
INTRODUCTION

Variation in reproductive mode makes the bagworm
moths of the subfamily Naryciinae (Lepidoptera: Psychi-
dae) an extremely interesting group for studying the con-
sequences of sexual and parthenogenetic reproduction.
Although very rare within Lepidoptera, obligate parthe-
nogenetic reproduction has evolved independently several
times in the Naryciinae (Grapputo et al., 2005). In theory,
parthenogenetic species should replace their closely-
related sexual species in the short term since they do not
have the costs of producing males, do not experience the
risks associated with mating and should colonize new
areas more easily. Still, species of both types co-occur in
many places, and even, on occasion, both types of the
same species (Lepidopterologen-Arbeitsgruppe, 1997;
Kumpulainen et al., 2004).

A 2004 study in Finland that measured parasitism of
Naryciinae over a period of 3 years found that parasitism
was higher in places where sexual species were predomi-
nant (Kumpulainen et al., 2004). The authors suggest that
this correlation potentially reflects “the parasite hypo-
thesis of sex” (i.e., the Red Queen hypothesis, see, a. o.,
King et al., 2009), which posits that genetically more

variable sexuals tolerate parasites better than asexuals.
Alternatively, if parasitoids preferentially attack partheno-
genetic forms, they could maintain the presence of sexu-
als. Unfortunately, in the study by Kumpulainen et al.
(2004) the parasitoids were not identified nor was their
biology known, although it was noted that a range of spe-
cies were involved. Therefore, the mechanism causing the
differences in parasitism rates was not identified.

The main purpose of this paper is to describe the parasi-
toid species complex associated with sexual and parthe-
nogenetic Naryciinae larvae in order to carry out a more
detailed analysis of the differences in percentage para-
sitism recorded for sexual and parthenogenetic Narycii-
nae. This study was conducted at 70 different sites in
Central Finland, where more than 10,000 host larvae were
collected. To test for specialization on parthenogenetic or
sexual hosts, host species were identified by sequencing a
fragment of the COII mitochondrial DNA from the larval
host remains.

Knowledge of potentially cryptic species is essential to
understanding host-parasitoid interactions in multi-host
communities (Kankare et al., 2005). In several species of
parasitoids the existence of cryptic species – associated
with host specialization – has been established through
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Abstract. This study describes the parasitoid species complex associated with seven closely related species of sexual (Siederia rupi-

collella, S. listerella, Dahlica lazuri, D. charlottae and D. lichenella) and parthenogenetic (Dahlica fennicella and D. triquetrella)
Naryciinae (Lepidoptera: Psychidae) in Central Finland. A thorough ecological analysis of all the species of parasitoids recorded was
combined with analyses of molecular data. Mitochondrial and nuclear DNA data were obtained from all the species in order to (1)
detect cryptic species associated with host specialization, (2) assign undescribed males to females, and (3) verify the morphological
identification of closely related species. A DNA barcoding technique was employed to identify host species from parasitized larval
remains. By sampling more than 10,000 host larvae, of which 25.7% were parasitized, nine parasitoid species were identified mor-
phologically, including both koinobionts (Ichneumonidae: Diadegma incompletum, Macrus parvulus, Trachyarus borealis, T. solya-

nikovi, T. fuscipes, T. brevipennis and Braconidae: Meteorus affinis) and idiobionts (Ichneumonidae: Orthizema flavicorne, Gelis

fuscicornis). Ecological characteristics such as time and mode of host attack, time of emergence and level of specialization differed
widely. The results show that differences in parasitoid biology need to be taken into account when studying differences in percentage
parasitism of sexual and parthenogenetic Naryciinae. The molecular data revealed that one parasitoid species M. parvulus may con-
sist of two cryptic forms associated with the sexual and parthenogenetic hosts, respectively. The data further establishes that T. bre-

vipennis and some T. fuscipes are in fact morphotypes of one species. The large variation in mitochondrial DNA within species and
its inconsistency with nuclear DNA demonstrate that current species and genus delimitation is inadequate in the Trachyarus species
group. Our study shows that it is essential to use DNA barcoding methods when investigating host-parasitoid complexes.
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molecular analysis (Kankare et al., 2005; Smith et al.,
2007; Bernardo et al., 2008). Moreover, it is clear that
taxonomy based on morphology alone may lead to dif-
ferent results than those based on molecular analyses,
partly due to unclear and vague descriptions in some
groups. Therefore, molecular analyses of parasitoid mito-
chondrial and nuclear DNA were performed in order to
(1) test for potential host-specific cryptic species, (2)
reliably assign male parasitoids to species, and (3) verify
the morphological identification of closely related
species.

MATERIAL AND METHODS

Collection and rearing

In February 2008, before bagworm moth larvae became
active, 71 forested sites around Jyväskylä, Central Finland were
selected (Fig. 1). At each site (separated from each other by at
least 500 m) tape (TRENDtape, Müroll, Frastanz, Austria) was
attached, adhesive side outwards, around 10–25 (average
15.9 ± 0.7 s.e.) of the larger trees, approximately 1.5 m above
the ground. The maximum distance between trees within a site
was 100 m. All Naryciinae larvae, climbing up trees with their
cases to pupate, that were trapped by the tape were collected. A
total of 1132 trees (82% Picea, 13% Betula, 3% Pinus, 1%
Populus) were sampled. In addition, immature larvae were col-
lected throughout the year from some sites and reared on mosses
and lichen in pots until autumn. Although survival was low,
some parasitoids emerged from these larvae.

From 15 March each site was visited once a week until the
beginning of May (total: 9 weeks), after which almost no mature
larvae were found. Each week, all the mature larvae caught by
the tape were collected and placed in individual rearing tubes
within three days of collection: these were placed inside a
growth cabinet at 10/20°C (16/8 h cycle) and 85% humidity. A
minority were kept at 5°C for up to 3 weeks due to space and
time constraints. From the beginning of July to the beginning of
September, the temperature was set at 15/25°C (16/8 h cycle) to
approximate summer conditions. At the beginning of October,
the temperature was set at a constant 4°C for 5 months to imitate
winter conditions. The dark/light cycle in the growth cabinet
was adjusted regularly to outside conditions throughout the
year.

All tubes were checked for the emergence of moths or parasi-
toids every day, and each emerged individual was placed in
99% alcohol for preservation. No parasitoids or moths emerged
after the “winter” treatment. Dissecting a random subsample (n
= 42) of the cases from which nothing emerged revealed that
they were either empty or contained a dead bag worm larva or
pupa. If a parasitoid emerged we collected, if present, the
remains of the host larva (mainly skin) and preserved it in 99%
ethanol.

Identification

Parasitoid species were separated based on their morphology.
Several parasitoid individuals of each type were sent to special-
ists for identification: Klaus Horstmann identified specimens of
Diadegma and Macrus, Martin Schwarz Gelis and Orthizema,
and Kees van Achterberg braconids. The Trachyarus were iden-
tified by Kees Zwakhals. Morphological identification of males
was not possible for most species due to the absence of descrip-
tions or a lack of distinguishing characteristics. However, the
males were assigned to species by means of a DNA-analysis.
Specimens of each species, including those genetically analy-
sed, are deposited in the collections of the respective identifiers.

Identification of host species was attempted, using DNA
analysis, for all those larval remains for which the parasitoids
were analysed molecularly (see below). Unfortunately, remains
of the larval host were absent in many cases or we were unable
to extract the DNA due to degradation or limited amounts of
DNA. While emerging moths were not all identified, they were
all divided into sexuals and asexuals based on reproductive
behaviour; parthenogenetic females immediately lay eggs inside
the larval case upon emergence. Only cases from the larger par-
thenogenetic Dahlica triquetrella could be reliably identified,
but those were rare (41 individuals). Molecular identification by
comparison of partial sequences of the COII gene with those in
a previously-established reference database (Grapputo et al.,
2005, sequences available in Genbank) revealed that there were
five sexual species in the study area (Elzinga et al., 2011): Sie-

deria rupicollella, S. listerella, Dahlica lazuri, D. charlottae

and D. lichenella. All parthenogenetic moths for which DNA
was examined (except D. triquetrella) were D. fennicella. How-
ever, the taxonomic status and the names are not yet certain for
all the host species (see, e.g., Palmqvist, 2008; Elzinga et al.,
2011). Dahlica lichenella in Finland, for example, is a partheno-
genetic species (Suomalainen, 1980; Suomalainen et al., 1981;
Grapputo et al., 2005; Palmqvist, 2008), whereas the D. liche-

nella collected in this study were sexual. Dahlica lazuri was
identified by Peter Hättenschwiller as D. fumosella, which sup-
ports the hypothesis that they are the same species (Palmqvist,
2008). Similarly, S. listerella could be S. pineti (Palmqvist,
2008). In this paper, we follow the species names that were used
for the reference samples in Grapputo et al. (2005).

DNA extraction and sequencing

Barcoding (Hajibabaei et al., 2007) is a molecular tool widely
used to identify species and to detect the existence of cryptic
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Fig. 1. Map showing the sites where Naryciinae larvae were
collected. White patches: at least 30% of the adult moths that
emerged belonged to parthenogenetic species. Dark grey –
water, light grey – forest, white – other types of land use.



species (Kankare et al., 2005; Smith et al., 2006, 2007; Ber-
nardo et al., 2008; Desneux et al., 2009). The 5' half of the mito-
chondrial cytochrome c oxidase I (COI) gene is usually used in
barcoding because it is very variable, generally applicable and
its primers are universal (Hebert et al., 2003). Depending on the
organisms investigated, a divergence of 1% to 3% among
sequences is considered the threshold for considering a
specimen to belong to a certain species (Kankare et al., 2005;
Smith et al., 2007). In this study the barcoding protocol was
applied as an additional identification tool and to determine
whether there were any cryptic species among the morpho-
logically identified parasitoids. The sequence of the barcoding
fragment of the COI gene was obtained for, on average, 10
random specimens (male and female) of each morphological
parasitoid species collected from different sites and, where pos-
sible, from sexual and parthenogenetic host sites. Additional
samples were analysed when the two methods of identification
did not give similar results.

Since mitochondrial DNA is inherited maternally in most
insects, the analysis of an additional variable nuclear gene
becomes essential to identify the presence of hybrid species and
may account for the differences between morphological and bar-
coding identification (Smith et al., 2007). Although several
other regions are very variable and used in phylogenetic
analyses of Hymenoptera (e.g., ITS2: Wagener et al., 2006;
ArgK: Ramirez et al., 2010), available primers resulted in either
multiple or null amplifications for our parasitoid samples (pers.
obs. JAE & AG). Therefore, we decided to test the suitability of
the Wingless gene (Brower & DeSalle, 1998). The Wingless
gene is variable enough in other insects for it to be used in low-
level phylogenetic studies (Mitter et al., 2011) and has a rate of
evolution similar to mtDNA (Brower & DeSalle, 1998).

DNA was extracted from one hind leg of each parasitoid,
which meant the specimen could be used for morphological
analyses and it reduced the chances of inadvertently amplifying
the DNA of parasitoid-associated Wolbachia (Linares et al.,
2009). DNA was extracted using the DNeasy Blood & Tissue
Kit (QIAGEN) according to the manufacturer’s protocol and re-
suspended in 100 µl of AE buffer. Amplification of a fragment
of about 700 bp of the Cytochrome Oxidase I was obtained
using the universal forward primer LCO and the reverse primer
HCO (Folmer et al., 1993). Amplification of a fragment of about
500 bp of the Wingless gene was carried out using the forward
primer LepWG1 and the reverse primer LepWg2 (Brower &
DeSalle, 1998).

Host DNA was extracted from the remains of the host larva as
described above. Amplification of a fragment of about 400 bp of
COII was obtained using a specifically-designed forward primer
for Naryciinae (COII-M1-F: TTGGATTTAAACCCCATYTA)
and the universal reverse primer C2-N-3389 (Simon et al.,
1994). Cytochrome Oxidase II (COII) rather than COI was used,
first because the specific primer COII-M1-F prevented the
amplification of the parasitoid DNA and secondly because only
reference sequences of COII were available for Naryciinae
(Grapputo et al., 2005; Elzinga et al., 2011).

All primers were tailed with M13 primers. Amplifications
were done in a C1000 Thermo Cycler (Bio-Rad) with the use of
1× Premix B (Epicentre), 10 pmol of each primer, 1.25 Units (1
Unit for the COII amplification) of Failsafe enzyme mix (Epi-
centre) and 2 µl of genomic DNA, with a total volume of 20 µl.
The PCR program was: 95°C for 3 min, then 30 cycles of 95°C
for 30 s, annealing at 55°C (50°C for the COII) for 30 s and
72°C for 1.5 min, followed by a final extension at 72°C for 5
min. Amplification of Wingless and COII were done in two
rounds of PCR of 40 cycles, using 1 µl of the product of the first
round for the second round. All 20 µl of the PCR product was

run on a 1% agarose gel. The band of the target size was cut and
centrifuged through a 300 µl Finntip Filter (Thermo Labsys-
tems) at 6,000 rpm 15 min for each sample.

Sequencing reactions were performed using the BigDye®
Terminator v3.1, Cycle Sequencing Kit (Applied Biosystems)
using the M13 primers and run on an ABI 3130XL automated
sequencer. All the sequences were checked for mismatches
between strands and corrected in Seqscape 2.6 (Applied Biosys-
tems). Some samples of one parasitoid species (Macrus parvu-

lus) showed a mixture of amplification products for the COI
gene suggesting the presence of pseudogenes (see Song et al.,
2008). In these cases, the amplification product was cloned
using the CloneJet PCR Cloning Kit (Fermentas) and NovaBlue
Single Competent Cells (Novagen). Only the resulting
sequences that did not contain one extra base pair and multiple
stop codons were included in analyses.

Analyses

Ecological parameters

Percentage parasitism was calculated using only those host
larvae from which a moth or parasitoid emerged (excluding the
rare D. triquetrella of which only a 35% emerged). Idiobiont
parasitoids may attack larvae that are already parasitized by koi-
nobionts, killing those (Elzinga et al., 2007). Therefore, to avoid
underestimating the percentage parasitism by koinobiont parasi-
toids, it was calculated excluding larvae from which idiobionts
emerged (assuming the idiobionts neither avoid nor prefer previ-
ously parasitized hosts). Time to emergence was calculated
from the day of host larval collection to the day of adult emer-
gence. For most parasitoids development was longer when the
host larva was stored for some time at 5°C and thus we only
used the data for individuals that were kept at normal rearing
temperatures (see above). Time to emergence was affected by
the date on which the host larva was collected, variation in han-
dling time, differences in developmental stage, or because
development of the parasitoid was dependent on it experiencing
some light or temperature threshold. Therefore, we compared
times to emergence between sexes using the residuals of an
ANOVA for week collected. All comparisons between sexes
were made using t-tests.

Parasitoid and host DNA

Sequences for each gene were aligned with ClustalW in
MEGA 4.0 (Tamura et al., 2007). A collection of reference
sequences for the Naryciinae COII, available in Genbank (Grap-
puto et al., 2005), was added to the COII dataset for the species
identification of the larval host remains. Identification was
based on the clustering of the sequences with the references
sequences.

To our parasitoid DNA data set we added reference sequences
from related species for comparison: Diadegma semiclausum

(Ichneumonidae: Campopleginae) (Genbank EU871947.1) for
COI and Hyposoter fugitivus (Ichneumonidae: Campopleginae)
(GenBank DQ538624.1) for Wingless; and for both genes,
Hemichneumon subdolus (Ichneumonidae: Ichneumoninae)
obtained locally and from Switzerland. Hemichneumon subdolus

attacks other Psychidae species (e.g., Taleporiinae: Taleporia

tubulosa and Psychinae: Psyche sp., pers. obs.) and belongs to
the same tribe (Phaeogenini) as Trachyarus sp. Each parasitoid
COI sequenced was queried on the BOLD database (
http://www. boldsystems.org, last accessed 10.iii.2011). 

A COI phylogenetic tree was obtained using the neighbour-
joining method and the K2P model for nucleotide substitution
with pairwise deletion according to the barcoding protocol (Rat-
nasingham & Hebert, 2007). The best model of nucleotide sub-
stitution for Wingless (K2P+G) was obtained with jModelTest
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(Posada, 2008) using the Akaike Information Criterion (Akaike,
1974). Accordingly, a Wingless phylogenetic tree was obtained
using the Bayesian method implemented in MrBayes (Ronquist
& Huelsenbeck, 2003) and the K2P model of substitution with
rates = gamma. Four MCMC chains (three hot and one cold)
were run for two million generations with trees sampled every
100 generations. The first 500,000 generations (5,000 trees)
were discarded (“burn-in” period) and the posterior probabilities
were estimated for the remaining generations. Two independent
Bayesian runs initiated from random starting trees were per-
formed to check that the chains had reached stationarity.

To investigate the intra- and inter-distance distributions
among parasitoid species with COI and Wingless, and compare
the two genes, we used SpeciesIdentifier ver 1.7.7-dev3 (Meier
et al., 2006).

RESULTS

Percentage parasitism

A total of 10,357 fully-grown Naryciinae larvae
(excluding 41 D. triquetrella) were collected from the 70
sites sampled (Fig. 1). The majority of larvae were col-
lected in weeks 15, 16 and 17 (Fig. 2). At most sites only

sexual moths were collected but at about 20 sites at least
30% of the adult moths were parthenogenetic females
(Fig. 1). A moth or a parasitoid emerged from 77.5% of
the larvae collected. The total percentage parasitism was
25.7% (2060 parasitoids in total) of which more than 99%
were identified morphologically to species level. Per-
centage parasitism strongly increased over time from less
than 20% in the first five weeks to over 80% in the last
week (Fig. 2). Successful emergence, however, decreased
over time from more than 90% in the first week to less
than 50% in the last week (Fig. 2), probably due to
greater activity of small predators (e.g. spiders, ants and
shield bugs, pers. obs. JAE). The fraction of parasitism by
both koinobiont and idiobiont parasitoids increased over
time, although there were clear differences between the
parasitoid species (Fig. 4). Three clear cases of
(pseudo-)hyperparasitism by an idiobiont were recorded
(see below).

Species complex

Based on morphological characters, nine species of
larval parasitoids (eight ichneumonids, one braconid)
were identified (Table 1), of which one was only recently
described (Zwakhals & Elzinga, 2009). The majority of
the parasitoids were koinobionts (73%), but the composi-
tion of the parasitoid complex depended strongly upon
the week in which larvae were collected (Fig. 3).

Not only did the type of parasitoid (koinobiont endo-
parasitoid or idiobiont ectoparasitoid) vary, there was also
a large variation in other ecological characteristics. Some
ecto- and endoparasitoids attack host larvae in spring,
leading to higher percentage parasitism at the end of the
sampling period, whereas other koinobionts attacked the
host the previous year, leading to the percentage para-
sitism peaking earlier in the collection period (Fig. 4).
Times to emergence also differed markedly among spe-
cies (Fig. 6A). Some species emerged while mature host
larvae were still active in the field, whereas other species
of parasitoid emerged later and one species emerged only
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Fig. 2. Number of Naryciinae larvae collected in Central Fin-
land, percentage emergence (adult moth or parasitoid) and
overall percentage parasitism of the larvae collected each week
(week 1 started March 15, 2008).

Fig. 3. Changes in the complex of parasitoid species parasitizing Naryciinae larvae in Central Finland during the period of the
study, which started March 15, 2008.



in autumn. The biology of each species of parasitoid is
discussed in more detail below.

DNA analyses

Sequences of a fragment of 657 bp of the COI gene
were obtained for 151 individuals. The aligned sequences
contained 287 variable sites (284 parsimoniously infor-
mative). None of the COI sequences matched a sequence

for parasitoid species in the BOLD database (www.
boldsystems.org, last accessed 10.iii.2011), but all clus-
tered with members of their corresponding subfamily.

A fragment of 439–454 bp of the Wingless gene was
obtained for 65 samples. Sequences of M. parvulus and
D. incompletum contained insertions of 6 and 15 bp,
respectively. The 65 obtained sequences contained 157
variable and parsimoniously informative sites.
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Fig. 4. Percentage parasitism of the Naryciinae larvae that were collected each week (week 1 started March 15, 2008) by each
parasitoid species in Central Finland. Shaded graphs indicate percentage parasitism by idiobionts.



The results of the DNA analyses largely correspond
with the results of the morphological identification (Figs
7 and 8). Of the 11 morphological groups (10 identified
species, 1 unidentified species) for which more than one
COI sequence was available, SpeciesIdentifier found nine
clusters using a distance threshold of 3% (Fig. 7). In all
clusters, sequences from a single species were grouped
together except for three clusters (1, 3 and 4) formed by
2–3 different Trachyarus species with a maximum pair-
wise distance of 3.34, 1.06 and 0.45%, respectively (Fig.
7). T. brevipennis and T. fuscipes both formed two clus-
ters (Fig. 7) due to large intraspecific COI variation
(Table 2). For M. parvulus two subgroups can be distin-
guished for individuals associated with either the sexual
or asexual moths or populations (Fig. 7), but the inter-
group distance was lower than 3%.

The phylogenetic analysis of the nuclear DNA did not
always correspond to the results of the mtDNA, espe-
cially in the Trachyarus species complex (Fig. 8). Several
of the specimens of species that were placed in separate
clusters (e.g., T. fuscipes, T. brevipennis) in the COI
analysis (Fig. 7) were grouped together in the Wingless
gene analysis (Fig. 8). Moreover, several specimens that
were in one COI cluster (e.g., T. fuscipes cluster 1 and 4,
T. brevipennis and T. borealis cluster 3) were separated
by the Wingless analysis. SpeciesIdentifier produced six
clusters for the Wingless gene, one of which contained all
five Trachyarus species and H. subdolus, while the other
five corresponded to the COI clusters (Fig. 8). The fre-
quency distribution of intra- and interspecific pairwise
distances with COI and Wingless (Table 2, Figs 7 and 8)
clearly indicate a lower variability of the Wingless gene,
as well as an overlap between intra- and interspecific dis-
tances in both genes.

The results of the parasitoid DNA analyses are dis-
cussed in more detail by species or group below. All para-
sitoid sequences are available in Genbank (accession nos.
HM020512–HM020672).

Host identification

The sequences of a fragment of 298 bp of the COII cor-
responding to the positions 275 to 572 in Grapputo et al.
(2005) were obtained for the remains of moth larvae. Of
the 125 larval remains, we were able to extract and suc-
cessfully sequence DNA from 69% (n = 86). All sequen-
ces clearly clustered with a reference sequence (0–2 bp
difference with a reference sequence) and could be
assigned to a host species. Six of the seven Naryciinae
species recorded in the study area (Elzinga et al., 2011)
were detected in the larval remains (Table 1); only the
rare D. lazuri was absent.

Detailed description of species parasitizing Naryciinae

Koinobiont endoparasitoids
Diadegma incompletum (Horstmann, 1973)

With a percentage parasitism of 5.3%, D. incompletum

accounted for 16.7% of all the parasitoids (Fig. 3). The
percentage parasitism by D. incompletum remained rela-
tively stable over the collection period but increased
markedly in the last two weeks (Fig. 4). This indicates
that in the wild the early-emerging females might attack
late mature bagworm moth larvae since the parasitoids
emerge early enough to occur while these larvae are still
active in the field (Fig. 5). However, it is also possible
that the development of parasitized larvae is slower than
that of healthy bagworm moth larvae and thus they were
caught later by the tape.
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1 morphological identification did not fully correspond with mtDNA identification, see Results section; 2 mix of T. borealis and T.

fuscipes morphological characteristics; 3 morphological host identification.

5Trachyarus ‘mix’2

132545Trachyarus solyanikovi

122490Trachyarus fuscipes 1

917Trachyarus brevipennis 1

13733Trachyarus borealisIchneumoninae

143427Orthizema flavicorne

713297Gelis fuscicornisCryptinae

85249Macrus parvulus

1331337Diadegma incompletumCampopleginaeIchneumonidae

33238Meteorus affinisMeteorinaeBraconidae
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TABLE 1. Overview of the morphologically distinguished parasitoid species of Naryciinae (Lepidoptera: Psychidae) recorded in
Central Finland in 2008 and the number of hosts identified. Hosts were identified by means of a mtDNA analysis (Grapputto et al.,
2005).



The sex ratio was slightly male biased with 57% males
(Chi-square test, P = 0.01). Males were found, on aver-
age, 0.5 weeks earlier (Fig. 6B) and developed on average
4.1 days faster than females (Fig. 6A).

All hosts remains were identified as S. listerella (Table
1). Several D. incompletum emerged before winter from
immature Naryciinae larvae collected in June and July.
We also reared it once from a D. triquetrella and once
from a Psyche sp. (fully grown larva, collected in July).
Previous recorded hosts include Solenobia pineti, D.

lichenella (both Naryciinae) and Proutia betulina (Psy-
chinae) (Horstmann, 1973; pers. comm. Mark Shaw).

The divergence in DNA sequences within this species
was very small, reaching a maximum of 0.3% in COI and
0.22% in Wingless (Figs 7 and 8). There were no indica-
tions that cryptic species were present.

Macrus parvulus (Gravenhorst, 1829)

The percentage parasitism by M. parvulus was 4.0%
and accounted for 12.0% of the parasitoid complex (Fig.
3). The percentage parasitism increased slowly over the
collection period indicating a mode of attack similar to
that described for D. incompletum (Fig. 5).

Sex ratio was not significantly biased, with 54% males.
Males were collected slightly earlier than females (Fig.
6B), but the difference was not significant (P = 0.06). On
average males developed faster than females (Fig. 6A).

Macrus parvulus was recorded from D. fennicella and
S. listerella (Table 1). Previous recorded hosts include the
Naryciinae D. reliqua, D. lichenella, D. inconspicuella,
D. triquetrella, D. fumosella, S. alpicolella and Postsole-

nobia thomanni; other psychid subfamilies: Proutia betu-

lina (Psychinae) and Taleporia tubulosa (Taleporiinae)
and other unidentified; the Tortricidae Grapholita mole-

sta, Epinotia margarotana and Hedya nubiferana; and
the Nymphalidae Eurodryas aurinia, although the last
seems unlikely (Horstmann, 1970; Yu et al., 2005; pers.
comm. Mark Shaw). Macrus parvulus also occurs in
North America (treated as a separate subspecies M. par-

vulus solenobiae) and is known to use Siederia walshella

as a host (Barron & Bisdee, 1977).
The analysis of the COI sequences shows that there are

two sub-clusters in M. parvulus (Fig. 7). The average
nucleotide divergence in COI between the two was 1.01%
(6.4 bp). Interestingly, one sub-cluster was associated
with parthenogenetic moth sites (and species) and the
other with sexual moth sites (and species) (Fig. 7), sug-
gesting the presence of cryptic species or races associated
with host specialization. In contrast, these groups were
not revealed when the Wingless gene was used (maxi-
mum divergence 0.44%) (Fig. 8).

Trachyarus sp.

We morphologically identified four species of Trachya-

rus: T. borealis, T. solyanikovi, T. fuscipes and T. brevi-

pennis. Five individuals could not be identified as they
contained a mix of the morphological characters of T.

borealis and T. fuscipes.
All these Trachyarus species are larval-pupal parasi-

toids and emerged from pupae of the host (with the
exception of 7 individuals, representing all 4 morpho-
logical species, that emerged from host larvae at a pre-
pupal stage). No differences in times to emergence were
found between the four species (Fig. 6A). However, there
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Fig. 5. Overview of the weeks when parasitized larvae of
Naryciinae were collected (left) and when the adult parasitoids
emerged from larvae kept under laboratory conditions (right) for
each morphological species of parasitoid. The top panels show
the number of Naryciinae larvae collected in each of the weeks
(left) and the number of adults that emerged each week (right).
The latter was shifted to four weeks later to indicate the time
that host larvae emerge from eggs. The period of five weeks
when some parasitoid adults emerged while mature host larvae
were still active in the field is indicated by the broken lines.



were differences between species in the average week the
host larvae were collected (Fig. 6B, ANOVA corrected
for sex, P < 0.001). Trachyarus fuscipes was found earli-
est, followed by T. solyanikovi and T. borealis (post-hoc
tests, P < 0.05). T. brevipennis did not differ significantly
in collection time from the other species, perhaps due to
small sample size.

The molecular identification did not correspond fully
with the morphological identification (Figs 7 and 8). Se-
quences of COI differed between species and there was
also great variation within morphological species (Table
2, Fig. 7). Intra-species sequence divergence was greater
than 1%, especially within T. fuscipes and T. brevipennis

(Table 2, Fig. 7). On the other hand, some morphologi-
cally different species had similar or identical COI

sequences, such as several specimens identified as either
T. fuscipes, T. brevipennis or T. solyanikovi (Table 2, Fig.
7). The Wingless gene varied less between the different
groups (Table 2, Fig. 8) and SpeciesIdentifier clustered
all of them together, including the H. subdolus sequences.
In the phylogenetic analyses several specimens clustered
in different groups in the COI and Wingless analyses
(Figs 7 and 8). We discuss the observed patterns in more
detail for each morphological species below.

Interestingly, the DNA data suggests that H. subdolus is
not less related to the various Trachyarus species than the
Trachyarus are among themselves (Figs 7 and 8). This
could indicate that H. subdolus should not be placed in a
separate genus.
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Fig. 6. A – times to emergence (from date of collection of the parasitized host to adult emergence, ± s.e.), and B – week collected
(± s.e.) for the males and females of morphological species of parasitoids that emerged from the Naryciinae hosts. Stars indicate sig-
nificant differences between males and females (t-tests, of residuals for week of collection).
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Fig. 7. Phylogenetic tree (neighbour-joining, K2P model, pairwise deletion) based on COI sequences (657 bp) of the parasitoids
that emerged from Naryciinae in Central Finland. Sequences of Hemichneumon subdolus (a parasitoid of Taleporia and Psyche sp.,
Psychidae) from Central Finland and Switzerland (SWIS) and a reference sequence of Diadegma semiclausum (Genbank
EU871947.1) were added to the analyses for comparison. For each sample, gender (F – female, M – male), the individual code (the
first part indicates the sample site, see Fig. 1), the morphological species and, where available, host species, are indicated, respec-
tively. Bootstrap values higher than 60 are shown at the nodes. The scale indicates % bp differences. Blocks with numbers indicate
the different clusters obtained using SpeciesIdentifier and the morphological species they contain.
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Fig. 8. Phylogenetic tree (Bayesian method, K2P+G model) based on Wingless sequences (441–464 bp) of the parasitoids that
emerged from Naryciinae in Central Finland. Sequences of Hemichneumon subdolus (a parasitoid of Taleporia and Psyche sp., Psy-
chidae) from Central Finland and Switzerland (SWIS) and a reference sequence of Hyposoter fugitivus (Genbank DQ538624.1) were
added to the analyses for comparison. For each sample, gender (F – female, M – male), the individual code (the first part indicates
the sample site, see Fig. 1), the morphological species and, where available, host species, are indicated, respectively. Bayesian poste-
rior probabilities are shown at the nodes. The scale indicates % bp differences. Bars indicate the different clusters obtained using
SpeciesIdentifier for the COI (1–9, see Fig. 7) and the Wingless (A–F) gene.



Trachyarus borealis Zwakhals, 2009

The most common parasitoid was T. borealis, accoun-
ting for 10.9% of the parasitism and 35.6% of all parasi-
toids (Fig. 3). Sex ratio was unbiased (47.5% males).
There was a small but significant difference in the week
of collection with males recorded on average 0.3 weeks
earlier than females (Fig. 6B). On average males take four
days less to complete their development than females
(Fig. 6A). Percentage parasitism did not show a consis-
tent pattern over the collection period (Fig. 4), suggesting
that parasitism occurred before winter.

Interestingly, all host remains identified were S. lister-

ella (Table 1). Since T. borealis was only recently
described (Zwakhals & Elzinga, 2009), no other host
records are available.

The DNA sequences of this species vary very little
(Figs 7 and 9, Table 2). The COI sequence of two T. bre-

vipennis were only 0.9% divergent from T. borealis (Fig.
7, Table 2), but the Wingless sequences clustered these
two specimens with the T. fuscipes/brevipennis group and
their host species also differ (D. charlottae, Fig. 8).
Average divergence from other Trachyarus clusters was
more than 3% with the COI sequences but less than 1%
with the Wingless sequences (Table 2).

Trachyarus fuscipes (Thomson, 1891)

Trachyarus fuscipes accounted for 1.5% of all para-
sitism and 4.6% of all parasitoids (Fig. 3). There were no
significant differences in the week of collection for males
and females (Fig. 6B). Male time to emergence was, on
average, 5.3 days shorter than that of females (Fig. 6A).
Sex ratio was unbiased (46% males). Percentage para-
sitism was highest for host larvae collected early in spring
(Fig. 4), suggesting they were parasitized before winter.

The host species could not be determined in many
cases, but a mix of different Naryciinae species was
found: D. charlottae, D. fennicella S. listerella and S.

rupicolella (Table 1). Previously recorded hosts include
the Naryciinae D. triquetrella, D. nickerlii, D. charlottae,
Siederia pineti, S. alpicolella, S. listerella, Eosolenobia

manni and Brevantennia styriaca; and from other psychid
subfamilies Anaproutia raiblensis (Psychinae), Bacotia

claustrella (Psychinae) and T. tubulosa (Taleporiinae)
(Diller, 1988; Yu et al., 2005; Gokhman, 2007).

The DNA results are not consistent with the morpho-
logical identification. Based on the COI data, T. fuscipes

were placed in two clusters (1 and 4) separated by more
than 3% sequence divergence (Fig. 7, Table 2). There was
very little variation in cluster 4 (0.15% maximum diver-
gence), with all but one sequence identical, while in
cluster 1 the maximum divergence was 1.53% (Table 2,
Fig. 7) due to specimens from one parthenogenetic site
(OV1). The phylogenetic analysis based on the Wingless
gene also indicates two groups (Fig. 8), but, interestingly,
they consist of a mixture of the two COI clusters. There
are no differences in the ecological characteristics (time
to emergence, collection week) of the two T. fuscipes

clusters (neither for groups based on COI or Wingless).
Information on host use was too limited to allow any con-
clusions on potential cryptic host specialization. In most
cases, the sequences of T. brevipennis were identical with
those of T. fuscipes (see below).

Trachyarus brevipennis Roman, 1918

A total of seventeen short-winged females were classi-
fied based on their morphology as T. brevipennis. Total
percentage parasitism was 0.3% and this species made up
0.8% of all parasitoids. All identified host remains belong
to D. charlottae, which also hosted T. fuscipes (Table 1).
Host records reported in the literature are D. charlottae,

S. listerella, S. alpicollela and Brevantennia sp. of the
Naryciinae, and Psyche (=Fumea) sp., Anaproutia comi-

tella and A. raiblensis of the Psychinae (Diller, 1988;
Gokhman, 2007).

The COI sequences formed two groups (Fig. 7). Most
COI sequences of the morphologically identified T. brevi-

pennis clustered with those of T. fuscipes (cluster 4). The
remainder clustered with T. borealis (Table 2, Fig 7). All
the T. brevipennis Wingless sequences were identical to
those of many T. fuscipes specimens. This suggests that
T. brevipennis is not a valid species and is a synonym of
T. fuscipes. This would also explain why only females
were recorded. Further data supporting T. fuscipes and T.

brevipennis being one species was that the average week
of collection was the same (Fig. 6B). Gokhman (2007),
however, mentions that T. brevipennis males exist,
although they are not described, and also suggests that
there are winged morphs of this species.
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00.23.53.54.04.33.800.155104T. brevipennis8

0.50.23.53.54.04.43.80.4609134T. fuscipes7

0.40.83.43.44.14.33.80.470.308174T. solyanikovi6

00.50.40.94.13.83.300.15223T. brevipennis 5

0.50.90.90.54.54.13.700.157143T. borealis4

0.61.110.60.64.33.30.690.30582Hemichneumon subdolus3

0.40.90.90.400.62.400.92351T. sp. unidentified2

00.50.400.50.70.50.221.5210191Trachyarus fuscipes 1

87654321WinglessCOIWinglessCOI

Average pairwise divergence between groups
(%)

Maximum sequence
divergence within

group (%)

Number of
sequenced
individuals

Cluster
(COI)

Morphological speciesGroup

TABLE 2. Genetic distance (p-model, pairwise deletion) for COI and Wingless (shown in italics) sequences within and between
morphological species of the Trachyarus sp. complex belonging to different mtDNA (COI) clusters, as shown in Fig. 7.



Trachyarus solyanikovi Gokhman, 2007

Trachyarus solyanikovi accounted for 0.7% of all para-
sitism and 2.3% of all parasitoids (Fig. 3). The collection
week for males and females did not differ significantly
(Fig. 6B). Average time to emergence of males was 3.3
days shorter than that of females (Fig. 6A). Sex ratio was
unbiased (44% males).

Hosts identified to date are a mix of different Narycii-
nae: D. charlottae, D. lichenella, S listerella and S. rupi-

colella (Table 1). Previous studies mention only the Nary-
ciinae D. charlottae, D. nickerlii, D. triquetrella and S.

listerella as hosts (Gokhman, 2007).
The average divergence of COI sequences between T.

solyanikovi and T. fuscipes (cluster 4 including T. brevi-

pennis) was extremely small (0.2% divergence corre-
sponding to only 1.3 bp) (Fig. 7, Table 2). Nevertheless, a
consistent mutation (C in cluster 4 to T in T. solyanikovi

on the 234th bp) was present in the two groups. Similarly,
the Wingless sequences were similar except for a consis-
tent mutation (position 46, G in all other Trachyarus sam-
ples to A) (Table 2, Fig. 8).

Trachyarus ‘mix’

Five individuals could not be identified morphologi-
cally as they had both T. borealis and T. fuscipes charac-
teristics. The COI data clustered them as a sister group of
the T. fuscipes cluster 1 (Fig. 7), although with an average
divergence of 2.4% (Table 2). On the other hand, the
Wingless sequence of all specimens was identical to that
of T. borealis (Fig. 8).

Meteorus affinis (Wesmael, 1835)

Meteorus affinis accounted for 0.6% of the parasitism
and 1.8% of all parasitoids (Fig. 3). More males than
females emerged (65%, Chi-square test, P = 0.07). Col-
lection week was not different between the sexes (Fig.
6B). Males emerged 9.3 days earlier than females (Fig.
6A). Percentage parasitism strongly increased towards the
end of the collecting period, suggesting that parasitism
occurs in spring.

No indication of a specific Naryciinae host was found.
Skin remains were identified as S. listerella, D. fennicella

and D. lichenella (Table 1). Previously reported host
range is quite wide in this species: S. alpicolella and D.

lichenella (Naryciinae), T. tubulosa (Taleporiinae), Luffia

ferchaultella and Psyche casta (Psychinae) of the Psychi-
dae, and Archips oporana (Tortricidae) and other (micro-)
Lepidoptera hiding in moss and lichen such as Infur-

citinea argentimaculella (Tineidae) and Scoparia sp.
(Crambidae) (Yu et al., 2005).

The DNA data did not indicate a potential cryptic spe-
cies as little (1.2%, COI) or no variation (Wingless) was
recorded (Figs 7 and 8).

Idiobiont ectoparasitoids
Orthizema flavicorne (Schmiedeknecht, 1905)

With a percentage parasitism of 5.4%, O. flavicorne

accounted for 20.8% of all parasitoids found (Fig. 3). Sex
ratio was not biased (47% males, n = 427). Females
emerged from slightly earlier collected larvae than males

(Fig. 6B), which indicates that they first lay female eggs.
Time to emergence was not affected by treatment (imme-
diately placed under rearing conditions or temporarily
stored in the cold). All individuals emerged in autumn
(Fig. 5). On average males took 7.5 days less to complete
their development than females (Fig. 6A). Since time to
emergence is reduced by approximately seven days for
each week the host was collected, it is clear that emer-
gence is independent of collection week and dependent
on light or temperature thresholds. The percentage para-
sitism by O. flavicorne increased toward the later period
of collection (Fig. 4), suggesting that it becomes more
active as temperatures increase. Five adult females were
recorded on the tape in April, three of which were on a
host larva. (Only one adult parasitoid emerged from these
three larvae). A parasitoid egg, identified genetically, was
found in April 2009 inside a case on an immobilized
larva, confirming that this species oviposits in spring. The
parasitoid larva exhibits an interesting behaviour: it
expels the host larval remains from the case (in >99% of
all specimens). Because this species has a long develop-
ment time lasting throughout the summer, this behaviour
may prevent potentially detrimental effects of the decay
of the host remains.

S. listerella, D. lichenella and S. rupicolella were iden-
tified as hosts (Table 1). No other host species are cur-
rently known (M. Schwarz, pers. comm.).

The DNA analysis did not indicate cryptic species were
present (Figs 7 and 8) with no (COI) or just 1 variable site
(Wingless).

Gelis fuscicornis (Retzius, 1783)

Gelis fuscicornis accounted for 1.2% of the parasitism
and made up 4.7% of all parasitoids (Fig. 3). The sex
ratio was strongly male biased (87%). Collection week
for males and females was similar (Fig. 6B). No signifi-
cant differences in time to emergence between the sexes
were observed (Fig. 6A). Similar to O. flavicorne, per-
centage parasitism strongly increased over the last weeks
of collection (Fig. 4), suggesting that this parasitoid
becomes more active at higher temperatures. It is known
from other Gelis species that adult females overwinter
(Schwarz & Boriani, 1994; Schwarz & Shaw, 1999). The
large majority of adults emerged after active fully-grown
larvae disappeared from the field (Fig. 5), suggesting that
at least the next generation may use alternative host spe-
cies.

Three different Naryciinae species were identified as
hosts: S. listerella, D. charlottae, and D. triquetrella

(Table 1). This species is reported to have a wide range of
hosts, from Naryciinae (Dahlica spp. including D. liche-

nella) to Tortricidae, Coleophoridae and other Lepido-
ptera, and is also a pseudo-hyperparasitoid of a wide
range of species of Hymenoptera (Schwarz & Boriani,
1994; Schwarz & Shaw, 1999; Yu et al., 2005). Indeed,
three instances of hyperparasitism were recorded in which
G. fuscicornis emerged from the remains of another para-
sitoid that had previously parasitized the host larva.

646



No evidence of cryptic species was present in the DNA
data with a variation of only 0.76% in COI and 0.23% in
Wingless (Figs 7 and 8).

DISCUSSION

Differences in the ecology of the parasitoids

From the results it is clear that the Naryciinae in Fin-
land are attacked by a variety of parasitoids with a wide
range of life histories. The types of parasitoid range from
koinobiont endoparasitoids to idiobiont ectoparasitoids.
The time of emergence, time of attack and the level of
host specificity also vary.

Differences in time of emergence indicate that the dif-
ferent species of parasitoid attack different stages of the
hosts. Several of the parasitoids emerged when fully-
grown larvae were still climbing the trees. The increase in
percentage parasitism over the period of collection indi-
cates that D. incompletum and M. parvulus attack fully-
grown larvae in spring. However, parasitism is not exclu-
sively directed toward fully-grown larvae and these endo-
parasitoids also attack immature larvae and overwinter
inside them. Diadegma incompletum also emerged from
immature larvae just before winter. Trachyarus species,
however, seem to only attack and overwinter in immature
larvae. Gelis fuscicornis and especially O. flavicorne

emerge late in the season and Gelis spp. are known to
overwinter as adults. Both species attack fully-grown
larvae in spring, although it is likely that G. fuscicornis

has at least one extra generation during the year, but the
host is unknown.

It is clear that small differences in the timing of the
occurrence of either immature or fully-grown larvae of
sexual and parthenogenetic Naryciinae may influence
their percentage parasitism. Indeed different species of
Naryciinae vary in the timing of the appearance of fully-
grown larvae in spring (Elzinga et al., 2011).

Furthermore, the immobilisation of larvae on the tape
can create biases in the percentage parasitism recorded, as
well as an increase in percentage parasitism. Variation in
timing between collections may leave the hosts differen-
tially exposed to parasitoids, which could cause variation
in percentage parasitism. Some of the koinobionts, such
as M. parvulus, D. incompletum and M. affinis, that attack
larvae in the previous season, may also attack larvae in
spring that are stuck on the tape. On the other hand, the
idiobionts G. fuscicornis and O. flavicorne paralyze
larvae before laying an egg and, consequently, all the
parasitization recorded must have occurred after the host
larvae were caught by the tape.

Host specificity

Knowledge of host use is scarce for most parasitoid
species and thus levels of specialization are hard to deter-
mine without a greater knowledge of the parasitism of
alternative hosts. Based on the knowledge we have gath-
ered so far, however, several levels of specialization in
the complex of parasitoids attacking Naryciinae can be
distinguished: generalist (but specialist on some eco-
logical characteristic of the hosts), specialist on

Psychidae, specialist on Naryciinae and potential spe-
cialist of a species of Naryciinae.

Two species are clearly generalists, but probably spe-
cialize on concealed hosts (such as larvae of Psychidae in
their cases): G. fuscicornis and M. affinis and possibly a
third species, M. parvulus (but see discussion on cryptic
species). Gelis species including G. fuscicornis are known
to be generalists, attacking all kinds of concealed hosts
(Schwarz & Shaw, 1999). The large male sex bias in this
species indicates that the Naryciinae are not its optimal
hosts. Many parasitoids lay only unfertilised male eggs in
low quality hosts (Charnov & Skinner, 1985; Godfray,
1994; King, 1987). It is therefore plausible that G. fusci-

cornis uses hosts other than Naryciinae during the year.
The low percentage parasitism recorded for M. affinis

combined with the scarce knowledge of its host use indi-
cate that this species is not a specialist on Naryciinae or
even Psychidae. Percentage parasitism may thus not be
determined by the presence of (sexual or parthenogenetic)
Naryciinae but of alternative hosts. Alternative non-
psychid hosts could include Tortricidae, which have very
similar lifestyles, i.e., construct a case. Indeed one of the
species, M. parvulus, is associated with tortricid hosts
(but see discussion below on cryptic species).

Although reliable host records are rare, especially since
hosts cannot always be determined morphologically, it
seems that D. incompletum and O. flavicorne and most of
the Trachyarus species are potential specialists on Psychi-
dae. In our own limited samples of subfamilies of Psy-
chidae other than Naryciinae, the first two species were
recorded, but the Trachyarus species were only recorded
from Naryciinae hosts. The problematic taxonomy of
Trachyarus species (see discussion below) may have
obscured any specialization on Psychidae. However, the
potential for specialization on Naryciinae exists, espe-
cially for T. borealis. So far, we have not recorded this
species from other Psychidae and the large numbers
recorded in this study indicate that the Naryciinae are at
least its principal host species. The limited numbers of
larval remains that were analysed indicate a potential spe-
cialism on S. listerella, but more skin remains need to be
analysed to confirm this.

Variation in the presence of alternative hosts associated
with differences in habitat could potentially have caused
the differences in the percentage parasitism of sexual and
parthenogenetic Naryciinae (Kumpulainen et al., 2004)
but no specific differences in habitat have yet been
observed between sexuals and parthenogenetics (Elzinga,
pers. obs.).

Molecular analyses

It is quite common among parasitoids that distinct sub-
species associated with different hosts remain undetected
when only morphological methods of identification are
used (Kankare et al., 2005; Smith et al., 2006, 2007; Ber-
nardo et al., 2008). Molecular analyses are a powerful
tool for detecting cryptic species associated with host spe-
cialization. This study shows some evidence for cryptic
speciation or race formation associated with host speciali-
sation in one species, M. parvulus. Barcoding using the
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mitochondrial COI gene divided this species into two
groups. These are associated with either parthenogenetic
or sexual moth hosts. However the nuclear DNA did not
support this subdivision. Nevertheless the overall varia-
tion in Wingless was consistently lower than in COI and
thus two distinct clusters may not have been resolved due
to the lower resolution of this gene. The separation into
two groups could also reflect environmental factors rather
than a specialization on sexual and parthenogenetic
moths. Another possibility is that the differences in COI
sequences reflect geographic variation. However, since
the sites from which the sexual and parthenogenetic indi-
viduals came were geographically mixed, this is unlikely.
Analyses of more variable nuclear markers and specimens
with more host remains is necessary to confirm that M.

parvulus consists of two cryptic species or races associ-
ated with different types of host.

In the Trachyarus species complex there are many spe-
cies with few and often unreliable distinguishing charac-
teristics (Gokhman, 2007), making morphological identi-
fication of specimens very difficult. Our DNA data
analyses confirmed that species boundaries are indistinct
in this group.

First, some of the described, morphologically distinct,
species appeared to be just one species. Based on the
data, T. brevipennis did not appear to be a separate spe-
cies. Both the COI and Wingless sequences of T. brevi-

pennis clustered with those of T. fuscipes. T. brevipennis

females have reduced wings: their main distinguishing
characteristic. However, many other parasitoid species
show alary polymorphism (Godfray, 1994). Thus, it is
likely that T. brevipennis is a morphotype of (a taxon now
classified within) T. fuscipes, which would also explain
why no male specimens were recorded for this species.

Second, one morphological species, T. fuscipes, formed
two distinct COI clusters with greater than 3% divergence
and thus could be considered as two separate species. The
nDNA also divided the species into two clusters but they
do not correspond to the mtDNA clusters. Incongruence
between these molecular markers could be due to secon-
dary contact and hybridization of these two species (See-
hausen, 2004). The incongruence between the mtDNA
and nDNA clustering, in Trachyarus groups other than T.

fuscipes, indicates that hybridization and introgression
may have occurred frequently in this species complex. If
a female of one species mates with a male of another spe-
cies their offspring will have the mtDNA of the mother
and possibly a copy of nDNA of the father. Further
hybrid matings in combination with chromosomal cross-
overs may lead to more complex patterns of incongruence
between morphology, mtDNA and nDNA. This process
may also lead to morphologically intermediate forms
which can be difficult to assign to a species (such as the
Trachyarus ‘mix’ individuals in this study) and may
account for why so many species have been described for
Trachyarus (Gokhman, 2007).

Incongruence between mtDNA and nDNA data is regu-
larly found in genetic analyses of parasitoids and is often
associated with incongruence between species identifica-

tion and host use (Smith et al., 2006, 2007; see also Dor-
chin et al., 2009 for an example of phytophagous insects
and host plant use). Most often the incongruence is attrib-
uted to hybridization of two species or races, which
results in the offspring parasitizing both the hosts associ-
ated with the father and/or those associated with the
mother (Smith et al., 2007).

Third, the data indicates that the taxonomy of Trachy-

arus and related genera, such as Hemichneumon, are in
need of revision and that a robust analysis using
molecular data is needed. It will, however, be difficult to
decide the boundaries between species when there is no
information on reproductive isolation. In order to deter-
mine whether they are a heterogeneous species, races or
sister species ideally one needs to estimate the amount of
gene flow occurring between groups (Dorchin et al.,
2009; Forbes et al., 2009).

The pattern in the DNA that was recorded for the
Trachyarus group is a good example of the problems that
may occur in current large-scale barcoding studies using
COI as a marker (Hebert et al., 2003). One important goal
of large-scale barcoding is to detect the number of species
in a sample. However, it is not clear how species can be
reliably distinguished from each other based only on COI
sequences (e.g., Rubinoff, 2006; Frézal & Leblois, 2008).
The use of a fixed genetic distance to separate species has
been proposed. However, different genetic differences are
used (e.g., >3%, >2%, >1%) all of which seem to be
rather arbitrary (Rubinoff, 2006). In our dataset T. solya-

nikovi would not have been separated from T. fuscipes

using any of these genetic distances. Another method is to
use a percentage based on the amount of intraspecific
variability (Frézal & Leblois, 2008). Several cut-off
points are proposed ranging from ten times the intraspe-
cific variability to just two times (Meyer & Paulay, 2005),
depending on the group of species. Apart from the fact
that often only a few samples of one species are available
to calculate such variation, different taxonomic groups
may have different rates of molecular evolution. From our
data it is clear that even within closely related species,
intraspecific variation is much larger in some, e.g., in T.

fuscipes, than in others, e.g., H. subdolus, even though
the latter was sampled at a much larger geographical
scale. Branching patterns of young species and hybridiza-
tion can be interpreted using independent genetic covari-
ates such as nuclear markers (Smith et al., 2007). How-
ever, the use of a nuclear gene is often impeded by the
lack of suitable primers or low differentiation of closely
related species.

CONCLUSIONS

Several parasitoid species with a wide range of life his-
tories attack both sexual and parthenogenetic Naryciinae.
Large differences in the time and mode of attack and in
the level of specialization of the parasitoids may account
for the differences in the percentage parasitism of the dif-
ferent Naryciinae hosts. A more detailed analysis of the
percentage parasitism, taking into account variation in life
histories of both moths and parasitoids, is needed to
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determine whether parasitoids play a role in maintaining
the coexistence of sexual and parthenogenetic species as
suggested by Kumpulainen et al. (2004).

Taxonomists and ecologists will benefit from using
DNA barcoding together with traditional taxonomy based
on morphology. In our case it enabled us to assign
unknown males to females of known species. It can be
used to determine whether two species are distinct or just
different morphs of the same species and which species
consist of multiple clusters associated with different hosts
or habitats. A good example of its usefulness is that DNA
barcoding can be used to identify morphologically non-
identifiable specimens or fragments of specimens (Frézal
& Leblois, 2008), which in this case were the remains of
host larvae. This can help identify the hosts of parasitoids.
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