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ABSTRACT The goals of this study were to identify pupal parasitoids of the asparagus miner,
Ophiomyia simplex Loew (Diptera: Agromyzidae), and examine the effect of different diets and
ßoral resources on the lifespan of adult asparagus miners and their parasitoids. We also measured
the effect of parasitism on stem damage caused by the asparagus miner. The identity and
abundance of the parasitoids of the asparagus miner were determined in asparagus Þelds in
Michigan from weekly asparagus miner pupal collections during the 2010Ð2013 seasons. Twelve
species of hymenopterous parasitoids were reared from asparagus miner pupae, including Chore-
bus rondanii (Giard) (Ichneumonoidea: Braconidae), 10 species in three families of Chalcidoidea,
and one species of Bethylidae (Chrysidoidea), that represent new host records for the asparagus
miner. C. rondanii and Thinodytes cephalon (Walker) (Pteromalidae) were the most common
parasitoids. The effects of different diets and ßowers on the lifespan of the pest and parasitoid
adults were also evaluated. Buckwheat resulted in the shortest life span for the asparagus miner,
whereas RiddellÕs goldenrod signiÞcantly increased its lifespan relative to the control. Parasitoid
lifespan was doubled when individuals were fed sugar-rich diets. In the Þeld, parasitoids preferred
stems that contained more pupae and damage. The two most commonly reared parasitoids should
be considered as targets for future conservation biological control efforts of the asparagus miner.

KEY WORDS conservation biological control, integrated pest management, Asparagus officinalis,
parasitoid

Natural enemies are a vital part of agroecosystems,
providing important services suchasbiological control
(Gurr et al. 2003). The goal of conservation biological
control programs is to maximize the abundance or
efÞcacy of the endemic natural enemy population to
increase suppression of pest populations in a Þeld or
greenhouse setting (Landis et al. 2000, Barbosa 2003).
The prerequisite for this is to understand the identity
andbasic biology of thenatural enemies present in the
system so that their biocontrol impact can be maxi-
mized through speciÞc techniques, such as the pro-
visioning of required resources. Previous work in pe-
rennial agroecosystems has examined plant species or
combination of species whose ßowers attract and
maintain a vibrant natural enemy community (Fiedler
2007; Isaacs et al. 2009; Walton and Isaacs 2011a, b).
Among the various criteria for plants supporting eco-
systemservices, some toconsiderwhenselectingßow-
ering plants for resource provisioning of biological
control agents are (Fiedler et al. 2008)Ñ1) ßowers

should attract the most effective natural enemy spe-
cies of the pests (Maingay et al. 1991, Patt et al. 1997),
2) ßowers should be accessible to the natural enemies
(Baggen et al. 1999), 3) the plant should not attract
other pests into the Þeld (Kehrli and Wratten 2011),
4) the plant should be commercially available (Hick-
man and Wratten 1996), and 5) resources for the
natural enemies should be provided throughout the
entire growing season (Rebek et al. 2005, Stephens et
al. 1998). As a result, plant selection is often a multi-
factorial process.

The asparagus miner, Ophiomyia simplex Loew
(Diptera: Agromyzidae), is a pest of asparagus, Aspar-
agus officinalis (L.) (Asparagaceae), and has the po-
tential to spread pathogenic fungi such as Fusarium
spp. (Gilbertson et al. 1985, Tuell 2003, Morrison et al.
2011), making it a major concern to the asparagus
industry (J. Bakker, personal communication). Gilb-
ertson et al. (1985) indicated the association between
Fusarium spp. and the asparagus miner may be a pri-
mary constraint on asparagus production in Massa-
chusetts. Damicone and Manning (1987) showed that
decreasing the abundance of asparagus miner also
decreases the incidence of Fusarium crown and root
rot in Þelds. The insect is bivoltine, and its larvae bore
through cortical tissue in the plant (Eichmann 1943),
creating undulatingmines along the asparagus stem. It
has the potential to decrease the vigor of asparagus
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Þelds during the postharvest period and can cause
early decline of Þelds due to the introduction of dis-
eases, which may reduce the economic lifespan of a
Þeld by 5Ð8 yr.

The asparagus miner overwinters as pupae (Barnes
1937). In Michigan, the Þrst-generation adults usually
emerge in mid-May, with Þrst peak adult abundance
occurring aroundmid-Juneand the secondgeneration
peaking in late July or August (Lampert et al. 1984,
Morrison et al. 2014). Adequate control measures are
difÞcult to develop because the adult ßight is pro-
longed and the larvae are impervious to foliar insec-
ticide sprays because they remain protected within
the asparagus stems. Systemic insecticides are being
evaluated (Z. S., unpublished data), but none are
currently available to asparagus growers to control
asparagus miner larvae in stems.

The natural enemies of the asparagus miner remain
poorly studied, especially in continental North Amer-
ica where the only recorded parasitoids are two spe-
cies of Hymenoptera originally described from Eu-
rope, Chorebus rondanii (Giard) (Braconidae) and
Pediobius epigonus (Walker) (Eulophidae) (Supp Ta-
ble 1 [online only]). Mailloux et al. (2004) provided
an illustrated identiÞcation guide to the parasitoids
and predators found in asparagus Þelds in Canada, but
this is not speciÞc to the asparagus miner and, except
for one pest and parasitoid species, no information is
given for abundance, behavioral, or ecological data of
the natural enemies. Further, the photograph in Mail-
loux et al. (2004) that illustrates Pediobius (�Pleurot-
ropis) epigonus (Fig. 6) is a female pteromalid and not
a eulophidbasedon thenumber of antennal segments,
wing venation, and other habitus features. In Europe,
in addition to C. rondanii and P. epigonus, Neo-
chrysocharis moczari Szelényi (Eulophidae) was de-
scribed as a parasitoid of the asparagus miner in Hun-
gary (Szelényi 1973). Barnes and Walton (1934) also
reared P. epigonus, Dacnusa bathyzona Marsh (Bra-
conidae), and Sphegigaster sp. (Pteromalidae) from
asparagus miner pupae in the United Kingdom. Fi-
nally, Centrodora xiphidii Perkins (Aphelinidae) is
recorded as a parasitoid of the asparagus miner in
Hawaii (Bianchi 1941).

Thegoals of thecurrent studywere todetermine for
commercial asparagus Þelds in Michigan: 1) the iden-
tity of the pupal parasitoids of the asparagus miner, 2)
the effect of different diets and ßoral resources on the
lifespan of adult asparagus miners and their pupal
parasitoids to determine the potential of using ßoral
resources to enhance the efÞcacy of the parasitoid
community, and 3) how damage affects parasitism on
asparagus stems.

Materials and Methods

Study Site. Three commercial farms were used in
2010, 2011, and 2012, and two farms in 2013. Multiple
Þelds were used at some of the farms, resulting in a
total of Þve Þeld sites in the Þrst two years, three in
2012, and four in 2013. Fields were located 1.21Ð16.14
kmapart inOceanaCounty,MI (SuppTable 2 [online

only]), which is the major asparagus-producing re-
gion of Michigan. The asparagus Þelds were bordered
by habitats characteristic of Michigan, and have been
described indetail elsewhere (seeMorrison andSzen-
drei 2013).

Insect Collections. Immature asparagus miner
stages were collected according to the methods in
Morrison and Szendrei (2013). SpeciÞcally, 8Ð53
stems were collected from each Þeld (mean � SEM:
33.8 � 11 stems) every 6Ð10 d throughout the growing
season from 1 to 5 Þelds per sampling date for a total
of 3,647 stems from 2010 to 2013. The dates of collec-
tion ranged from 22 July to 17 September in 2010, 31
May to 3October in 2011, 14 June to 7October in 2012,
and 18 June to 5 September in 2013. Asparagus stems
were collected 30 m into the Þeld by cutting them 5
cm below the soil surface, and then again at the height
of the longest mine (deÞned as the mine terminating
highest on the stem). Stemswere sealed in plastic bags
and placed in a cooler with ice packs until transported
to the laboratory. Samples were stored at 5�C in the
laboratory, and the stems were processed within 1Ð14
d. A razor blade was used to carefully peel the epi-
dermis fromtheasparagus stemto reveal the immature
stages.The followingwere recorded for each stem: the
number of larvae, pupae, and castings (puparia). Pu-
paewereplaced individually incups(3by5.5 cmH:D)
in 2010, 2011, and 2013 or petri dishes in 2012 (1.5 by
6 cm H:D) and stored at 5�C until subsets were used
in thediet assayorßoral assay (describedbelowunder
the Diet Assay and Floral Assay subsections). Sets of
60 pupaewere placed in an environmental chamber at
a constant 26�C (a photoperiod of 16:8 [L:D] h and
75% relative humidity) or on a lab bench (a photo-
period of 16:8 [L:D] h and 23.7 � 0.2�C) every week
during the course of the experiments to allow adults
to emerge. Emergence of adult asparagus miners or
parasitoids was checked daily, asparagus miners were
sexed (only from pupae collected in 2013), and the
family of parasitoid was recorded.

Parasitoid Identification. All parasitoids from all
years and experiments were identiÞed to family using
an authoritative key to the Nearctic Chalcidoidea
(Gibson et al. 1997), and for Hymenoptera (Marshall
2006; Evans 1964, 1978). Parasitoids not used in ex-
periments in 2010Ð2012 were sent for species identi-
Þcation to the Canadian National Collection of In-
sects, Arachnids, and Nematodes (CNC) in Ottawa,
ON. As a result, species identiÞcations were not made
for a subset of the 2010Ð2012 individuals that were
damaged in the diet and ßoral assays (see below).
However, identiÞcationsweremade for all individuals
reared in 2013. Voucher specimens are deposited in
the CNC and at the Michigan State University A.J.
Cook Arthropod Research Collection (voucher num-
ber 2014Ð01) in East Lansing, MI.

Diet Assay. Upon emergence from pupae, adult
asparagus miners or parasitoids were fed one of Þve
different diets in random order, as they emerged on
different days. Bioassayswere conducted from2010 to
2013 with pupae collected from the Þeld. Adults were
fed only one kind of diet ad libitumover their lifespan.
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Thediets includedno food (n � 41 individuals),water
only (n � 89), sugar solution (20.4% m/v; n � 91),
honey solution (10% vol:vol; n � 120), or asparagus
spears (fresh, snapped at the tip; n � 17). The water,
sugar, and honey solutions were added to a piece of
cotton ball and presented to the adults in their con-
tainers. Adults were kept either on a lab bench at 24 �
0.40�C or in an environmental chamber at a constant
26 � 0.07�C, and the temperature was monitored with
a digital thermometer daily. Adults were checked
daily, and the adult lifespan was calculated as the
duration from emergence to death.

Floral Resource Assay. A portion of the newly
emerged adult asparagus miners or parasitoids from
the pupal collections were used in this experiment
from 27 July 2012 to 10 October 2013. Each adult was
placed in a mesh cage (47.5 by 47.5 by 93 cm L:W:H
from Megaview Science Co., Ltd., Taichung, Taiwan)
with one of four different plants in ßower and pro-
vided with supplemental water. The assays also in-
cluded a negative control of an adult insectwithwater
only.ThewaterwasprovidedbyÞllinga screwcapvial
(2 dram from Bioquip Products, Rancho Dominguez,
CA)withwater, folding awipe (11 by 21 cmW:L from
Kimberly-Clark Professional, Roswell, GA), inserting
it into the vial as a wick, and sealing it with ParaÞlm
(ParaÞlm “M,” Pechiney Plastic Packaging, Menasha,
WI) topreventevaporationanddrowningof theadult.
Adults were kept in the laboratory on a photoperiod
of 16:8 (L:D) h, with full spectrum lights suspended
above the cages, at 24 � 0.4�C. Though there were not
always enough adults emerging on a given day to run
the full set of treatments,whenever twoormoreadults
emerged, one control treatment was concurrently in-
cluded. The total adult lifespan and sex of the adult
was recorded in 2013.

The four different plants used were Fagopyrum es-
culentum Moench (Polygonaceae) (buckwheat, ex-
otic, annual), Lobularia maritima (L.) (Brassicaceae)
(sweet alyssum, variety Carpet of Snow, exotic, an-
nual), Vicia faba L. (Fabaceae) (faba bean, variety
broad Windsor, exotic, annual), and Solidago riddellii
Frank ex Riddell (Asteraceae) (RiddellÕs goldenrod,
native, perennial). The negative control consisted of
adults with water only without any potted plants.
Plants were selected based on previously published
literature concerning attraction of natural enemies to
each plant species (e.g., Fiedler and Landis, 2007a, b),
ability of parasitoids and asparagus miner adults to use
ßowers, and commercial availability. The annual
plants were raised in the greenhouse from seed (Eden
Brothers, Asheville, NC), with a single seed planted in
a pot (10.5 by 10.5 by 12.5 cm L:W:H) into potting soil
(SureMix Perlite, MI Grower Products, Inc., Gales-
burg, MI). RiddellÕs goldenrod was obtained from
WildType Nursery (Mason, MI) from seed planted
in 2011, with no insecticides applied to the plants in
the year that they were used for the current exper-
iments. Experiments were carried out in a labora-
tory at Michigan State UniversityÕs campus (East
Lansing, MI). At least seven individuals of each
annual species were planted weekly, and all plants

were watered daily during the cool season and twice
daily during the summer. Plants were kept on a
photoperiod of 16:8 (L:D) h throughout the year,
except RiddellÕs goldenrod (a perennial), whichwas
allowed to senesce outside in ambient temperature
and light conditions during the winter. Fertilizer
(20-20-20 N:P:K with micronutrients, J. R. Peters,
Allentown, PA) was delivered to plants in liquid
form (1% m/v).

Asparagus Miner Damage and Parasitism. In ad-
dition to recording the number of pupae and larvae
per stem collected from the Þeld, the length of the
longest mine, and the percent mining damage within
thebottom5cmof the stemÕs circumferencewere also
recorded as measures of damage. The percent mining
was assessed visually by examining the proportion of
surface exhibiting mining damage on the lower part of
the stem. Parasitism rates by different parasitoid fam-
ilies of asparagus miner pupae were calculated per
stem.

Statistical Analysis. To analyze the data from the
diet assay, a 2-way factorial ANOVA with unequal
sample sizes was performed. The response variable
was the lifespan (days) of adult parasitoids or aspar-
agus miners, while the two explanatory factors were
diet type and insect taxonomic (family) identity. The
residuals did not conform to the assumption of nor-
mality that is required by the parametric test, so the
data were log-transformed. Pairwise tests were per-
formed using TukeyÕs HSD test. The cutoff for signif-
icance for this test and for theßoral assaywas � � 0.05.
This analysis and all subsequent statistical tests were
performed with the R Statistical Computing Software
(R Core Development Team 2013).

The data from the ßoral assay were analyzed with
a 2-way ANOVA with unequal sample sizes using an
incomplete block design. The response variable was
lifespan of asparagus miner adults, with ßower type
as the explanatory variable and date as the random
blocking variable. The residuals from the data were
inspected and conformed to a normal distribution,
so no transformation was required. Pairwise post
hoc comparisons were performed with TukeyÕs
HSD.

To evaluate if parasitismof asparagusminer pupae
affects damage in the Þeld, Welch t-tests were per-
formed on damage data recorded from collected
stems that were linked with whether they had par-
asitized pupae. SpeciÞcally, three t-tests were per-
formed that examined whether the average percent
stem mined (within 5 cm of the base of the stem),
the average longest mine, or average asparagus
miner pressure (composite measure including as-
paragus miner pupae, larvae, and puparia) were
signiÞcantly different between stems that either had
or had not experienced parasitism. The average per-
centage stem mined was arcsine-transformed to the-
oretically give the variable more freedom to vary so
that it can fulÞll the requirements of a t-test, namely
that the variable is not bounded by limits. The re-
siduals from the other t-tests were inspected to
conÞrm assumptions of normality, but variances
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were unequal. As a result, the Welch degrees-of-
freedom correction was applied.

To determine if there was greater parasitism on
stems with more asparagus miner pupae, a regression
was performed with the number of parasitized pupae
per stem as the response variable and the number of
asparagus miner pupae on the stem as the explanatory
variable. A KruskalÐWallis test was performed to de-
termine whether certain parasitoid families were
more efÞcient at parasitizing asparagus miner pupae.
Parasitoid familywas theexplanatory, categorical vari-
able, while the response variable was the average
percent parasitism of the total number of asparagus
miner pupae per stem over the n � 3Ð65 stems that
were parasitized by a given individual belonging to
one of four parasitoid families. A KruskalÐWallis test
was used because parametric assumptions were not
fulÞlled, even after transformation. Multiple compar-
isons between the parasitoid families were performed
using the SteelÐDwass algorithm after a signiÞcant
result from the KruskalÐWallis test. For these multiple
comparisons, a Bonferonni correction was used (� �
0.01).

Results

Parasitoid Identity and Abundance. A total of 12
species of parasitoids from Hymenoptera were reared
from asparagus miner pupae, including C. rondanii
(Braconidae), 10 species in three families of Chalci-

doidea (Eulophidae, Eupelmidae, and Pteromalidae),
and one species of Bethylidae (Chrysidoidea) (Table
1, Supp. Table 3 [online only]). The pteromalids were
Cyrtogaster vulgaris Walker, Halticoptera sp., Merismus
megapterus Walker, Sphegigaster cracentis Heydon &
LaBerge, Spaniopus dissimilis Walker, Thinodytes cepha-
lon (Walker), and Trichomalopsis viridascens (Walsh).
The eupelmids were Eupelmus vesicularis (Retzius) and
a species in an unrevised genus questionably identiÞed
as Brasema allynii. There was also a single eulophid
that was identiÞed as either Neochrysocharis formo-
sus (Westwood) or Neochrysocharis diastatae (How-
ard). The bethylid was Laelius utilis Cockerell (Table
1, Supp Table 3 [online only], Supp Fig. 1 [online
only]). All of the chalcids and the bethylid represent
new parasitoid records for the asparagus miner.

All of the parasitoids were solitary except for the
eulophid, which had an average of 9.3 � 1 individuals
per pupa. Most of the reared parasitoids belong to
Pteromalidae, which parasitized �17% of the aspara-
gus miner pupae collected (Table 1). Pteromalidae
had a 3-fold greater abundance than the next most
common family, Braconidae. Eulophidae had one of
the lowest rates of parasitism, accounting for �1.4% of
total parasitism. Parasitism by Eupelmidae and Beth-
ylidae was the lowest at 0.8 and 0.1% of all the pupae,
respectively. Overall, the single most abundant spe-
cies was T. cephalon, parasitizing 7.2% of the total
asparagus miner pupae, while the second most abun-
dantparasitoidwasC. rondanii,whichparasitized6.0%

Table 1. Number of parasitoids and percent parasitism of asparagus miner pupae collected between 2010 and 2013 in six commercial
asparagus fields in Oceana County, MI

2010a 2011b 2012c 2013d Totale

Abund % parasitism Abund % parasitism Abund % parasitism Abund % parasitism Abund % parasitism

Braconidae
Chorebus rondanii 3 1.6 22 5.5 20 15.7 16 5.2 61 6.0

Pteromalidae
Pteromalidae morphf 40 21.5 27 6.8 7 5.5 0 0.0 74 7.2
Cyrtogaster vulgaris 2 1.1 7 1.8 3 2.4 5 1.6 17 1.7
Halticoptera sp. 0 0.0 0 0.0 0 0.0 1 0.3 1 0.1
Merismus megapterus 0 0.0 1 0.3 0 0.0 1 0.3 2 0.2
Spaniopus dissimilis 0 0.0 0 0.0 0 0.0 1 0.3 1 0.1
Sphegegaster cracentis 0 0.0 2 0.5 0 0.0 0 0.0 2 0.2
Thinodytes cephalon 26 14.0 28 7.0 7 5.5 13 4.2 74 7.2
Trichomalopsis viridascens 0 0.0 1 0.3 0 0.0 1 0.3 2 0.2
Overall Pteromalidaef,g 68 36.6 66 16.5 17 13.4 22 7.1 173 16.9

Eupelmidae
Brasema ?allynii 0 0.0 0 0.0 1 0.8 1 0.3 2 0.2
Eupelmus vesicularis 0 0.0 2 0.5 2 1.6 2 0.6 6 0.6
Overall Eupelmidaef 0 0.0 2 0.5 3 2.4 3 1.0 8 0.8

Eulophidae
Neochrysocharis sp.h 2 1.1 6 1.5 0 0.0 6 1.9 14 1.4

Bethylidae
Laelius utilis 0 0.0 0 0.0 0 0.0 1 0.3 1 0.1

Total parasitism 73 39.2 96 24.0 40 31.5 48 15.5 257 25.1

a n � 186 pupae collected in 2010, and the total number of asparagus miners that emerged was 113 adults.
b n � 400 pupae collected in 2011, and the total number of asparagus miners that emerged was 304 adults.
c n � 127 pupae collected in 2012, and the total number of asparagus miners that emerged was 87 adults.
d n � 309 pupae collected in 2013, and the total number of asparagus miners that emerged was 261 adults.
e n � 1,022 pupae collected over 4 yr, and the total number of asparagus miners that emerged was 765 adults.
f Morph designation indicates that the individual was only taken to the family level because species-level identiÞcation was not possible at

time of emergence and specimen was since used for the diet and ßoral assays.
g Combined abundance and parasitism rates for all the morphs or species within a family.
h IdentiÞed to either N. formosus or N. diastatae.
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of the total asparagus miner pupae (Table 1). Total
parasitism by all species ranged from 39.2% in 2010 to
15.5% in 2013, with overall parasitism for all years and
species reaching a total of 25.1%.

Diet Assay. The diet that asparagus miner or para-
sitoid adults were fed signiÞcantly affected their lifes-
pan (ANOVA: F � 86.74; df � 4, 80; P � 0.001; Fig. 1),
as did the family identity (including the families to
which thepest andparasitoids belonged,ANOVA: F �
18.63; df � 2, 168; P � 0.001). SpeciÞcally, adults fed
a sugar-rich diet (e.g., honey or sugar solution) had a
signiÞcantly greater life span compared with adults
fed water only, or snapped asparagus spears (Fig. 1).
Adult parasitoids fed a sugar-rich diet lived about
twice as longas asparagusminer adults fedon the same
diet, with a lifespan of �13.8 d comparedwith 7.3 d for
the asparagus miner. Relative to the control (water
only), the life spanof asparagusminer adults increased
by a factor of 5.2, whereas the life span of parasitoid
adults increased by a factor of 7.7 when fed sugar-rich
diets.

Floral Resource Assay. Sex ratio of the adults was
�1:1. Theßower species that an asparagusminer adult
had access to signiÞcantly inßuenced its longevity
(ANOVA:F�38.06; df�4, 70;P�0.001). SpeciÞcally,
miners that were enclosed with RiddellÕs goldenrod
lived about twice as long as those that had access to
water only (Fig. 2). The asparagus miner life span on
buckwheat and faba bean was similar to the control.
Sweet alyssum resulted in intermediate life spans for
the asparagus miner, with adults living �2.5 d on
average.

Asparagus Miner Damage and Parasitism. Where
asparagus miners were present, there was an average
of 2.68 � 0.1 pupae (mean � SE; range 0Ð20) per stem
between 2011Ð2013. There was a signiÞcant positive
correlation between the number of pupae parasitized
on a stem and the total number of asparagus miner
pupae found on the stem (Adj. R2 � 0.883; P � 0.001;

Fig. 3). The highest number of pupae that were par-
asitized on a stemwas four (Fig. 3), though stemswith
one or two parasitized pupae were much more com-
mon (W.R.M., unpublished data). There were signif-
icantly different parasitization rates of asparagus
miner pupae per stem depending on parasitoid family
(KruskalÐWallis: �2 � 18.35; df � 3; P � 0.001). When
a stem was parasitized by braconids, 40 � 0.1%
(mean � SE) of the asparagus miners in a given stem
were parasitized. The average parasitization rate by
pteromalids (46 � 0.1%) was similar to braconids.
Eupelmids attacked pupae when there was only a
single asparagus miner individual located on a stem,
resulting in a 100% parasitization rate. Eulophids par-
asitized twice as many pupae per stem (81 � 0.2% on
average) relative to braconids. Overall, stems that
were parasitized had 1.4 times longer mines, 1.2 times
greater proportion of the stem mined, and almost
twice as many asparagus miner life stages than non-
parasitized stems (Table 2).

Fig. 1. Mean � SEM (d) longevity of asparagus miner
adults and two groups of parasitoids (Braconidae and Pte-
romalidae) on various diets in a bioassay. Adults were fed ad
libitum during their lifespan. Diets (across species) with
shared and capitalized letters are not signiÞcantly different
from one another (TukeyÕs HSD, � � 0.05). Lower case
letters represent comparisons within a diet, between species
(TukeyÕs HSD).

Fig. 2. Mean � SEM (d) longevity of asparagus miner
adults that were allowed to feed on various ßowers. Species
witha sharedcapital letter arenot signiÞcantlydifferent from
one another (TukeyÕs HSD, � � 0.05). The sample size of
adults tested is above each bar.

Fig. 3. Relationship between the number of parasitized
asparagus miner pupae per stem and the mean number of
asparagusminer pupae per stem(�SEM) for stems collected
from Oceana Co., MI, between 2011 and 2013. There is a
signiÞcant positive correlation between parasitism and the
number of pupae per stem (R2 � 0. 883, P � 0.0001; y �
3.39x�0.0068).
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Discussion

Of the parasitoids we reared from the asparagus
miner, only C. rondanii was reported previously as
a parasitoid of the asparagus miner, once in Massa-
chusetts (Krombein et al. 1979) and in Europe (Gi-
ard 1904). It is a host-speciÞc parasitoid of the
asparagus miner (GrifÞths 1968) and was the sec-
ond-most common parasitoid reared in the current
study. The most common parasitoid reared was T.
cephalon, and its parasitism rate probably is under-
estimated because most of the “Pteromalidae
morphs” (Table 1) were likely also this species.
Prior host records of T. cephalon include Ceci-
domyiidae and Chloropidae (Diptera) (Supp Table
3 [online only]). This species, along with C. ron-
danii, may be effective natural enemies of the as-
paragus miner and good candidates for conservation
biological control of this pest in Michigan. The spe-
cies assemblages of parasitoids for the asparagus
miner in other regions of the United States should
be assessed to evaluate whether these two species
are also good candidates for biological control else-
where, as the dominant parasitoids for a particular
host can vary depending on region especially in
large countries like the United States or Canada
(Mason et al. 2011).

Most of the other chalcid parasitoid species iden-
tiÞed in our study are omnivorous or polyphagous and
parasitizeavarietyofhosts.Agromyzids areamong the
hosts of these polyphagous species (for example C.
vulgaris,M.megapterus and species ofHalticoptera).T.
cephalon, S. dissimilis and Tr. viridascens are known to
parasitize Chloropidae and Cecidomyiidae (Supp Ta-
ble 3 [online only]), and previous literature suggests
that they are parasitoids of leaf or stem miners. Thus,
itmaybe likely that these species switched fromnative
hosts to the asparagus miner when it was introduced
to North America. The host of Sp. cracentis is un-
known. An unidentiÞed species of Sphegigaster Spi-
nola was reported as a parasitoid of the asparagus
miner in Europe (Barnes 1937, Barnes and Walton
1934), but it is likely different from the species we
reared.

Based on known biology, at least two of the para-
sitoids, E. vesicularis and B. ?allynii, could be either
primary parasitoids of the asparagus miner or hyper-
parasitoids throughoneof theotherparasitoid species.

Hyperparasitism may constrain biological control
in simpliÞed environments, such as monocultures
(Rosenheim et al. 1995), especially if primary hyper-
parasitoids are abundant, though the outcome of in-
traguild predation often depends on crop-speciÞc
conditions(Müller andBrodeur2002).Regardless, the
impact of these two species on biological control ser-
vices in the Þeld is likely minimal because of their low
abundance (Table 1).

We reared only a single specimen of the bethylid L.
utilis. This rearing is anomalous because L. utilis has
never been recorded as using any hosts other than
beetlesof the familyDermestidae.However,withonly
a single rearing during 4 yr of data collection, aspar-
agus miners are at least not typical hosts for this spe-
cies.

Sugar-rich diets increased the lifespan of the
pteromalid and braconid parasitoids, indicating that
the addition of nectar and ßoral resources could
beneÞt biological control in this system. Of concern,
however, is the observation that the provisioning of
sugar-rich diets also increased the life span of the
asparagus miner. This suggests that it is important to
provide ßowers in the Þeld that the natural enemy
community can exploit without inadvertently ben-
eÞting the pest species (Kehrli and Wratten 2011).
During asparagus bloom, the abundantly available
ßowers may provide resources to both the asparagus
miner (Ferro and Gilbertson 1982) and the parasi-
toids. At other times of the year, the majority of
ßowers are on the Þeld margins, with the asparagus
Þeld being relatively depauperate of ßoral re-
sources. It may be most important to supply the
parasitoid community with ßoral resources during
these periods.

The asparagusminer had the shortest lifespanwhen
individuals were allowed access to buckwheat, while
they had the longest lifespan on RiddellÕs goldenrod.
Despite the fact that goldenrod has been shown to
attract chalcidoids and braconids (Fiedler and Landis
2007a, Landis et al. 2013), we would not recommend
it for use in ßoral plantings or conservation strips for
asparagus because of its beneÞcial impact on the as-
paragus miner lifespan. Buckwheat is an exotic plant
fromcentral Asia, and it has also been shown to attract
chalcidoids and braconids in Michigan (Fiedler and
Landis 2007a), the groups to which T. cephalon and C.

Table 2. Summary of damage measure and amount of asparagus miner pupal abundance on parasitized or nonparasitized asparagus
stems

Measure
Parasitized Nonparasitized Between-group test

n Mean � SEM n Mean � SEM t dfa P

Longest mineb 113 14.8 � 0.61 3,534 10.8 � 0.12 �6.34 118.1 �0.0001
% stem minedc 113 97.2 � 0.09 3,534 81.4 � 0.58 �13.57d 118.1 �0.0001
AMe pressure 113 6.06 � 0.03 3,534 3.24 � 0.05 �8.77 117.3 �0.0001

a Welch correction applied to degrees of freedom.
b In centimeters.
c Measure of the amount of the stem surface being girdled within the bottom 5 cm of the asparagus stem.
d Before testing, this variable was arcsine transformed to fulÞll the requirements of a t-test.
e Asparagus miner (AM) pressure: a composite measure that additively combines the number of pupae, larvae, and castings (puparia) for

a given stem.
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rondanii belong. However, the same study showed
that buckwheat also attracts insects such as Lygus spp.
(Hemiptera) and the Japanese beetle, Popillia ja-
ponica Newman (Scarabaeidae) (Landis et al. 2013),
which are pests in asparagus Þelds. Attracting Lygus
spp. may not cause problems for asparagus production
because asparagus plants can recover, even at a young
age, from infestations by this pest (GraÞus and Mor-
row 1982), though long-term potential for damage
may still exist.

This study showed that there is a positive corre-
lation between the number of pupae parasitized on
the stem, the amount of damage on the asparagus
stem, and the total number of asparagus miner pu-
pae. This means that pupal parasitoids may have a
preference for stems that are already damaged by
asparagus miner pupae. This could be due to the
amount of cues emanating from damaged stemsÑ
usually the higher the concentration of host kairo-
mone cues, the greater the attractiveness of a patch
to the parasitoid (van Alphen et al. 2003). Among
other signals, possible kairomones that may be used
by parasitoids of the asparagus miner are presence
of mining damage, exposure of pupae where the skin
of the plant has been broken, and alteration of the
volatiles bouquet emitted by the plant or ßowers
(see Geervliet et al. 1996, Dannon et al. 2010). The
chemical ecology of the asparagus miner, the crop
and its parasitoids deserve special attention in fol-
low-up studies to develop alternative control ap-
proaches for this pest. Additionally, we found some
support for models of optimal searching behavior,
which indicate that when prey distribution is vari-
able (as in the case of the asparagus miner, as some
stems had one nonparasitized miner pupa, whereas
others had up to 15), then parasitoids are expected
to incrementally increase their time at a patch with
each oviposition (Iwasa et al. 1981).

There are no established economic thresholds for
the asparagus miner; however, Gilbertson et al.
(1985) found similar numbers of pupae per stem
(average 2.9 per stem) in western Massachusetts as
in the current study. The same study found that 76%
of the mines in stems collected from the Þeld were
infected with Fusarium moniliforme (�prolifera-
tum), and 10% had Fusarium oxysporum f.sp. as-
paragi, the main agents responsible for the early
decline of asparagus. These authors concluded that
the asparagus miner is a signiÞcant pest in Massa-
chusetts, and plays a role in increasing the fre-
quency of crown and root rot in asparagus Þelds.
Tuell (2003) isolated Fusarium sp. from different
asparagus miner lifestages from Michigan. It is
therefore likely that this pest plays a signiÞcant role
in increasing the frequency of crown and root rot in
asparagus Þelds in Michigan, and is a serious threat
to the Michigan asparagus industry.

This study suggests that native chalcid generalist
parasitoids of dipterous and other leaf or stem min-
ers will include the asparagus miner as a host and
assist in biological control of this pest. Of the para-
sitoids found, C. rondanii, a host-speciÞc parasitoid,

and T. cephalon may be the best candidates for
conservation biological control of the asparagus
miner based on observed parasitism rates. Buck-
wheat or faba bean were the best candidates for
providing a ßowering resource, though theremay be
other alternatives that were not examined. Further
research is speciÞcally needed into the following
areas before a biological control program can be
implemented in asparagus: 1) investigation of
whether buckwheat or faba bean attracts and aids
the natural enemy community of the asparagus
miner in the Þeld, 2) understanding the chemical
ecology in interactions between the asparagus
miner, its natural enemies, and the crop, and 3)
ensuring that ßoral resources in the margins of as-
paragus Þelds do not beneÞt other nontarget pests
in the Þeld.
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