode is catalogued in BOLD, sequences from

the COI gene region generated from unknown speci-

mens can be compared to the referenced barcode to aid

in identification. This is a molecular equivalent to the

practice of type specimens for morphology (Cook et al.

2010). Additionally, barcode identification can be less

subjective compared to morphology, which potentially

allows for nonspecialists to accurately identify speci-

mens (Valentini et al. 2009). However, BOLD is far

from complete, given that, it was only started in 2007,

but it is rapidly expanding and has already surpassed

one million barcodes and is potentially becoming a use-

ful tool for identification (International Barcode of Life

project, IBOL 2012).

Here, we assess the current utility of barcode iden-

tification via BOLD from a set of benthic macroinverte-

brate fauna sampled from 10 alpine lakes in Sequoia

National Park, located in the Sierra Nevada mountains

of California, USA (Table 1). These lakes were chosen

because park staff were considering removing non-

native fish populations from some of these sites and

desired to identify the benthic macroinvertebrate com-

munities and using this baseline information to evalu-

ate future recovery. Sequoia National Park contains

approximately 1000 lentic water bodies >1 ha, and

most are located in the subalpine and alpine zones at

elevations >3000 m. These lakes were naturally fishless

(Knapp & Matthews 2000), and over the last 150 years

several species of trout [Oncorhynchus (Suckley, 1861),

Salmo (Linnaeus, 1758), and Salvelinus (J. Richardson,

1836)] were introduced to create recreational fisheries

(Pister 2001).

Alpine aquatic systems are in need of restoration

because trout introductions cause negative impacts to

populations of many native alpine aquatic species

including amphibians (Knapp & Matthews 2000; Pilliod

et al. 2010), benthic macroinvertebrates (Carlisle &

Hawkins 1998; Knapp et al. 2001; Nystrom et al. 2001)

and zooplankton (Bradford et al. 1998; Knapp et al. 2001;

Parker et al. 2001). Surveying lakes and accurately devel-

oping a taxon list are essential to determine recovery

after fish removal (Knapp et al. 2001; Vredenburg 2004;

and Knapp 2005).

In this study, we used benthic macroinvertebrate

communities sampled from 10 lakes in Sequoia National

Park to assess what increase in resolution is possible

when morphology and COI sequences are congruently

used for identification of taxa, rather than either method

alone. We did not generate novel barcodes in this study,

rather we used COI sequences to identify specimens. We

then tested if a change in resolution affects estimated

richness at different taxonomic levels. Lastly, we report

on the ability of barcodes to solve challenges related to

identification of young and damaged specimens.

Materials and methods

Sampling

Benthic macroinvertebrates were sampled from 10 lakes

in July and August 2008 using a D-net outfitted with a

0.5 mm mesh bag and a standard sweep method (Knapp

et al. 2001) (Table 1). A total of 15 sweeps were taken

from the littoral zone (<1.5 m deep) of each lake. Habitat

types (bedrock, boulder, cobble, gravel, sand, silt and

submerged vegetation) within each lake were sampled in

rough proportion to their occurrence based on qualita-

tive survey of lake habitats before sampling. Benthic

macroinvertebrates were handpicked from other debris

on site and were preserved in 95% ethanol. Ethanol was

changed to fresh 95% ethanol immediately after samples

were brought back to the laboratory to maximize DNA

preservation. Samples were stored at room temperature

Table 1 Description of study lakes in Sequoia National Park

Basin Lake ID Fish status Area (m2) Elevation (m)

Maximum

depth (m) Latitude Longitude

Upper Kern 20224 Present 14024 3530 2.2 36.683391 �118.422364

21018 Present 4465 3530 2 36.682204 �118.420540

20225 Absent 11040 3590 2.5 36.687091 �118.421012

20227 Present 16026 3310 12.25 36.681619 �118.414146

21004 Absent 4329 3670 3 36.686953 �118.411485

Crytes 20279 Present 64627 3315 12 36.358442 �118.471205

20280 Present 18421 3347 8.9 36.361932 �118.461978

20278 Absent 6934 3343 3.5 36.352843 �118.482964

East Wright 20118 Present 10547 3490 4.5 36.618524 �118.350012

20117 Absent 15529 3490 4 36.615355 �118.349712
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until morphological and barcode identifications were

carried out.

Specimen identification

We use the term ‘specimen’ to refer to the individual

being identified because the two identification methods

potentially identify a specimen to a different taxonomic

level. The term ‘taxon’ (‘taxa’ when plural), is used to

refer to specimens identified to a taxonomic level such as

order, family, genus or species. Specimen identification

was conducted in two ways. First, they were identified

based on morphology using taxonomic keys appropriate

for each benthic macroinvertebrate taxon (Table 2). Each

specimen was identified to the lowest possible taxonomic

level based on the condition of the specimen, its develop-

mental stage (i.e. instar), and the resolution of the key.

Second, a barcode identification was obtained using a

COI sequence from a specimen by comparing the

sequence generated from our specimens to referenced

COI barcodes on BOLD v. 3.0 (Ratnasingham & Hebert

2007). Assignments made at the species level using the

species-level barcode reference database and were based

on the probability of placement calculated by the search

engine. Probability of placement is based on the queried

sequence match with the global alignment of all data

stored in BOLD utilizing a hidden markov model,

followed by a linear search of the database (Ratnasing-

ham & Hebert 2007). To make assignments at the genus

level or higher, we compared the COI sequence to the

database of all barcode records on BOLD and inspected

the neighbour-joining tree generated by the search

engine which contained the 100 nearest neighbours (Rat-

nasingham & Hebert 2007). We determined assignment

of a sequence to a taxon following the strict tree-based

method of Wilson et al. (2011). The strict tree-based

method assigns a sequence as belonging to a taxon if it

was nested within a clade comprised of members from a

single taxon (Wilson et al. 2011).

Lastly, an unrooted neighbour-joining tree was con-

structed from Tamura-Nei pairwise genetic distances

and visualized using Geneious v 6.0 (Biomatters Ltd.).

This tree was then used to detect similarities of

sequences across study lakes and assess if the same or

similar taxa were present when a species-level assign-

ment was not assigned by BOLD (e.g. larvae of Taxon 21,

Supplementary material).

Molecular protocols

DNA extraction was performed on 1–5 specimens per

lake for each unique taxon first identified to the lowest

level possible by morphology (Table 2). Many morpho-

logical taxonomic groups had <5 individuals sampled

from each lake; therefore, in many cases (81%), the num-

ber of specimens extracted represented all the specimens

sampled for each morphological group in each lake

(Table 2).

DNA was extracted from a total of 429 individuals

using the DNeasy Qiagen kit (Qiagen Inc.) and following

the manufacturer’s protocol. For specimens that were

expected to have low DNA yields due to their small sizes

in the families of Chironomidae and Arachnidae, we

used the HotShot extraction method. HotShot extraction

is carried out by boiling the specimen in a high-pH (~12)
NaOH solution and then neutralizing the pH with Tris-

HCL to 7.4 after boiling (Montero-Pau et al. 2008).

Following DNA extraction, universal COI primers

(LCO1490 and HCO2198) were used to amplify DNA

samples (Folmer et al. 1994). Each polymerase chain reac-

tion (PCR) consisted of final concentrations of supplied

TAQ buffer (19) (Roche Inc.), BSA (19), magnesium

chloride (2mmol), dNTPs (0.20lmol), 0.05 units Faststart

TAQ (Roche, Inc., Basel CH), 1 lL of DNA template

(10–70 ng/lL), light and heavy primers (0.50lmol) and

molecular grade water in a total reaction volume of

10 lL. PCR involved a 4-min denaturing at 94 °C before

thermocycling for 35 cycles. The thermocycling profile

was 94 °C denaturing for 30 s, 48 °C annealing for 30 s

and 72 °C extension for 1 min, followed by a 7-min

extension at 72 °C. PCR success was assessed on a 1.2%

agarose gel stained with Gelstar (GE Healthcare). PCR

products were purified using the ExoSap-it kit (GE

Healthcare) and then sequenced bidirectionally on an

ABI 3130/3730 sequencer using di-deoxy chain termina-

tion chemistry with BIG Dye v3.1 (Applied Biosystems)

following recommended Applied Biosystems protocols.

Sequences from light and heavy strands were aligned

and edited with SEQUENCHER v4.8 (GeneCodes). A

global alignment was generated using Geneious v 6.0

(Biomatters Ltd.). Sequences generated for this study

have been submitted to GenBank (Accession numbers

KF000103 – KF000348, Supplementary material).

Data analysis

After the taxon list was produced using a combined mor-

phological and barcode method of identification for each

lake (Table 2), we then calculated the morphology-based

taxonomic resolution as the number of taxa identified to

a particular level of taxonomy (order, family, genus or

species) divided by the total taxa per lake identified to

that level of taxonomy. Barcode-based taxonomic resolu-

tion was calculated in the same manner. The combined

taxonomic resolution for each lake was calculated as the

sum of all taxa identified to each level of taxonomy

divided by the total taxa for each taxonomic level within

a lake. Differences in resolution among identification

© 2013 John Wiley & Sons Ltd
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methods (morphology, barcode and combined) were

tested using nonparametric Kruskal–Wallis one-way

ANOVA and were followed by a Tukey’s honestly signifi-

cant difference (HSD) test. A nonparametric test was

used because count data could not be normalized.

Increased resolution of the combined approach and bar-

code approach was calculated as the difference between

taxonomic resolution produced from the combined

approach to that of the morphological approach alone.

Increased resolution was calculated for each lake and

across four levels of taxonomy (order, family, genus and

species).

Taxonomic richness was calculated at the order,

family, genus and species level using three methods of

identification: morphology alone, barcode alone and the

combined data set. Richness at each taxonomic level in a

lake was calculated as the sum of unique taxa identified

(e.g. Table 2). This means that if the specimen was not

identified to the genus or species level, it was not

included in the estimate of richness for that level. The

reason for not including an unknown is because they are

unidentified and so we did not want to assume that all

unknowns of a genus belong to the same species or that

all unknowns of a family belong to the same genus. To

test whether or not there was a significant difference in

estimated richness at each level of taxonomy (which was

normally distributed), a paired t-test was performed

between two methods of identification (morphology vs.

barcode and morphology vs. combined barcode and

morphology). For all statistical tests, Type I error was

minimized by a sequential Bonferroni correction that

adjusted the significance level (alpha of 0.05) for the

number of tests run (N = 4) for the two identification

methods. To reduce the likelihood of Type II error, sig-

nificance was judged at the standard alpha of 0.05. Statis-

tical analysis was carried out in JMP version 8 (SAS

Institute).

Lastly, we calculated the success of barcode identifica-

tion within each lake. Success was calculated as the sum

of sequenced and identified taxa at the genus or species

level divided by the total number of taxa for which DNA

from at least one specimen was extracted.

Results

Identification of specimens with morphology and
barcodes

Using morphology (N = 1266) and COI sequences

(N = 246), we identified a total of 77 unique taxa to vari-

ous levels of taxonomic resolution (Table 2). When a

combined identification approach of barcode and mor-

phology was used, all specimens were identified at the

phylum and class levels of taxonomy. There were 14T
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orders identified, and only two classes had specimens

which could not be identified to order by either method

of identification. There were 100 unidentifiable speci-

mens belonged to the classes of Clitellata (13 individuals)

and Turbellaria (87 individuals) (Table 2). In both of

these cases, sequences were not obtained from specimens

of these taxa and they were too damaged to identify

using morphology.

We identified a total of 22 families and the only addi-

tional specimen (besides specimens in the classes of

Clitellata and Turbellaria mentioned above) that could

not be further identified at the family level was in the

order of Sarcoptiformes (Table 2). We identified 55

genera, leaving seven higher taxa could not be identified

to the genus level (Table 2). We identified 32 species,

leaving the other 45 taxa identified to genus (Table 2). Of

the taxa identified to species, barcodes accounted for 20

(63%) and half of these (10) were from the family Chiro-

nomidae. There were only two inconsistencies between

barcode identification and morphology (2 of 246; Supple-

mentary material). We considered these specimens to

belong to the taxon identified from the barcode (Table 2)

because a positive species or genus match was made to a

barcode reference sequence on BOLD. However, taxon

names obtained using both methods are listed in the

Supplementary material.

Of the 429 specimens for which DNA was extracted,

246 produced a sequence ranging in size from 576 to 658

base pairs (Fig. 1). The 246 sequences contributed to

identification at some level of taxonomy for 83% of taxa

identified from the ten lakes (64 of 77, Table 2). Of the 13

unique taxa for which a sequence was not obtained,

morphology resolved three to family or a higher level of

taxonomy (i.e. order or class), five to genus and five to

species.

For early-instar specimens for which a sequence was

produced, 64% were identified (65 out of 102) to the

genus level or lower. At any given sampling locality, an

average of 62% (44%–79%) of early-instar specimens

were identified using their COI sequence (Table 3).

Sequences also allowed us to identify damaged speci-

mens. For those that produced a sequence, 75% (6 of 8)

were identified to the genus level or lower (Table 3).

Taxonomic resolution and richness estimates

There was a significant increase in the number of speci-

mens identified at the genus and species level when a

combined identification approach was used (Fig. 2). The

largest average increase in resolution (24%) per lake was

at the species level (Fig. 2). There was a significant differ-

ence in the estimated richness when the combined

approach for identification was used in each lake at

all levels of taxonomic resolution tested (Table 4).

After Bonferroni correction, there was also a significant

difference in estimated species richness using barcode

identification compared to morphological identification

(Table 4).

Discussion

Combined use of barcodes and morphology for identifi-

cation led to a similar resolution at the order and family

level and a more highly resolved taxon list at the genus

and species level when compared to morphology or

barcodes alone. The more highly resolved taxon list was

due to specimens being identified from genus to species

with barcodes (e.g. specimens in the family of Chironom-

idae). Many specimens did not produce a usable bar-

code, however, and therefore morphologically identified

specimens aided in an increased resolution at the genus

level. Increased resolution was also due to identifying

young specimens (e.g. Dytiscidae larvae) and damaged

individuals (e.g. ephemeropteran specimens) using bar-

codes where morphology could not be used. Therefore,

when the best-resolved species list is needed for an aqua-

tic community, identification via barcodes in addition to

morphology has proved successful even given the very

low representation of all macroinvertebrate species

barcodes available in BOLD.

The increased resolution was most notable at the spe-

cies level of identification, with 63% of species identifica-

tions for 77 taxa coming only from sequence-based

identifications. This resulted in an average of 24% more

identifications of taxa to species per sample locality.

Barcodes strengthened and complimented morphologi-

cal identification in this study because of the 32 taxa

identified to species, 12 (38%) where identified to the

species level when morphology could resolve them only

to genus. Sweeney et al. (2011) had a similar result and

observed an increase of 34–38%. As such, barcodes

significantly changed the estimate of richness at the

species level and changed the estimated local and regio-

nal species diversity measured within and among lakes.

For example, we found that COI sequences from speci-

mens in the genus Tanytarsus (Family Chironomidae)

revealed that there was more than one species found in

the study lakes (Table 2). The increased ability to resolve

specimens to species is needed based on the most recent

review of the effect of taxonomic resolution on ecological

questions. Specifically, Bevilacqua et al. (2012) have

shown that lumping unidentified specimens into higher

taxonomic groups can bias ecological inferences because

these groups often do not share adequate ecological

similarity.

The observed combined morphology and barcode

identification success rate of 84% across taxa identified to

the genus or species level are likely an overestimate of
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success because taxa resolved to the family and genus

level of taxonomy could contain more than one taxon if

there is more than one specimen. However, the groups

that would likely have the greatest impact on the total

number of taxa are the Platyhelminthes (flatworms). We

sampled a total of 87 specimens from six lakes and they

were only identified to the level of class in our study.

This group, as well as members in the order of Hemip-

tera (e.g. Corixidae and Gerridae) did not produce a

sequence usable for identification with universal prim-

ers. Sweeney et al. (2011) excluded Platyhelminthes for

similar reasons. Platyhelminthes are also difficult to

identify morphologically because when they are col-

lected in benthic samples and preserved in the field, it is

Fig. 1 An unrooted neighbour-joining tree of all COI sequences used for identification. Tree illustrates similarities of COI sequences

assigned to taxonomic groups (e.g. ‘Taxon 21’) from specimens across all lakes. Branch lengths and scale bar are Tamura–Nei genetic

distances.
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typically performed in a manner that compromises their

morphology (Smith 2001; Merritt et al. 2008).

More investment in molecular tools is required for

taxa when the universal barcode primers do not work.

The development of taxon specific primers can allow

for sequence data to be produced. For example, L�azaro

et al. (2009) reported on the success of primers

designed for Platyhelminthes of the genus Dugesia.

Primers such as these should be more broadly tested in

aquatic studies. A concerted and organized effort by

the molecular and aquatic taxonomic communities will

be necessary to develop barcode primers for trouble-

some taxa. This would greatly aid aquatic ecologists in

their pursuit to identify individuals in communities

when morphology is not sufficient. This, however,

requires reporting and publishing which taxa are

consistently not amplifying such as what we have car-

ried out here in Table 2.

The significant increase in estimates of species rich-

ness attained when a combined approach was used

opens the discussion as to whether we should accept a

standard phrase such as ‘best available’ taxonomy

when based solely on one method of identification.

This may especially be important for restoration efforts

when uncertainty in the reference state should be esti-

mated (Clewell et al. 2005). More notably, taxon rich-

ness is of high importance in conservation because it is

a standard metric used to determine attributes of

places such as biodiversity hotspots (Myers et al. 2000).

For some well-known taxa, where morphology is able

to resolve identifications accurately to the species level,

this is less of an issue, but for estimates of taxa rich-

ness in groups such as aquatic insects, evidence in this

study and others (e.g. Pilgrim et al. 2011; Sweeney

et al. 2011) indicate that we are underestimating bio-

diversity.

Barcode identification also helps with juveniles,

damaged specimens and a reduced reliance on expert

taxonomic identification of every specimen, but it does
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Fig. 2 Resolution obtained for different methods of identifica-

tion. Comparison of the performance of different specimen

identification methods. Percentage identified is based on the 170

possible taxa that were identifiable across all lakes (N = 10)

sampled in this study. Morphological identification was carried

out with dichotomous keys, and barcode identification was

based on a match with the BOLD database from a 658 bp cyto-

chrome oxidase I sequenced PCR product. ‘Combined’ includes

the total identified by barcodes matches and morphology.

‘Increased resolution’ is the difference in number of specimens

identified by a combined approach compared to only using mor-

phology. Bars not identified by the same letter are significantly

different at a P-value of <0.05 within each taxonomic level. Black

lines are standard deviations based on estimates from 10 lakes.

Table 3 Barcode success, percentage of early-instar and dam-

aged individual identified to the genus or species level using

barcodes

Lake ID

Barcode

success

% Young

identified

% Damaged

identified

20224 0.52 0.83 N.A.

21018 0.48 1.00 0.00

20227 0.50 1.00 N.A.

20225 0.38 0.80 1.00

21004 0.65 1.00 0.50

20279 0.73 0.67 N.A.

20280 0.81 0.67 N.A.

20278 0.60 0.44 N.A.

20118 0.65 0.80 1.00

20117 0.45 0.67 1.00

Average 0.58 0.79 0.70

N.A. indicates not applicable because all specimens had traits

that could allow for morphological identification. Barcode suc-

cess was calculated as the ratio of number of reliable barcodes

produced to the number extracted within each lake using

universal primers.

Table 4 Difference in estimated taxon richness when identifica-

tions were made using morphology compared to (1) using

barcodes and (2) using both barcodes and morphology

Resolution d.f.

Barcode Combined

Md P-value Md P-value

Order 9 0.0 1.00 0.5 0.05

Family 9 1.3 0.74 1.4 0.01

Genus 9 �2.2 0.06 2.3 0.01

Species 9 2.7 0.00 4.2 0.00

Bolded values were significant after sequential Bonferroni cor-

rection for multiple tests. Md is the mean difference between

groups and d.f. stands for degrees of freedom.
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not solve all of the challenges faced when creating a list

of taxa for any sample. Identifications of taxa will

remain troublesome, as is the case here, when universal

tools cannot be employed or when libraries such as

BOLD lack a reference barcode for the taxon of interest.

Morphological and barcode identification methods

suffer from the same lack of reference data, in that if a

species is not included in a taxonomic key or the neigh-

bour-joining tree used for higher level identification

here, then a proper identification cannot be made

(Wilson et al. 2011) and should be treated with caution.

Further, we found that information on the precise

methods used by BOLD to assign taxonomic names to

be less transparent than what is ideally required to

assess individual assignments and suggest a more

detailed public explanation (e.g. explain methods on

database website) of how assignments are made to

increase utility of the database. Lastly, there is a

burgeoning literature on additional ways to account for

identification uncertainty. Specifically, Cayuela et al.

(2011) developed a method to incorporate the effect of

taxon uncertainty into hypothesis testing, and although

we did not test the use of accounting for uncertainty

statistically, we suggest future studies consider incorpo-

rating both barcode and statistical methods in addition

to morphology for dealing with uncertainty in taxon

identification, thus allowing for more robust ecological

interpretations.

In conclusion, barcode identification combined with

morphological identification can increase the resolution

of a taxonomic list for macroinvertebrates in alpine

lakes. The ability to accurately identify specimens will

continue to increase with quality-controlled contribu-

tions to BOLD and we encourage this sustained collab-

oration between taxonomists and molecular ecologists.

We found that COI sequences generated with the

universal barcode primers can provide species-level

identifications for many macroinvertebrate groups (e.g.

Chironomidae) and from early instar and damaged

specimens. We reiterate that the use of barcodes for

identification purposes increases taxonomic resolution

especially at the species level for aquatic benthic inver-

tebrate communities, and we strongly encourage the

use of barcodes for identification, especially when

morphology is insufficient.
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