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A B S T R A C T

We evaluated pest and predator spatial distributions in relation to asparagus field margins, developed molecular
gut content analysis methods for two key asparagus pests, and determined trophic links between the two pests
and arthropod predators. Our results indicated that the abundance of natural enemies is higher outside
asparagus fields than inside, and fields bordered by forests had higher numbers of predators compared to other
types of field margins. We screened 3646 field-collected predators from 10 commercial asparagus fields using
molecular gut content analysis in 2014 and 2015, and found that 29 arthropod families feed on the two key
pests. Significantly more predators positive for the two key pests’ DNA were found in field margins in both years
than inside the asparagus field. We highlight the potential significance of unmanaged field margins, particularly
forested ones, in providing biocontrol services in agricultural fields.

1. Introduction

Agricultural field margins are important sources of ecosystem
services, but their beneficial contributions to pest management are
not well understood (Bell et al., 2002; Dennis and Fry, 1992; O’Rourke
and Jones, 2011; Vickery et al., 2009). Field margins represent crop
field edges that interface areas of managed or unmanaged natural
vegetation, crop fields, or anthropogenic structures, such as roads
(Marshall and Moonen, 2002). Generally, higher arthropod abundance
and diversity is observed in field edges than in the field interior (Botero-
Garcés and Isaacs, 2004; Denys and Tscharntke, 2002). One proposed
explanation for this is that intensively managed agroecosystems are
frequently sprayed with insecticides, thus creating temporal arthropod
deserts, and field margins can provide habitat for shelter and recolo-
nization (Ramsden et al., 2015). Therefore, promoting the development
of alternative non-cropped habitats outside fields could contribute to
ecosystem friendly pest management if they provide biological control
services (O'Rourke and Jones, 2011; Tschumi et al., 2016). However,
there is concern about the effects of field margin habitat on pest control
because they may harbor harmful arthropods (Duelli et al., 1990;
O’Rourke and Jones,2011).

Increasing plant diversity in field margins may lead to an improve-
ment in resources for beneficial arthropods which in turn can enhance
the magnitude and outcome of biocontrol (Dennis and Fry, 1992;

Fiedler and Landis, 2007; Isaacs et al., 2009; Walton and Isaacs, 2011a,
2011b). Conversely, some plant species may be disproportionately
attractive to pests, which would defeat the purpose of providing such
habitat. For example, some arthropod pests find and develop on
alternate hosts, which would sustain pest populations in agricultural
landscapes (Blitzer et al., 2012; Schellhorn et al., 2008). Encouragingly,
studies show consensus that natural enemies are more commonly
attracted to diverse high quality field margins and non-cropping areas
in agricultural landscapes than pests and this leads to enhancing
conservation biocontrol programs for key pests (Fielder and Landis,
2007; Isaacs et al., 2009; Letourneau et al., 2011; Thies and Tscharntke,
1999; Tscharntke et al., 2005).

Commonly, pest management is focused on a few key pests that are
the top priorities for securing economically profitable yields (e.g., Reitz
et al., 1999). The efficacy of habitat enhancement programs for key pest
control hinges on whether pests and natural enemies spatially and
temporally overlap (e.g., Woodcock et al., 2016). For instance, arthro-
pod natural enemies may move into agricultural fields from field
margins during periods of abundant prey, while others may only
randomly disperse into the field looking for prey using margins as
permanent homes. To advance our understanding of biocontrol in
agricultural landscapes, we need to better understand the interactions
that occur between pests and natural enemies across crop to field
margin interfaces.
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Characterizing interactions between arthropod herbivores and pre-
dators has been revolutionized by the use of molecular gut content
analysis (Furlong, 2015; King et al., 2008; Sheppard and Harwood,
2005; Symondson and Harwood, 2014). This method provides a
qualitative approach to unraveling food webs and determining which
field-collected predators are providing biocontrol services. Studying
trophic interactions with this approach has become increasingly used in
agricultural systems; however, the primary focus previously has been
on interactions taking place within managed fields (e.g., González-
Chang et al., 2016; Szendrei et al., 2010). With a growing recognition of
the importance of agricultural landscape structure on pest manage-
ment, research is needed on the effects of margin habitat and landscape
elements on biocontrol services using molecular gut content analysis as
a tool.

In this study, we focus on the interface between field margins and
agricultural fields to aid in the development of a conservation
biocontrol program for two key asparagus pests, the asparagus miner
(Ophiomyia simplex Loew; Diptera: Agromyzidae) and common aspar-
agus beetle (Crioceris asparagi L.; Coleoptera: Chrysomelidae) (Barnes,
1937; LeSage et al., 2008). Past studies in asparagus have determined
asparagus miner to be spatially aggregated at field edges, providing the
possibility for overlap with natural enemies preferring field margin
habitat and the opportunity of designing habitat management programs
to improve biological control (Morrison and Szendrei, 2013). Our
specific goals were to: 1) evaluate pest and predator spatial distribu-
tions in relation to field margin types, 2) develop molecular gut content
analysis methods for both key pests, 3) determine the predators of these
key pests using molecular gut content analysis, and 4) investigate the
impact of field margin type and spatial location (i.e., within field or
near field margin) on the incidence of predation.

2. Materials and methods

2.1. Arthropod collections

We collected predators and pests weekly in 10 postharvest com-
mercial asparagus fields in Oceana County, Michigan, USA, from July to
August 2014 (five sampling dates), and June–August 2015 (nine
sampling dates; Table S1). Two margin regions per field were desig-
nated as collection sites. For all fields, vegetation outside the field edge
consisted of a ∼5 m wide drive row that typically consisted of mowed
weeds or grass, and is a common feature of agricultural fields in the US
to allow the movement of farm equipment. Beyond the drive row, we
classified the margins as one of four types: asparagus, crop (alfalfa,
cherry, or corn), forest (unmanaged areas with mixtures of deciduous
hardwoods and coniferous evergreen softwoods, e.g., maple (Acer spp.),
pine (Pinus spp.), beech (Fagus spp.), and hemlock (Tsuga spp.)) and
non-crop (infrequently managed areas with mixtures of grasses, e.g.,
Poa spp., Lolium spp., Festuca spp., and Agrostis spp., and weeds, e.g.,
Plantago spp., Amaranthus spp., Anthemis spp., and Taraxacum spp., that
were often adjacent to an anthropogenic structure, such as a building or
road). Each sampled margin region was divided into three transects,
each consisting of a 10 m × 1 m sampling area running parallel to the
field margin. One sampling area was located 10 m away from the
asparagus field in the margin habitat, another at the asparagus field
edge, and the third was 20 m into the asparagus field (Fig. S1).

Collections of live pest and predatory arthropods were done using a
sweep net for canopy-dwelling arthropods and a field vacuum (Toro®

Power Vac, Bloomington, MN, USA) modified with a fitted mesh bag
over an 11 cm diameter inlet for soil-dwelling arthropods. Five vacuum
samples were taken at random within each transect’s 10 m × 1 m
sampling area for 10 s per sample and was consistent between all
margin habitats. Sweep net sampling in asparagus fields was comprised
of 40 sweeps in each sampling area from ∼100 to 150 cm canopy
height. In forested margins, sweep net samples were taken from low
tree branches and understory flora ∼100–150 cm from the soil surface.

However, in crop (alfalfa and cherry) and non-crop habitats plant
material below 100 cm in height were sampled because these plants are
kept short with management by farmers. Arthropods were sorted in the
field immediately after collection, predatory specimens were then
placed individually into chilled vials containing 75% ethanol, and
stored on ice until they were frozen in the lab at −20 °C. Only those
predatory arthropods were retained that were in a life-stage that was
feeding on other arthropods; for example, only larval stages of
Chrysopidae were collected for further processing since adults are not
predatory.

2.2. Molecular gut content analysis

2.2.1. Primer design for asparagus miner and common asparagus beetle
DNA

Primers designed to amplify asparagus miner and common aspar-
agus beetle DNA were developed to establish predatory linkages.
Sequences for primer design were obtained using cytochrome c oxidase
subunit I (COI) primers Nancy (5′ − CCC GGT AAA ATT AAA ATA TAA
ACT TC − 3′) and Ron (5′ − GGA TCA CCT GAT ATA GCA TTC CC −
3′) (Simon et al., 1994). PCRs (50 μl) were comprised of 36.25 μl PCR
certified H2O (Teknova, Hollister, CA, USA), 5 μl 10× PCR buffer,
1.5 μl (50 mM MgCl2), 1 μl (0.2 μM) dNTP, 1 μl (0.2 μM) of each
general primer, 0.25 μl Taq (ThermoFisher Scientific Inc., Waltham,
MA, USA), and 4 μl of asparagus miner or asparagus beetle DNA. PCR
was conducted with an Eppendorf Mastercycler® Pro (Eppendorf,
Hauppauge, NY, USA) thermal cycler using the PCR protocol of
94.5 °C for 3 min, followed by 40 cycles of 94.5 °C for 45 s, 41 °C for
1 min, 72 °C for 2 min, and a final extension period of 72 °C for 5 min.
Gel electrophoresis (60 V for 3 h) confirmed amplification using 6 μl of
PCR product in 3% agarose gel (Invitrogen UltraPure® Agarose,
ThermoFisher Scientific Inc.) stained with 7.5 μl GelRed nucleic acid
stain (Phenix Research Products, Candler, NC, USA). Reactions with
sufficient PCR product were purified and sequenced at the Michigan
State University Genomics Core Facility (East Lansing, MI, USA).

Sequences for all available Agromyzidae and Chrysomelidae were
downloaded from GenBank and aligned with asparagus miner and
common asparagus beetle COI sequences using MUSCLE (Edgar, 2004).
Primers for asparagus miner and common asparagus beetle were
selected following testing in Primer 3 (Rozen and Skaletsky, 2000).
Primers selected for asparagus miner had sequences of 5′ − CTT CAT
TTA GCT GGA ATT TCT TCT ATT − 3′ (AM_F, Tm = 59 °C) and 5′ −
ATA GGG TCT CCC CCT CCA G − 3′ (AM_R, Tm = 60 °C) and produced
a 238 bp amplicon product. Primers selected for the common asparagus
beetle had sequences of 5′ − TCA CAG TTG GTG GTT TAA CAG GA −
3′ (AB_F, Tm = 62 °C) and 5′ − TGC AAA CAC TGC CCC TAT TG − 3′
(AB_R, Tm = 62 °C) and produced a 122 bp amplicon product. Primer
specificity was screened against a non-target library of 100 arthropods
representing 44 families from 12 orders (Schmidt et al., 2016) and there
was no amplification with any of the non-target species.

2.2.2. Predator gut content extraction
To establish trophic linkages to asparagus miner and common

asparagus beetle, molecular gut content analysis was conducted on
the field-collected predators. Predators were identified to family, genus
or species prior to DNA extraction (Arnett, 2000; Arnett and Thomas,
2000; Arnett et al., 2002; Bradley, 2012; Stehr, 1987; Ubick et al.,
2009). Specimens were then removed from their respective collection
vials, rinsed with double-distilled H2O and 95% ethanol, dried, and
placed in autoclaved 1.7 ml centrifuge vials. The whole predator was
pulverized with a pestle and total DNA was extracted and purified using
a QIAGEN DNeasy® Blood and Tissue kit using the protocol outlined by
the manufacturer for animal tissue extraction (QIAGEN Inc., Chats-
worth, CA, USA).
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2.2.3. Predator gut content screening
Predatory linkages were established by screening extracted predator

DNA for the presence of asparagus miner and common asparagus beetle
DNA using multiplex PCR and gel electrophoresis. The PCR mix
contained 4.33 μl PCR certified H2O (Teknova, Hollister, CA, USA),
6.25 μl 2× PCRBIO HS Taq Mix Red (PCR Biosystems Ltd., London,
UK), 0.50 μl (10 mM) asparagus miner primer, and 0.42 μl (10 mM)
common asparagus beetle primer were mixed with 1 μl of extracted
whole predator DNA. Asparagus miner and common asparagus beetle
DNA were used as positive controls. PCR was conducted using an
Eppendorf Mastercycler® Pro thermal cycler using the protocol of 95 °C
for 2 min, followed by 30 cycles of 95 °C for 30 s, 56.5 °C for 30 s, 72 °C
for 45 s, and a final extension period of 72 °C for 5 min. Gel electro-
phoresis (2%, Invitrogen UltraPure® Agarose; 7.5 μl GelRed nucleic acid
stain) was conducted using 6 μl of PCR product at 90 V for 1.5 h. A
reference (1.5 μl, GeneRuler LR, 25–700 bp, ThermoFisher Scientific
Inc.) was used to verify correct product sizes.

2.3. Statistical analysis

Spatial autocorrelation between collection sites was checked using a
Mantel’s test (package = “ADE4”) to ensure independence between
collection sites for pests and predators prior to analysis (R Core
Development Team, 2015). Asparagus miner and common asparagus
beetle abundances were determined from sweep net samples only, as
vacuum sampling resulted in few asparagus miners and no asparagus
beetles, and predator abundances were the sum of vacuum and sweep
net collections. All data were analyzed using a mixed effects model with
a Poisson distribution GLMER (package = “LME4”) with margin type
and transect sampling location as fixed effects, and collection date and
field as random effects. We compared reduced and full models using
Akaike Information Criterion (AIC) and Bayesian Information Criterion
(BIC) to select the model with the best fit for the data. Collection years
were analyzed separately because 2014 represented a five-year low in
degree days accumulated over the growing season, 18% below the five-
year average, and 2015 represented an above-average degree day
accumulation at 2% above the five-year average (MSU Enviro-weather,
2016). A post-hoc least squares means comparison with Bonferroni
correction was made on fixed factors detected as significant using
generalized linear hypothesis test (α = 0.05; package = “MULT-
COMP”).

We created food webs using the proportion of predators testing
positive for pest DNA, corrected for overall predator abundance, which
allowed visualization of predatory linkages and the relative strength of
those links (package = “BIPARTITE”). To test for predation differences,
we compared the total number of predators testing positive for
asparagus miner and common asparagus beetle DNA by margin habitat
type and collection transect sampling location using a Pearson’s chi
square test with post-hoc multiple pairwise comparisons (α = 0.05;
package = “STATS”).

Predator community composition was analyzed by collection type
(vacuum or sweep) and by transect sampling location. To meet
acceptable stress levels for community analysis, predator totals from
the field edge and 20 m sampling locations were summed (Clarke,
1993). Analysis was done at the family taxonomic level (except for
Opiliones) with non-metric multidimensional scaling (NMDS) and
analysis of similarity (ANOSIM; package = “VEGAN”; α= 0.05). How-
ever, sweep net data had no convergent solutions; therefore, only
vacuum samples were analyzed with NMDS. The exception was 2015
sweep net data from field margins, which produced convergent
solutions with acceptable stress values for NMDS (Clarke, 1993).

3. Results

3.1. Pest abundance

We confirmed for asparagus miners and beetles that collection sites
were independent (Mantel’s test: r =−0.12, p= 0.92). We collected
809 and 2102 asparagus miners in 2014 and 2015, respectively. In
2014, there was no significant margin effect on pest abundance;
however, in 2015, a significant effect was detected (2014: χ
2 = 4.94, df = 3, p = 0.18; 2015: χ 2 = 12.34, df = 3, p < 0.01).
For both years, significant transect sampling location (2014: χ
2 = 75.44, df = 2, p < 0.01; 2015: χ 2 = 250.60, df = 2, p < 0.01)
and margin × transect sampling location interaction (2014: χ
2 = 172.34, df = 6, p < 0.01; 2015: χ2 = 170.53, df = 6,
p < 0.01) were found (Table S2a). In 2015, the abundance of
asparagus miners was statistically higher in sites adjacent to asparagus
borders than those bordered by crops and non-crop borders (z > 3.15,
df = 3, p < 0.01; Fig. 1a). Asparagus miners were significantly more
abundant in both years at the field edges when compared to the margins
and inside the field (2014: z > 8.92, df = 2, p < 0.01; 2015:
z > 9.06, df = 2, p < 0.01; Fig. 1b).

We collected 40 and 95 common asparagus beetles in 2014 and
2015, respectively. The effect of margin type on the number of
asparagus beetles in either year was not significant (2014: χ
2 = 2.25, df = 3, p = 0.81; 2015: χ 2 = 2.70, df = 3, p= 0.75;
Fig. 1c). In 2014, transect sampling location was not a significant
predictor of asparagus beetle abundance (χ 2 = 7.32, df = 2,
p = 0.12); however, in 2015, significantly more asparagus beetles were
found at the field edge when compared to the other sampling locations
(χ 2 = 11.92, df = 2, p = 0.02; Fig. 1d). No interaction between
margin and transect sampling locations were detected in either year
(2014: χ 2 = 1.61, df = 6, p = 0.95; 2015: χ 2 = 8.91, df = 6,
p = 0.18; Table S2b).

3.2. Predators of asparagus miner and common asparagus beetle

Spatial autocorrelation was not found among our sites for predators
(Mantel’s Test: r =−0.01, p = 0.47). In 2014 and 2015, there were
significant differences in arthropod predator abundance across margin
types (2014: χ 2 = 17.88, df = 3, p < 0.01; 2015: χ 2 = 9.43, df = 2,
p = 0.02) and transect sampling locations (2014: χ 2 = 60.54, df = 2,
p < 0.01; 2015: χ 2 = 1167.31, df = 2, p < 0.01). Significant inter-
actions between margin and transect sampling locations were also
detected in both years (2014: χ 2 = 36.60, df = 6, p < 0.01; 2015: χ
2 = 71.47, df = 6, p < 0.01; Table S2c).

Predator abundance was significantly higher in fields with forested
margins than fields with asparagus or crop margins in 2014 (z > 2.61,
df = 3, p < 0.04). In 2015, forested margins also had the highest
predator abundance of all margin types and was significantly higher
than fields with asparagus margins (z = 3.61, df = 3, p < 0.01;
Fig. 1e). Significant differences in predator abundance relative to
transect sampling location was found in both years with significantly
more predators collected from the field margins than at the field edge or
within the field (2014: z > 2.85, df = 2, p < 0.01; 2015: z > 25.00,
df = 2, p < 0.01; Fig. 1f).

3.3. Predator communities

Predator communities collected from inside the asparagus fields by
vacuum relative to margin vegetation type in both years were similar to
each other (2014: ANOSIM R= −0.05, p = 0.77, NMDS stress = 0.11;
2015: R = −0.10, p = 0.94, NMDS stress = 0.17; Fig. S2). In 2014,

A.J. Ingrao et al. Agriculture, Ecosystems and Environment 243 (2017) 47–54

49



predators in forested margins had a distinct community compared to
the other margin types (ANOSIM R = 0.21, p < 0.05, NMDS
stress = 0.15; Fig. S3a). However, this pattern did not continue in
2015, when all margin predator communities were similar to each other
(R =−0.02, p = 0.56, NMDS stress = 0.13; Fig. S3b). Sweep net-
collected samples from inside asparagus fields gave no convergent
solutions in either year, and therefore could not be analyzed with
NMDS. However, in 2015, sweep net collections from forested margins
had a significantly different predator community composition than all
other margin vegetation types (R = 0.27, p < 0.01, NMDS
stress = 0.14; Fig. S4).

3.4. Molecular gut content analysis summary: food webs of key asparagus
pests

Of the 1456 predators we screened in 2014, 80 (6%) tested positive
for asparagus miner DNA and 16 (1%) tested positive for asparagus
beetle DNA. The arthropods that tested positive for asparagus miner
represented 22 groups (13 spider groups and 9 insect families; Fig. 2a).
In total, we collected 1244 individuals that belonged to these taxo-
nomic groups (Table S3a). We found 400 individuals that came from six
taxonomic groups (two spider groups and four insect families; Fig. 2a),
which tested positive for asparagus beetle DNA (Table S4a). In 2014,
two individuals tested positive for DNA of both pests; a Nabis
americoferus Carayon (Hemiptera: Nabidae) and a rove beetle from
the subfamily Aleocharinae (Coleoptera: Staphylinidae).

In 2015, we screened 2190 predators and had 307 individuals
(14%) test positive for asparagus miner DNA, and 64 individuals (3%)
positive for asparagus beetle DNA in gut contents. These predators
represented 24 predatory groups for asparagus miner (12 spider groups
and 12 insect families; Fig. 2b; Table S3b), and 12 predatory groups (6

spider groups and 6 insect families) that tested positive for asparagus
beetle DNA (Fig. 2b; Table S4b). We had 2091 and 1419 individuals
that came from families that tested positive for asparagus miner and
asparagus beetle, respectively. Similar to 2014, we only had a few
individual predators that tested positive for both prey. Staphylinids
were positive for both pests in 2015, with one individual from the
subfamily Aleocharinae and seven individuals from the genus Tachy-
porus.

3.4.1. Asparagus miner predators
Overall, spiders from the Linyphiidae family had the most indivi-

duals testing positive for asparagus miner in 2014, and Thomisidae had
the most positive individuals in 2015 (Fig. 2; Table S3). Among the
Insecta predators testing positive for asparagus miner DNA, we found
that in both years staphylinids and ground beetles (Carabidae) were
prominent predatory groups for asparagus miner (Fig. 2; Table S3).

Margin type significantly influenced the number of individuals
positive for asparagus miner DNA in both years (2014: χ 2 = 38.70,
df = 3, p < 0.01; 2015: χ 2 = 80.69, df = 3, p < 0.01; Fig. 3a). In
2014, in the presence of forested margins, the number of positive
samples increased by 3-fold, compared to all other margin types (χ
2 > 15.52, df = 1, p < 0.01). In 2015, fields with crop and forested
margins had significantly more predators testing positive for asparagus
miner compared to the other margin types (χ 2 > 20.86, df = 1,
p < 0.01; Fig. 3a). When comparing sampling locations (transects in
relation to margin habitat), we observed significant differences in the
total number of predators positive for asparagus miner DNA in 2014
and 2015 (2014: χ 2 = 10.00, df = 2, p < 0.01; 2015: χ 2 = 252.71,
df = 2, p < 0.01; Fig. 3b). Field margins in 2014 had double the
number of predators testing positive for asparagus miner DNA com-
pared to the other sampling locations (χ 2 > 6.67, df = 1, p < 0.01).

Fig. 1. Mean ± SEM number of asparagus miner, common asparagus beetle, and predators collected in asparagus fields in 2014 (grey bars) and 2015 (white bars). Asparagus miner
abundance by margin type (a) and transect (b) and asparagus beetle abundance by margin type (c) and transect (d). Both pests were collected by sweep nets. Predator abundance by
margin (e) and transect (f). Predators were collected with vacuum and sweep nets.
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In 2015, we found more than a 5-fold greater abundance of predators
outside asparagus fields than inside that tested positive for asparagus
miner DNA (χ 2 > 131.70, df = 1, p < 0.01; Fig. 3b).

3.4.2. Asparagus beetle predators
Comparatively fewer predators tested positive for asparagus beetle

in 2014 (Fig. 2; Table S4), likely related to low abundance of this pest
(Fig. 1c and d). In both years, a diversity of Insecta and Arachnida
predators tested positive for asparagus beetle DNA (Fig. 2; Table S4).
Insects from Coccinellidae and Staphylinidae were prominent predatory
families for asparagus beetle, with coccinellids making up 50% of the
predators testing positive in 2014 and staphylinids accounting for 59%
of the predators testing positive in 2015 (Fig. 2; Table S4).

Margin habitat type had no significant effect on the total number of
predators positive for asparagus beetles in 2014 (χ2 = 1.50, df = 3,

p = 0.68), but significantly affected the number of predators testing
positive in 2015 (χ2 = 77.00, df = 3, p < 0.01; Fig. 3c). In 2015, 87%
of predators testing positive for asparagus beetles came from crop
margins (χ2 > 25.14, df = 1, p < 0.01). Forested margins accounted
for 16% of the total number of predators testing positive, which was
significantly more than in non-crop margins (χ2 = 5.33, df = 1,
p = 0.02; Fig. 3c). The effect of transect sampling location on predators
testing positive for beetle DNA was significant in both years (2014:
χ2 = 6.13, df = 2, p< 0.05; 2015: χ2 = 70.72, df = 2, p < 0.01). In
2014, 56% predators testing positive for beetle DNA came from the
margin, which was significantly more than from the field (χ2 = 6.4,
df = 1, p= 0.01). Margin transects had 83% of the predators positive
in 2015, which was significantly more than the other transect sampling
locations (χ2 > 35.27, df = 1, p < 0.01; Fig. 3d).

Fig. 2. Predatory linkages visualized using food webs for common asparagus beetle and asparagus miner for 2014 (a) and 2015 (b). In each year, the width of upper and lower horizontal
bars represents total abundance of the arthropod groups. Lower horizontal bars represent the relative abundance of asparagus beetle and asparagus miner. Upper horizontal bars represent
relative abundance of predators. Lines connecting the upper and lower axes, and the corresponding black area of upper horizontal bars indicate the proportion of each predatory group
that were positive for asparagus miner and/or asparagus beetle DNA determined by molecular gut content analysis.
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4. Discussion

Our analysis of asparagus food webs is among the first studies to
characterize predatory communities in a landscape context using
molecular gut content analysis (Hagler et al., 2004; Sheppard et al.,
2004). In general, our results indicated that the abundance of natural
enemies is higher outside asparagus fields than inside, and this
coincided with higher predation levels on two key pest species.
Furthermore, we found that margin habitat type shapes predator
communities; asparagus fields bordered by forests contained more
abundant predator communities as compared to other types of field
margins. However, overall incidents of predation were relatively low in
both years which makes establishing key predators as potential targets
for biological control programs difficult. A diversity of predators was
found to have fed on the two key pests, indicating that predator
community diversity may be important for biological control in this
system. This supports the growing consensus in the literature about the
importance of biodiversity for ecosystem functions, such as biological
control (Cardinale et al., 2006), and emphasizes that agroecosystem
function depends on sustaining biodiversity in field margins to help
maintain biocontrol agents in agricultural landscapes (Wratten, 1988;
Wratten et al., 1998).

Although asparagus is a commonly grown crop around the world,
few studies have documented the predatory communities of these
systems (Angalet and Stevens, 1977; Capinera and Lilly, 1975; Drake
and Harris, 1932; Starý, 1990; Watts, 1938). Only three studies have
documented predators of asparagus beetle (Capinera and Lilly, 1975;
Drake and Harris, 1932; Watts, 1938), while none have described
predators of asparagus miner. The predators we collected, especially
arachnids, had higher incidences of predation in asparagus fields with
forested borders as compared to other margin types, suggesting that
increasing vegetation structural complexity, especially vegetation cov-
er, may be an important factor for these groups of arthropods (Bell
et al., 2002; Dennis and Fry, 1992; White and Hassall, 1994;). Many of
the predators in our study were flightless and soil-dwelling with a
diffuse distribution relative to the field margin, indicating that these

species are habitat generalists, moving between field margins and
agricultural fields in search of prey (“soft-edge” species, Duelli et al.,
1990). Forested field margins seem to be an important source of
refugia, likely increasing the number of predator immigrants into
asparagus fields.

Field margins may be sources of pests, and in our system, the
abundances of the two herbivorous pests were generally lower outside
asparagus fields than inside. This was expected since both pests are
obligate asparagus feeders (Barnes, 1937; Drake and Harris, 1932;
LeSage et al., 2008) and are most likely visiting volunteer asparagus
plants in field margins, although asparagus miner adults (the life stage
we collected) feed on nectar and can be seen visiting many species of
flowers (Z.S. pers. obs.). Furthermore, the forested margins had a
favorable effect on predators and predation, with a correspondingly
low abundance of asparagus miners and beetles. This result suggests
that the interaction between predators and these pests is particularly
high on the forested margins of fields, and the efficacy of biological
control in this system may be related to the amount of forested area in
the landscape.

Arachnids testing positive for asparagus miner DNA were a mixture
of soil-dwelling, arboreal, web-building, and wandering spiders. In
2014, linyphiids were the most abundant predator inside asparagus
fields, with 67% of all linyphiids testing positive for asparagus miner
coming from inside the fields. Linyphiids are a particularly interesting
arachnid family as a potential target for conservation biocontrol as they
seem to tolerate disturbance and can make up 93–99% of the total
spiders in many different field and vegetable crops (reviewed in
Nyffeler and Sunderland (2003)). Interactions between the miners
and web-building linyphiids is most likely to occur when adults are
captured as they move on and between plants. In 2015, Thomisidae
spiders had relatively high abundance in forested borders and fre-
quently tested positive for asparagus miners. These predators sit-and-
wait for their prey, often at flowers. Therefore, it is possible that they
could capture miner adults visiting flowers outside the asparagus fields.
In both years, arachnids made up less than 25% of the total predators
testing positive for asparagus beetle DNA with no clearly dominate

Fig. 3. Total number of predators collected from commercial asparagus fields that tested positive for asparagus miner DNA (a, b) and common asparagus beetle (c, d) with molecular gut
content analysis in 2014 and 2015. Significant differences among bars of the same color, within years, were determined with a Pearson’s chi square test with post-hoc multiple pairwise
comparisons (α = 0.05).
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predatory taxa. However, those that did test positive represented taxa
that utilize the same hunting modes and occupy the same spatial niches
within the landscape as those described for the asparagus miner.

Among the insect predators, staphylinids represented one of the
numerically dominant groups and frequently tested positive for the two
key pests. Many staphylinids are known facultative predators (Frank
and Thomas, 1999) and, as omnivores, they can establish early in crop
fields before pest populations are high and can feed on plants when
prey are unavailable, mitigating mortality (Capinera, 2008). Staphyli-
nids are also known scavengers and can test positive for prey DNA after
feeding on carrion (von Berg et al., 2012). Therefore, the roles of
staphylinids and other generalist predators in these food webs are
complex, and we may have overestimated predation on live pests due to
secondary predation (Mansfield and Hagler, 2016; Sheppard and
Harwood, 2005). False positives for predation can also occur when
secondary predators (hyperpredators) feed on primary predators,
creating food chain errors in molecular predation studies (Hagler,
2016; Harwood et al., 2001; Sheppard and Harwood, 2005). We
hypothesized, that if staphylinids feed on live prey, they are most
likely to feed on the immobile pupal stages of the two pests due to
spatial separation and differences in mobility during the other prey life-
stages. It is also difficult to discern if the positive occurrences we found
for the two pests were not simply the result of staphylinids scavenging
on dead or dying prey on the ground. Considering the propensity of
staphylinids to feed on carrion and the potential of secondary predation
it is difficult to verify our results without direct observations. Further
studies on the roles of staphylinids in terrestrial food webs are clearly
needed to better understand these issues.

We hesitate to make comparisons among predator groups for
effectiveness as biocontrol agents because there is known variability
in prey DNA detectability caused by differences in biotic conditions, the
size, type and frequency of meals consumed, and the life stage of the
predator (Greenstone et al., 2014). This is a challenge and out of the
scope for the current study given the diversity of predator taxa
observed. While our current analysis of the system provides the first
food web characterizing the communities of predators feeding on key
asparagus pests, and their relationship to landscape characteristics,
future work will clarify the importance of individual predatory taxa
(e.g., Szendrei et al., 2010).

5. Conclusions

In summary, our study contributes to filling the knowledge gap in
linking predators and prey through direct trophic linkages. We also
highlight the importance of unmanaged field margins, particularly
forested ones, in providing biocontrol services in agricultural fields.
Many of the predator taxa that we confirmed to feed on key pests are
not pollen and nectar feeders; therefore, in this system, predation and
margin management with flowers may not be positively correlated. In
the absence of forested borders, floral resources in margins may provide
habitat for predators and attract parasitoids which could synergize with
predators for more efficient biocontrol. While forested field margins
tend to be only a small part of agricultural landscapes, their conserva-
tion should be promoted for increasing ecosystem services and biodi-
versity, and their benefits should be integrated into pest management
programs.

Acknowledgements

This material is based upon work supported by the National Science
Foundation Graduate Research Fellowship Program (award number
DGE1424871 to A.I.). Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the author(s)
and do not necessarily reflect the views of the National Science
Foundation. Financial support was also provided by the Specialty
Crops Block Grants Program, U.S. Dept. of Agriculture (award numbers

791N1300 and 23-7017793 to Z.S.), and the Michigan Asparagus
Advisory Board. We thank the growers for allowing us access to their
land to do the research. We are grateful to Jemma Flood, Avi Grode,
Jessica Kansman, Connor Mccalmon, Sunny Mishra, and Ian Paulsen for
technical assistance.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.agee.2017.04.011.

References

Angalet, G.W., Stevens, N.A., 1977. The natural enemies of Brachycolus asparagi in New
Jersey and Delaware. Environ. Entomol. 6, 97–100.

Arnett, R.H., Thomas, M.C., 2000. American Beetles, Volume I: Archostemata,
Myxophaga, Adephaga, Polyphaga: Staphyliniformia. CRC Press, Boca Raton.

Arnett, R.H., Thomas, M.C., Skelley, P.E., Frank, J.H., 2002. American Beetles, Volume II:
Polyphaga: Scarabaeoidea through Curculionoidea. CRC Press, Boca Raton.

Arnett, R.H., 2000. American Insects: A Handbook of the Insects of America North Of
Mexico. CRC Press, Boca Raton.

Barnes, H.F., 1937. The asparagus miner (Melanagromyza simplex H. Lowe) (Agromyzidae:
Diptera). Ann. Appl. Biol. 24, 574–588.

Bell, J.R., Johnson, P.J., Hambler, C., Haughton, A.J., Smith, H., Feber, R.E., Tattersall,
F.H., Hart, B.H., Manley, W., Macdonald, D.W., 2002. Manipulating the abundance of
Lepthyphantes tenuis (Araneae: Linyphiidae) by field margin management. Agric.
Ecosyst. Environ. 93, 295–304.

Blitzer, E.J., Dormann, C.F., Holzschuh, A., Klein, A.M., Rand, T.A., Tscharntke, T., 2012.
Spillover of functionally important organisms between managed and natural habitats.
Agric. Ecosyst. Environ. 146, 34–43.

Botero-Garcés, N., Isaacs, R., 2004. Influence of uncultivated habitats and native host
plants on cluster infestation by grape berry moth, Endopiza viteana Clemens
(Lepidoptera: Tortricidae), in Michigan vineyards. Environ. Entomol. 33, 310–319.

Bradley, R.A., 2012. Common Spiders of North America. University of California Press,
Oakland.

Capinera, J.L., Lilly, J.H., 1975. Bionomics and biotic control of the asparagus beetle
Crioceris asparagi, in western Massachusetts. Environ. Entomol. 4, 93–96.

Capinera, J.L., 2008. Encyclopedia of Entomology, vol.IV. Springer, New York, pp.
3218–3224.

Cardinale, B.J., Srivastava, D.S., Duffy, J.E., Wright, J.P., Downing, A.L., Sankaran, M.,
Jouseau, C., 2006. Effects of biodiversity on the functioning of trophic groups and
ecosystems. Nature 443, 989–992.

Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community
structure. Australian J. Ecol. 18, 117–143.

Dennis, P., Fry, G.L., 1992. Field margins: can they enhance natural enemy population
densities and general arthropod diversity on farmland? Agric. Ecosyst. Environ. 40,
95–115.

Denys, C., Tscharntke, T., 2002. Plant-insect communities and predator-prey ratios in
field margin strips adjacent crop fields, and fallows. Oecologia 130, 315–324.

Drake, C.J., Harris, H.M., 1932. Asparagus insects in Iowa. Agricultural Experiment
Station. Iowa State College of Agriculture and Mechanic Arts, Des Moines, IA.

Duelli, P., Studer, M., Marchand, I., Jakob, S., 1990. Population movements of arthropods
between natural and cultivated areas. Biol. Conserv. 54, 193–207.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792–1797.

Fiedler, A.K., Landis, D.A., 2007. Attractiveness of Michigan native plants to arthropod
natural enemies and herbivores. Environ. Entomol. 36, 751–765.

Frank, J.H., Thomas, M.C., 1999. Rove beetles of Florida, Staphylinidae (Insecta:
Coleoptera: Staphylinidae). DPI Entomol. Circular. 343, 1–12.

Furlong, M.J., 2015. Knowing your enemies: integrating molecular and ecological
methods to assess the impact of arthropod predators on crop pests. Insect Sci. 22,
6–19.

González-Chang, M., Wratten, S.D., Lefort, M.C., Boyer, S., 2016. Food webs and
biological control: a review of molecular tools used to reveal trophic interactions in
agricultural systems. Food Webs 9, 4–11. http://dx.doi.org.proxy1.%20cl.msu.edu/
10.1016/j.fooweb.2016.04.003.

Greenstone, M.H., Payton, M.E., Weber, D.C., Simmons, A.M., 2014. The detectability
half‐life in arthropod predator-prey research: what it is, why we need it, how to
measure it, and how to use it. Mol. Ecol. 23, 3799–3813.

Hagler, J.R., 2016. A false-positive food chain error associated with a generic predator gut
content ELISA. Entomol. Exp. Appl. 161, 187–192.

Harwood, J.D., Phillips, S.W., Sunderland, K.D., Symondson, W.O.C., 2001. Secondary
predation: quantification of food chain errors in an aphid–spider–carabid system
using monoclonal antibodies. Mol. Ecol. 10, 2049–2057.

Isaacs, R., Tuell, J., Fiedler, A., Gardiner, M., Landis, D., 2009. Maximizing arthropod-
mediated ecosystem services in agricultural landscapes: the role of native plants.
Front. Ecol. Environ. 7, 196–203.

King, R.A., Read, D.S., Traugott, M., Symondson, W.O.C., 2008. Molecular analysis of
predation: a review of best practice for DNA-based approaches. Mol. Ecol. 17,
947–963.

LeSage, L., Dobesberger, E.J., Majka, C.G., 2008. Introduced leaf beetles of the Maritime
Provinces, 6: the common asparagus beetle, Crioceris asparagi (Linnaeus), and the

A.J. Ingrao et al. Agriculture, Ecosystems and Environment 243 (2017) 47–54

53

doi:10.1016/j.agee.2017.04.011
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0005
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0005
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0010
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0010
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0015
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0015
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0020
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0020
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0025
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0025
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0030
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0030
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0030
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0030
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0035
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0035
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0035
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0040
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0040
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0040
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0045
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0045
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0050
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0050
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0055
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0055
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0060
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0060
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0060
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0065
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0065
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0070
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0070
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0070
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0075
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0075
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0080
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0080
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0085
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0085
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0090
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0090
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0095
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0095
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0100
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0100
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0105
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0105
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0105
http://dx.doi.org.proxy1.%20cl.msu.edu/10.1016/j.fooweb.2016.04.003
http://dx.doi.org.proxy1.%20cl.msu.edu/10.1016/j.fooweb.2016.04.003
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0115
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0115
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0115
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0120
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0120
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0125
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0125
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0125
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0130
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0130
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0130
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0135
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0135
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0135
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0140
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0140


twelve-spotted asparagus beetle, Crioceris duodecimpunctata (Linnaeus) (Coleoptera:
Chrysomelidae). Proc. Entomol. Soc. Wash. 110, 602–621.

Letourneau, D.K., Armbrecht, I., Rivera, B.S., Lerma, J.M., Carmona, E.J., Daza, M.C.,
Escobar, S., Galindo, V., Gutiérrez, C., López, S.D., Mejía, J.L., 2011. Does plant
diversity benefit agroecosystems? A synthetic review. Ecol. Appl. 21, 9–21.

Mansfield, S., Hagler, J.R., 2016. Wanted dead or alive: scavenging versus predation by
three insect predators. Food Webs 9, 12–17.

Marshall, E.J.P., Moonen, A.C., 2002. Field margins in northern Europe: their functions
and interactions with agriculture. Agric. Ecosyst. Environ. 89, 5–21.

Michigan State University Enviro-weather, 2016. Historical Degree Day Summary.
https://enviroweather.msu.edu/run.php?stn=hrt&mod=w_
ddy&da1=1&mo1=3&da2=20&mo2=11&yr=2016&mc=510&ds=cd.

Morrison, W.R., Szendrei, Z., 2013. Patterns of spatial and temporal distribution of the
asparagus miner (Diptera: Agromyzidae): implications for management. J. Econ.
Entomol. 106, 1218–1225.

Nyffeler, M., Sunderland, K.D., 2003. Composition, abundance and pest control potential
of spider communities in agroecosystems: a comparison of European and US studies.
Agric. Ecosyst. Environ. 95, 579–612.

O'Rourke, M.E., Jones, L.E., 2011. Analysis of landscape-scale insect pest dynamics and
pesticide use: an empirical and modeling study. Ecol. Appl. 21, 3199–3210.

R Core Development Team, 2015. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. http://www.R-
project.org/.

Ramsden, M.W., Menéndez, R., Leather, S.R., Wäckers, F., 2015. Optimizing field margins
for biocontrol services: the relative role of aphid abundance, annual floral resources,
and overwinter habitat in enhancing aphid natural enemies. Agric. Ecosyst. Environ.
199, 94–104.

Reitz, S.R., Kund, G.S., Carson, W.G., Phillips, P.A., Trumble, J.T., 1999. Economics of
reducing insecticide use on celery through low-input pest management strategies.
Agric. Ecosyst. Environ. 73, 185–197.

Rozen, S., Skaletsky, H., 2000. Primer3 on the WWW for general users and for biologist
programmers. Methods in Mol. Biol. 132, 365–386.

Schellhorn, N.A., Bellati, J., Paull, C.A., Maratos, L., 2008. Parasitoid and moth
movement from refuge to crop. Basic Appl. Ecol. 9, 691–700.

Schmidt, J.M., Szendrei, Z., Grieshop, M., 2016. Elucidating the common generalist
predators of Conotrachelus nenuphar (Herbst) (Coleoptera: Curculionidae) in an
organic apple orchard using molecular gut-content analysis. Insects 7, 29.

Sheppard, S.K., Harwood, J.D., 2005. Advances in molecular ecology: tracking trophic
links through predator-prey food webs. Funct. Ecol. 19, 751–762.

Sheppard, S.K., Henneman, M.L., Memmott, J., Symondson, W.O.C., 2004. Infiltration by
alien predators into invertebrate food webs in Hawaii: a molecular approach. Mol.
Ecol. 13, 2077–2088.

Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H., Flook, P., 1994. Evolution
weighting, and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Ann. Entomol. Soc. Am.

87, 651–701.
Starý, P., 1990. The asparagus aphid, Brachycorynella asparagi (Mordv.) (Hom.,

Aphididae) and its natural enemy spectrum in Czechoslovakia. J. Appl. Entomol. 110,
253–260.

Stehr, F.W., 1987. Immature Insects. Kendall Hunt Publishing Company, Dubuque.
Symondson, W.O., Harwood, J.D., 2014. Special issue on molecular detection of trophic

interactions: unpicking the tangled bank. Mol. Ecol. 23, 3601–3604.
Szendrei, Z., Greenstone, M., Payton, M.E., Weber, D.C., 2010. Molecular gut analysis of a

predator assemblage reveals the effect of habitat manipulation on conservation
biological control in the field. Basic Appl. Ecol. 11, 153–161.

Thies, C., Tscharntke, T., 1999. Landscape structure and biological control in
agroecosystems. Science 285, 893–895.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, I., Thies, C., 2005. Landscape
perspectives on agricultural intensification and biodiversity–ecosystem service
management. Ecol. Lett. 8, 857–874.

Tschumi, M., Albrecht, M., Bartschi, C., Collatz, J., Entling, M.H., Jacot, K., 2016.
Perennial, species-rich wildflower strips enhance pest control and crop yield. Agric.
Ecosyst. Environ. 220, 97–103.

Ubick, D., Paquin, P., Cushing, P.E., Roth, V., 2009. Spiders of North America: An
Identification Manual. American Arachnological Society, Keene.

Vickery, J.A., Feber, R.E., Fuller, R.J., 2009. Arable field margins managed for
biodiversity conservation: a review of food resource provision for farmland birds.
Agric. Ecosyst. Environ. 133, 1–13.

von Berg, K., Traugott, M., Scheu, S., 2012. Scavenging and active predation in generalist
predators: a mesocosm study employing DNA-based gut content analysis.
Pedobiology 55, 1–5.

Walton, N.J., Isaacs, R., 2011a. Influence of native flowering plant strips on natural
enemies and herbivores in adjacent blueberry fields. Environ. Entomol. 40, 697–705.

Walton, N.J., Isaacs, R., 2011b. Survival of three commercially available natural enemies
exposed to Michigan wildflowers. Environ. Entomol. 40, 1177–1182.

Watts, J.G., 1938. Insect control studies. 51st Annual Report of the South Carolina
Experiment Station. Clemson University, Clemson, SC.

White, P.C.L., Hassall, M., 1994. Effects of management on spider communities of
headlands in cereal fields. Pedobiology 38, 169–184.

Woodcock, B.A., Bullock, J.M., McCracken, M., Chapman, R.E., Ball, S.L., Edwards, M.E.,
Nowakowski, M., Pywell, R.F., 2016. Spill-over of pest control and pollination
services into arable crops. Agric. Ecosyst. Environ. 231, 15–23.

Wratten, S.D., Van Emden, H.F., Thomas, M.B., 1998. Within-field and border refugia for
the enhancement of natural enemies. In: Pickett, C.H., Bugg, R.L. (Eds.), Enhancing
Biological Control: Habitat Management to Promote Natural Enemies of Agricultural
Pests. University of California Press, Oakland, pp. 375–403.

Wratten, S.D., 1988. Role of field margins as reservoirs of beneficial insects. In: Park, J.R.
(Ed.), Environmental Management in Agriculture: European Perspectives. Belhaven
Press, New York, pp. 144–149.

A.J. Ingrao et al. Agriculture, Ecosystems and Environment 243 (2017) 47–54

54

http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0140
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0140
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0145
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0145
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0145
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0150
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0150
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0155
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0155
https://enviroweather.msu.edu/run.php?stn=hrt%26mod=w_ddy%26da1=1%26mo1=3%26da2=20%26mo2=11%26yr=2016%26mc=510%26ds=cd
https://enviroweather.msu.edu/run.php?stn=hrt%26mod=w_ddy%26da1=1%26mo1=3%26da2=20%26mo2=11%26yr=2016%26mc=510%26ds=cd
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0165
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0165
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0165
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0170
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0170
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0170
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0175
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0175
http://www.R-project.org/
http://www.R-project.org/
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0185
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0185
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0185
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0185
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0190
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0190
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0190
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0195
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0195
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0200
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0200
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0205
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0205
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0205
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0210
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0210
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0215
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0215
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0215
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0220
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0220
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0220
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0220
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0225
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0225
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0225
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0230
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0235
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0235
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0240
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0240
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0240
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0245
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0245
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0250
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0250
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0250
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0255
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0255
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0255
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0260
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0260
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0265
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0265
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0265
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0270
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0270
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0270
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0275
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0275
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0280
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0280
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0285
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0285
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0290
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0290
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0295
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0295
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0295
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0300
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0300
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0300
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0300
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0305
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0305
http://refhub.elsevier.com/S0167-8809(17)30167-6/sbref0305

	Biocontrol on the edge: Field margin habitats in asparagus fields influence natural enemy-pest interactions
	Introduction
	Materials and methods
	Arthropod collections
	Molecular gut content analysis
	Primer design for asparagus miner and common asparagus beetle DNA
	Predator gut content extraction
	Predator gut content screening

	Statistical analysis

	Results
	Pest abundance
	Predators of asparagus miner and common asparagus beetle
	Predator communities
	Molecular gut content analysis summary: food webs of key asparagus pests
	Asparagus miner predators
	Asparagus beetle predators


	Discussion
	Conclusions
	Acknowledgements
	Supplementary data
	References




