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A B S T R A C T

Landscape-scale agricultural intensification can concentrate pest resources (high host density) and impede
natural enemy populations through a reduction in non-crop resources or disturbance events. Current approaches
examine the impacts of crop dominance on pest pressure through a simple lens, either spatially (i.e. landscape
complexity), or temporally (i.e. diversity of crop rotation schedules). However, these partial approaches are
inadequate because they do not take into account the impact of multiple years of non-rotation, or the impacts of
the surrounding landscape, respectively. In this study, we use a unique method that allows land use in both space
and time to be quantified simultaneously with a single metric, “spatiotemporal dominance”. We examined the
impact of spatiotemporal dominance of sweet corn on populations of a key insect pest, Ostrinia nubilalis, and its
potential predators. Additionally, we evaluated site-specific variables such as crop rotation, percent agriculture
in the landscape, cover crop use, and frequency of insecticide applications, to determine their relative im-
portance in predicting pest pressure, alongside our metric of spatiotemporal crop dominance in the landscape.
Ostrinia nubilalis adult abundance was positively associated with spatiotemporal dominance of sweet corn in the
landscape (space and time) and high proportional agricultural land use (space), but was unrelated to the pre-
vious year’s crop (time). Predatory soldier beetle abundance was negatively associated with sweet corn spa-
tiotemporal dominance (space and time), but not associated with the previous year’s crop (time) nor percent
agricultural land use (space). Our contrasting results between the new spatiotemporal dominance metric and
either crop rotation history or percent agricultural land use or both emphasized that the new method predicts
impacts of agricultural intensification on arthropods that were not captured by traditional techniques. In gen-
eral, pest populations were more abundant in areas with high host dominance, whereas certain predators were
less abundant when high disturbance management practices were used (e.g. no cover crop, high insecticide use).
Therefore, quantifying spatiotemporal crop dominance refines and strengthens our ability to implicate intense
agricultural land use in creating high pest pressure situations through simultaneous bottom-up and top-down
effects.

1. Introduction

Agriculture can substantially affect communities of arthropod pests
and their natural enemies by altering resource concentrations and
creating disturbance events. In simplified agricultural landscapes,
where there are few habitat types beyond the homogenous agroeco-
system, arthropod pests often benefit from a high concentration of
suitable hosts (i.e., the crop) in space and time (Root, 1973). This can
result in higher populations of some pests (Meehan et al., 2011;
O’Rourke and Jones, 2011; O’Rourke et al., 2011) and lead to increased
insecticide use (Meehan et al., 2011; O’Rourke and Jones, 2011) and,
consequently, insecticide resistance development (Huseth et al., 2015).

Natural enemy populations are often compromised in intensified

agricultural landscapes due to disturbance (e.g. tillage, pesticide use)
and the lack of refuge and resource diversity provided by nearby non-
crop habitat (Tscharntke et al., 2005; Bianchi et al., 2006; Chaplin-
Kramer et al., 2011). Pesticides often have negative non-target impacts
on natural enemies, resulting in direct mortality or sub-lethal effects
that reduce reproduction or predation efficiency (Croft, 1990a; Desneux
et al., 2007; Biondi et al., 2012; Mills et al., 2016). Cover crops and
perennial non-crop habitat can provide floral resources and shelter to
natural enemies (Landis et al., 2000), which can increase their popu-
lations and improve pest management (Orr et al., 1997; Tillman et al.,
2004; Prasifka et al., 2006; Pullaro et al., 2006; Schmidt et al., 2007;
Jackson and Harrison, 2008; Lundgren and Fergen, 2010). Relaxed top-
down pressure from natural enemy populations in simplified
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agricultural landscapes can further exacerbate pest problems. However,
impacts of landscape simplification on natural enemies do not always
translate into changes in pest abundance or crop yield (Bianchi et al.,
2006; Chaplin-Kramer et al., 2011; Perez et al., 2018).

Landscape simplification is often estimated using the amount of
agricultural or non-agricultural land within a given radius (Chaplin-
Kramer et al., 2011). Less frequently, the amount of a particular crop
species is used to predict arthropod abundance (O’Rourke et al., 2011;
Huseth et al., 2015). Crop dominance can also impact arthropod po-
pulations via temporal channels, depending on the diversity of crop
rotation schedules (Davis et al., 2012; Rusch et al., 2013; Huseth et al.,
2015). While it is clear that agricultural intensity has both temporal and
spatial components, few studies simultaneously quantify their impacts
on pest and predator populations (Huseth et al., 2015; Schmidt-Jeffris
et al., 2016). The new metric used in these studies sums the area
planted to the crop of choice within a buffer for a selected number of
prior years and divides this amount by the area planted to the crop of
choice in any year prior to the study. New metrics that account for both
spatial and temporal aspects of crop intensity may improve our ability
to predict locations of pest outbreaks, but we still lack adequate field
data to reliably apply these tools. We sought to fill this gap by ex-
amining the system of processing sweet corn, an important pest, Os-
trinia nubilalis (Hübner) (Lepidoptera: Pyralidae), and its predators
through the lens of a spatiotemporal dominance metric.

Ostrinia nubilalis, European corn borer, is a generalist pest that
preferentially attacks corn (Hudon et al., 1989; O’Rourke et al., 2010).
The caterpillar stage is highly susceptible to genetically modified corn
varieties containing Bacillus thuringiensis (Bt) proteins (Hutchison et al.,
2010). Increased adoption of Bt corn has been attributed to the dra-
matic decline of O. nubilalis damage in field corn and vegetable crops
(Hutchison et al., 2010; Bohnenblust et al., 2014; Schmidt-Jeffris et al.,
2016; Dively et al., 2018). Sweet corn grown for the processing industry
does not contain the Bt trait, enabling it to be sold to international
markets that have low consumer acceptance of genetically modified
crops. Because this sweet corn is Bt-free, O. nubilalis and other cater-
pillar pests are managed with foliar insecticides, primarily broad-
spectrum pyrethroids. While pyrethroid use generally has been effective
in managing O. nubilalis, there are logistical challenges of making well-
timed insecticide applications against caterpillars in corn (Buntin,
2008), and situations exist where economically damaging infestations
still occur. Therefore, O. nubilalis infestations may be locally con-
centrated in areas where processing sweet corn has high spatiotemporal
dominance in the landscape, especially because of its short dispersal
distance (Merrill et al., 2013) and propensity to overwinter in or near
corn fields (Hudon et al., 1989). Moreover, because crops with Bt traits
are less disruptive to natural enemies than broad-spectrum insecticide
applications (Musser and Shelton, 2003; Naranjo, 2005), areas where
processing sweet corn is spatiotemporally dominant also may have
lower abundances of predators.

Pest pressure might be expected to increase where processing sweet
corn is dominant via bottom up processes (high host density in space
and time) and top-down processes (compromised predator populations
due to increased insecticide use and low resource diversity). Altogether,
patchy spatiotemporal matrices of susceptible and Bt crops will interact
with local management tactics (pesticide use, refuge availability) to
shape pest pressure and natural suppression. Increased understanding
of these interactions will allow for prediction of pest outbreaks and
improved protection of natural pest control services, which could be
applied to other systems.

The objective of this study was to compare the results attained with
our spatiotemporal dominance metric with results attained by using
more traditional, one-dimensional methods to estimate agricultural
intensity. We predicted that the spatiotemporal dominance metric
would better describe arthropod abundance compared with either
spatial or temporal metrics alone. This was done by determining the
impact of processing sweet corn’s spatiotemporal dominance on the

abundance of O. nubilalis and its potential predators in processing sweet
corn fields. We also hypothesized that areas with high processing sweet
corn spatiotemporal dominance would have higher O. nubilalis abun-
dance and lower abundance of predators, due to a concentration of
bottom-up resources (i.e., host abundance in space and time) and re-
laxed top-down control caused by insecticide applications, respectively.
Additionally, we identified certain production practices that might
disturb or conserve the predator community.

2. Methods

2.1. Field sites and landscape analysis

The single sweet corn processing company in New York provided
detailed information about the location and cropping history of all their
contracted sweet corn fields since 2010. Locations of all fields were
given as polygon shape files and GPS coordinates. This information was
used to classify annual landscape use within New York as either pro-
cessing sweet corn or not. Using QGIS (QGIS, 2015), a 1000m radius
buffer was created around the point representing each processing sweet
corn field. The processing sweet corn dominance metric (PSCDM) was
calculated for the area within each buffer. This is a metric adopted from
previous studies that quantified spatiotemporal crop planting in-
tensities (Huseth et al., 2015; Schmidt-Jeffris et al., 2016). Briefly, the
metric is defined as:

=
∑ =PSCDM

T
Processing sweet corn area

i
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i
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where i is a year prior to the study and j is every consecutive year prior
to i. Ti is the total area of processing sweet corn within the buffer for
each of the years prior to insect sampling. Therefore, this area is
summed through all years prior to the study (starting with 2010, the
first year the data were available). Processing sweet corn areai is the total
area planted to processing sweet corn in any year prior to the study.
Higher PSCDM scores indicate higher dominance of processing sweet
corn in time and space for that particular area. In cases where a location
had never had part of its area planted to processing sweet corn,
Processing sweet corn areai would equal zero, causing a divide by zero
error. For these buffers, the PSCDM was manually entered as “0”.

From all possible processing sweet corn fields to monitor in a given
year, only those within the top and bottom 25% of PSCDM scores were
selected to be sampled for arthropods. These sites were classified as
“high” and “low” for the dominance metric, respectively. From this pool
of “high” and “low” PSCDM fields, 17 high and 17 low sites were
sampled in 2015 and 15 high and 11 low sites were sampled in 2016
(Fig. 1). Site locations were chosen to minimize overlap between buf-
fers. However, most locations with a high PSCDM score were clustered
in one general region (Fig. 1). This area is repeatedly planted to pro-
cessing sweet corn, presumably because of its proximity to the pro-
cessing facility. Fewer sites were used in 2016 because insect damage
and drought caused many fields to be abandoned early in the season,
resulting in a discontinuation of typical production and management
practices. Sites where the crop was not harvested were then excluded
from the analysis.

Processing sweet corn fields monitored in this study were planted
from 1 May to 7 July 2015 and 12 May to 30 June 2016, which is
within the typical timeframe for plantings in New York. The processor
also provided additional information about field management and
production, including whether or not a cover crop preceded the sweet
corn crop, type of cover crop, and the number of insecticide applica-
tions applied to the sweet corn crop. Previous crop (processing sweet
corn or not) is captured by the PSCDM, but the metric extends beyond
just the previous year and also accounts for spatial dominance.
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2.2. Agricultural land use

Data describing landscape use were obtained from National
Agricultural Statistics Service—Cropland Data Layer (CDL; US
Department of Agriculture, 2016). The CDL provided a categorical de-
scription of how land was used in a particular year at a 30m pixel
resolution, using remotely sensed data. For the two years of the study,
the annual CDL layer was reclassified into a binary layer (agricultural or
non-agricultural land use). QGIS was used to determine the area of land
within each 1000m buffer that was in agricultural use for that parti-
cular year. A list of the crops considered “agricultural” and their CDL
numbered codes is provided in Appendix Table A1.

2.3. Ostrinia nubilalis adult trapping

The abundance of male O. nubilalis moths captured in pheromone-
baited traps was used as a proxy for estimating the size of the O. nu-
bilalis population. Two nylon mesh Heliothis traps (Scentry Biologicals,
Inc., Billings, MN) were installed in the grassy or weedy field margins
next to each processing sweet corn field. Traps were installed on poles
∼18.3m apart with the bottom of the trap ∼0.3 m above the foliage.
Ostrinia nubilalis is classified into “E” and “Z” races based on the pri-
mary component of the pheromone (majority (E)- or (Z)-11-tetra-
decenyl acetate) produced by females and preferred by males of the
same race, resulting in strong mating isolation of the two races (Cardé

Fig. 1. Maps are oriented with the top
of the map positioned at due north. a)
PSCDM was a measure of the frequency
and density that land was planted with
processing sweet corn over 5–6 years.
Map shading indicates the number of
years an area was planted to processing
sweet corn. Cities are indicated as
landmarks. b) Locations of processing
sweet corn fields (2015: circles, 2016:
squares) that were monitored for O.
nubilalis and predators. Processing
sweet corn fields with filled symbols
(gray) were located in areas planted
with processing sweet corn frequently
and in high density (High PSCDM),
whereas processing sweet corn fields
with open symbols (white) were lo-
cated in areas that were in low density
(Low PSCDM).

R.A. Schmidt-Jeffris, B.A. Nault Agriculture, Ecosystems and Environment 265 (2018) 331–339

333



et al., 1975, 1978; Roelofs et al., 1985). Because both pheromone races
of O. nubilalis are present in New York (Roelofs et al., 1985; O'Rourke
et al., 2010), separate pheromone traps are necessary to monitor po-
pulations. In our study, one trap was baited with the “E” pheromone
blend (European Corn Borer NY pheromone lure, Scentry Biologicals
Inc., Billings, MN), while the other was baited with the “Z” pheromone
blend (European Corn Borer IA pheromone lure, Scentry Biologicals
Inc., Billings, MN). Traps were emptied once weekly for three weeks
and all O. nubilalis were counted; at this time, the pheromone lure was
also replaced. Because plantings of processing sweet corn in New York
are staggered from May-July, traps were installed in each field at four
weeks prior to estimated harvest. Estimated harvest dates were pro-
vided by the processor and were ∼90 days after the planting date. This
sampling period allowed all monitored fields to be at roughly the same
phenological stage during monitoring. This period (1–4 weeks before
harvest) is when ears are most vulnerable to attack by newly hatched O.
nubilalis larvae. For each analysis below, the dependent variable ana-
lyzed was the sum of either E- or Z-race O. nubilalis collected for each
trap across the three-week monitoring period.

2.4. Predator monitoring

Yellow sticky cards (496 cm2, Alpha Scents, West Linn, OR) were
attached to the poles supporting the O. nubilalis pheromone-baited traps
at a level ∼0.3 m above the foliage. Thus, two cards were sampled per
sweet corn field. Cards were replaced on the dates that the pheromone
traps were emptied. Ostrinia nubilalis moths were not captured on these
cards. We anticipated that sticky cards would be the most efficient
method for sampling well-known predators of O. nubilalis (small, flying
natural enemies, i.e. minute pirate bugs). Predators captured on only
one side of each sticky card were counted. Only known or likely (based
on feeding records on eggs or larvae of other caterpillar species) pre-
dators of O. nubilalis were counted. This included the following: minute
pirate bugs (Anthocoridae, Orius spp.), lacewings (Chrysopidae and
Hemerobiidae), solider beetles (Cantharidae, Chauliognathus spp.), rove
beetles (Staphylinidae), ladybird beetles (Coccinellidae, identified to
species), hover flies (Syrphidae), predatory wasps (Vespidae and
Sphecidae), and spiders (Araneae). Only groups listed in Table 2 were
analyzed; other arthropod groups were not abundant enough for ana-
lysis. For each sweet corn field, the sum of each group of arthropods
from the two sticky cards over the three weeks of sampling was ana-
lyzed.

2.5. Data analyses

All analyses were conducted in SAS 9.4 (SAS Institute, Cary, NC). A
series of statistical tests was performed to examine correlation between
PSCDM and the other independent variables. For the categorical vari-
ables (previous crop, cover crop use, and insecticide application
number), Pearson χ2 tests were conducted using PROC FREQ. For in-
secticide application number, the majority of cells in the frequency
table had expected counts less than five. In this case, the Fisher Exact P-
value was used instead of the Pearson χ2 P-value. For the continuous
variable (percent agriculture), PROC GENMOD was used to determine if
percent agriculture differed between the “high” and “low” groups,
specifying a binomial distribution.

Preliminary examination of histograms showing frequencies of the
dependent variables (arthropod counts) indicated that some variables
were likely zero-inflated. For each dependent variable, a model was
built using year (2015 or 2016) and the PSCDM group (high or low) as
fixed effects (PROC GENMOD). Zero-inflation was tested by conducting
the Clarke Sign test (Clarke, 2007) using the Akaike adjusted statistic to
compare models using a Poisson distribution to a zero-inflated Poisson
(ZIP) distribution (Vuong Macro, SAS). The counts for E- and Z-race O.
nubilalis, chrysopids, Chauliognathus spp., and staphylinids were zero-
inflated, with ZIP selected as the better model fit in these cases.

Data were also tested for over-dispersion. The Pearson χ2/df criteria
for assessing goodness-of-fit for each Poisson model was> 1, indicating
over-dispersion. Additionally, the Clarke Sign test comparing a Poisson
to a negative binomial distribution for each dependent variable in-
dicated that a negative binomial model better fit the data in each case,
also indicating over-dispersion. Therefore, final models were analyzed
using either a negative binomial distribution or a zero-inflated negative
binomial distribution (ZINB).

Because all sample locations in the “high” PSCDM group were
clustered in two areas (Fig. 1), the count data were also tested for
spatial autocorrelation using Moran’s I test (PROC VARIOGRAM). The
E- and Z-race O. nubilalis counts, and the Orius spp. and Coleomegilla
maculata De Geer counts were all found to have spatial autocorrelation
(Appendix Table A2). To determine if spatial autocorrelation affected
conclusions drawn from analysis, mixed models (PROC GLIMMIX) were
created using PSCDM group as a fixed effect and year as a random ef-
fect. For each dependent variable showing spatial autocorrelation, the
mixed model was tested with four different spatial covariance struc-
tures (none, Matérn, Gaussian, and exponential) specified within the
random effect of year. In each case, the conclusions drawn from any of
the three models accounting for spatial covariance (Appendix Table A3)
did not differ from those in which spatial covariance was not accounted.
Therefore, the final models reported are those without the spatial error
component. This allowed for the use of zero-inflated models, which are
not available as mixed models.

The effects of previous crop, percent agriculture in the landscape,
cover crop use, and number of insecticide applications were also ex-
amined for each of the arthropod groups. Models were similar to those
described above, with year included as a fixed effect in addition to the
independent variable of interest (previous crop, percent agriculture,
cover crop, or insecticide applications). The appropriate distribution for
each dependent variable (negative binomial or ZINB) was used as
previously described. For previous crop, the two categories were spe-
cified, “processing sweet corn” or “other”. This allowed for examination
of the effects of sequential plantings of the same crop. Additionally,
there were too few fields where the previous crop was the same (and
not processing sweet corn) to allow for analysis of the effects of a
particular previous crop on arthropod abundance. Similarly, cover crop
use was classified as either “yes” or “no” to indicate whether a cover
crop had been used prior to sweet corn planting. Finally, number of
insecticide applications was classified as either “1”, “2”, or “3+”.
Because “insecticide applications” had more than two levels, pairwise
single degree-of-freedom likelihood ratio contrasts (P < 0.05) were
used to compare levels when the overall χ2 was significant.

3. Results

3.1. History of production practices in processing sweet corn fields

The most common crop planted in fields prior to processing sweet
corn was processing sweet corn, indicating lack of crop rotation. Other
previous crops included snap bean, field corn, soybean, wheat, and
peas. Less than half of all fields were planted with winter cover crops.
Cover crops included annual ryegrass, clover, oats, radish, rye, triticale,
and wheat. The most common cover crops were oats and wheat. In
2015, the only insecticide applied was lambda-cyhalothrin, with a
mean of 1.7 (± 0.1 SEM) applications per field. In 2016, bifenthrin was
the most commonly applied insecticide (82% of applications), but te-
fluthrin and chlorpyrifos were also used. A mean of 2.1 (± 0.2 SEM)
applications were made per field. Very few fields exceeded three in-
secticide applications (two, one in each year of the study, respectively),
none exceeded four. Across years, the mean PSCDM for the high group
was 2.53 (± 0.09 SEM) and the low group was 0.11 (± 0.06 SEM).
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3.2. Abundance of O. nubilalis moths

Overall, abundances of both strains of O. nubilalis males were low
(Table 1). Only 18% and 33% of sites trapped any E- or Z-race corn
borer, respectively. There were distinct “hot spots”, or locations where
more than 1–2 moths were captured. In the case of E-race moths, all
such locations were in the high PSCDM group.

3.3. Abundance of predators

Anthocorids were the most abundant predators trapped (Table 1).
All anthocorids were identified as Orius spp. Coleomegilla maculata was
the most abundant species of ladybird beetle, followed by Propylea
quaturodecimpunctata (L.) and Harmonia axyridis (Pallas) (Table 1). All
cantharids were identified as Chauliognathus spp.

3.4. Correlation analysis

Only the previous year’s crop was correlated with PSCDM
(Appendix Table A3). This was expected because the previous year’s
crop is part of the PSCDM calculation. The lack of correlation with
PSCDM and percent agriculture is particularly striking, because it in-
dicates that this metric provides additional information beyond tradi-
tional landscape analyses that do not account for use in space and time
simultaneously.

3.5. Effects of landscape on O. nubilalis and predators

Statistical test results are summarized in Table 2. E-race O. nubilalis
were more abundant near “high” PSCDM fields (Fig. 2a) and in areas
where a higher percentage of the landscape was agricultural during the
year of sampling (Fig. 3a). E-race populations were not impacted by
previous crop (Table 2). None of the land use metrics (PSCDM, previous
crop, or percent agricultural land) impacted Z-race O. nubilalis popu-
lations (Table 2). Chauliognathus spp. were more abundant near “low”

PSCDM fields (Fig. 2b). Orius spp. counts were higher in areas with
higher percent agricultural landscape (Fig. 3b). Fields preceded by
processing sweet corn or a different crop did not differ in abundance of
any predator group surveyed (Table 2).

3.6. Effects of crop management on O. nubilalis and predators

Statistical test results are summarized in Table 2. There were sig-
nificantly more Z-race O. nubilalis trapped in fields that were not pre-
ceded by a cover crop (Fig. 4a), but E-race populations were not af-
fected. Previous crop and number of insecticide applications did not
impact counts of either race of O. nubilalis (Table 2). Chauliognathus spp.
abundance was higher in fields with winter cover (Fig. 4b). Fields re-
ceiving one pesticide application had more spiders than fields where
three or more applications were made; spider counts in fields receiving
two applications were intermediate and did not differ in spider abun-
dance from either one or three or more applications (Fig. 5).

4. Discussion

The use of the spatiotemporal dominance metric resulted in detec-
tion of relationships that were not always captured by either spatial or
temporal metrics alone. In our study, Ostrinia nubilalis abundance was
positively associated with spatiotemporal dominance of sweet corn in
the landscape (space and time) and high proportional agricultural land
use (space), but was unrelated to the previous year’s crop (time). These
results indicate the importance of accounting for multiple years of non-
rotation and including a spatial component to the analysis when as-
sessing pest outbreak risk. If only one year of non-rotation had been the
sole metric examined, the importance of concentration of a preferred
host plant in high pest abundance would not have been detected.

Other previous attempts to investigate the effects of agriculture in
the local landscape on either O. nubilalis abundance or damage have not
found significant effects (O’Rourke and Jones, 2011; O’Rourke et al.,
2011; Bohnenblust et al., 2014; Schmidt-Jeffris et al., 2016). Findings of
no significant landscape effects have been attributed to the broad host
range of O. nubilalis and its dispersal abilities (O’Rourke and Jones,
2011; O’Rourke et al., 2011). Instead, it is possible that these results
were due to the inability of researchers to examine the combined spatial
and temporal effects of the dominance of a particular crop (O’Rourke
and Jones, 2011; O’Rourke et al., 2011; Bohnenblust et al., 2014).

PSCDM was also associated with predatory soldier beetle
(Chauliognathus spp.) abundance, but the beetle’s abundance was not
associated with the previous year’s crop (crop rotation and intensity in
time) nor percent agricultural land use (intensity in space). While
previous work in an experimental study suggested that Chauliognathus
spp. are sensitive to agricultural disturbance (Lundgren et al., 2005),
this has not been documented at a landscape scale on commercial
farms. If we had used a single-component metric, the negative impact of
agricultural disturbance on soldier beetle abundance in this system
would not have been detected. Given the role of the beetle’s predacious
larval stage in biological control (Hoffmann and Frodsham, 1993;
Lundgren et al., 2005; Williams, 2006), the ability to better predict
factors that impact population dynamics is critical.

In general, our results emphasize that high cropping intensity
measured in multiple indices (spatiotemporal dominance, percent
agricultural land, lack of cover crop, insecticide use) is associated with
higher populations of a pest and lower populations of its potential
predators. However, as in most studies, effects of cropping intensity
were species-specific (e.g. Burel et al., 2004; O’Rourke et al., 2011;
Schmidt-Jeffris et al., 2015). Specific species (or races, in the case of the
pest) were affected by only certain measures. Overall, this emphasizes
the importance of species identity in selecting management practices
that control the pest while conserving natural enemies.

E-race, but not Z-race, O. nubilalis abundance was significantly af-
fected by PSCDM as populations were higher where processing sweet

Table 1
Mean (± SEM) E- and Z-race Ostrinia nubilalis and predators captured per site
and total catch across all sites (n) in processing sweet corn field margins over 3-
week periods in 2015-2016. Known (**) and likely (*) predators of O. nubilalis
are indicated.

2015 2016

n Mean ± SE n Mean ± SE

E-race O. nubilalis 27 0.79 ± 0.65 39 1.50 ± 0.85
Z-race O. nubilalis 38 1.12 ± 0.52 83 3.19 ± 1.99
Hemiptera
Anthocoridae
Orius spp.** 463 13.62 ± 2.81 567 21.81 ± 3.39
Neuroptera
Chrysopidae** 40 1.18 ± 0.30 42 1.62 ± 0.36
Hemerobiidae* 4 0.12 ± 0.06 1 0.04 ± 0.04
Coleoptera
Cantharidae
Chauliognathus spp.* 104 3.06 ± 2.20 62 2.38 ± 0.89
Staphylinidae* 34 1.00 ± 0.22 75 2.88 ± 0.53
Coccinellidae
Harmonia axyridis** 16 0.47 ± 0.12 27 1.04 ± 0.24
Coleomegilla maculata** 60 1.76 ± 0.73 87 3.35 ± 0.79
Cycloneda munda* 1 0.03 ± 0.03 5 0.19 ± 0.10
Hippodamia parenthesis* 1 0.03 ± 0.03 6 0.23 ± 0.10
Hippodamia variegata* 2 0.06 ± 0.06 11 0.42 ± 0.13
Propylea quaturodecimpunctata* 17 0.50 ± 0.16 34 1.31 ± 0.40
Diptera
Syrphidae** 286 8.41 ± 2.24 97 3.73 ± 0.73
Hymenoptera
Vespidae* 120 3.53 ± 0.63 177 6.81 ± 1.57
Sphecidae* 34 1.00 ± 0.26 32 1.23 ± 0.36
Araneae* 159 4.68 ± 0.73 96 3.69 ± 0.60
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corn production intensity was spatiotemporally high. Although both
pheromone races prefer corn, there is evidence that the E-race has a
wider host range than the Z-race (Eckenrode and Webb, 1989; Sorenson
et al., 1992; O’Rourke et al., 2010) and therefore more opportunities to

encounter suitable Bt-free hosts. Thus, one would assume that Z-race
populations would be greater where there is more Bt-free corn. While
the mean Z- and E-race moths captured in high PSCDM sites were si-
milar (1.53 ± 0.68 and 1.91 ± 0.95, respectively), the abundance of
Z-race moths in low PSCDM sites was higher and more variable than E-

Table 2
Results of statistical analyses examining the effects of year and PSCDM group, previous crop, percent agricultural landscape, or cover crop use on E- and Z-race O.
nubilalis and predators. Degrees of freedom (df)= 1 except for “insecticide application number” where df= 2. P-values in bold type signify the abundance of
arthropod groups in sweet corn field margins that were significantly impacted by specific production and management factors (P < 0.05).

PSCDM group Previous crop Percent agricultural landscape Cover crop use Insecticide application number

χ2 P χ2 P χ2 P χ2 P χ2 P

O. nubilalis E Year 0.36 0.5482 0.80 0.3713 1.71 0.1906 0.49 0.4825 0.49 0.4841
Factor 5.28 0.0216 0.57 0.4500 4.78 0.0288 0.09 0.7679 0.85 0.6537

O. nubilalis Z Year 1.74 0.1873 3.53 0.0601 3.47 0.0623 2.50 0.1140 2.38 0.1229
Factor 0.03 0.8651 1.95 0.1622 1.59 0.2068 5.02 0.0251 2.81 0.2457

Orius spp. Year 3.38 0.0662 3.79 0.0515 5.14 0.0234 5.27 0.0217 4.16 0.0414
Factor 2.80 0.0942 0.01 0.9045 6.42 0.0113 2.34 0.1265 0.25 0.8813

Syrphidae Year 3.97 0.0463 4.13 0.0421 5.14 0.0234 6.28 0.0122 3.05 0.0808
Factor 0.99 0.3199 0.30 0.5865 2.38 0.1232 0.83 0.3628 1.08 0.5840

Chrysopidae Year 0.90 0.3421 0.94 0.3328 1.38 0.2398 0.90 0.3427 1.95 0.1621
Factor 0.39 0.5349 0.57 0.4507 3.17 0.0752 0.45 0.5024 5.27 0.0716

C. maculata Year 3.00 0.0831 2.87 0.0903 1.86 0.1721 3.34 0.0674 1.50 0.2212
Factor 1.78 0.1821 1.31 0.2517 0.06 0.8089 2.49 0.1146 0.15 0.9260

Chauliognathus spp. Year 0.00 0.9877 0.09 0.7618 1.18 0.2776 0.60 0.4397 0.04 0.8351
Factor 6.01 0.0142 3.33 0.0679 3.49 0.0616 6.30 0.0121 3.51 0.1727

Staphylinidae Year 13.22 0.0003 13.52 0.0002 12.82 0.0003 13.99 0.0002 14.79 0.0001
Factor 0.02 0.8967 0.06 0.8115 1.07 0.3005 0.56 0.4562 1.57 0.4554

Vespidae Year 4.36 0.0368 4.91 0.0267 5.82 0.0159 5.04 0.0247 3.92 0.0476
Factor 0.16 0.6914 0.00 0.9901 0.93 0.3346 1.28 0.2585 0.82 0.6652

Sphecidae Year 0.59 0.4413 0.36 0.5511 0.33 0.5674 0.22 0.6424 0.09 0.7687
Factor 2.74 0.0978 2.68 0.1013 0.01 0.9274 0.53 0.4661 2.09 0.3516

Spiders Year 0.94 0.3311 1.10 0.2947 0.93 0.3354 1.09 0.2963 0.16 0.6885
Factor 0.20 0.6558 0.11 0.7380 1.65 0.1994 0.05 0.8283 6.24 0.0442

Fig. 2. Mean (± SEM) of a) E-race O. nubilalis and b) Chauliognathus spp.
captured in field margins of processing sweet corn fields in the high and low
PSCDM groups in a 3-week period. Numbers within bars indicate sample size.

Fig. 3. Relationship between percent agricultural landscape and abundance of
a) E-race O. nubilalis and b) Orius spp. captured in processing sweet corn field
margins in a 3-week period.
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race (2.57 ± 1.81 and 0.18 ± 0.09, respectively). Therefore, there
may be an additional factor not examined in this study affecting Z-race
populations.

Unlike previous research (O'Rourke and Jones, 2011; O'Rourke
et al., 2011; Bohnenblust et al., 2014), abundance of E-race O. nubilalis
also was positively correlated with higher percent agriculture in the
landscape. Indeed, the only sites where> 1 moth was captured were
surrounded by>60% agricultural land (Fig. 3). It is unclear why our
study would differ from previous work also conducted in western New

York (O'Rourke and Jones, 2011; O'Rourke et al., 2011) or Pennsyl-
vania (Bohnenblust et al., 2014). One possible explanation is that these
studies examined O. nubilalis damage, whereas the present study used
pheromone trap counts of adults. E- and Z-race individuals cannot be
differentiated in caterpillar damage assessments. If only E-race O. nu-
bilalis is impacted by agricultural intensification, then areas where Z-
race caterpillars cause the majority of damage (Bohnenblust et al.,
2014) may not find this relationship.

None of the predator groups were negatively impacted by percen-
tage of agriculture in the landscape. In fact, minute pirate bugs (Orius
spp.) had a positive relationship with percent agriculture in the land-
scape. Like Chauliognathus spp., Orius spp. are important predators in
vegetable systems, including sweet corn (Dicke and Jarvis, 1962; Salas-
Aguilar and Ehler, 1977). In contrast to our results, prior work suggests
that Orius spp. perform better in diversified landscapes (Letourneau and
Altieri, 1983; Bianchi et al., 2005; Lundgren et al., 2009). However,
Orius spp. are habitat generalists, so intensity of crop management
(especially pesticides) might be the driving force altering abundances,
rather than the types of crops in the landscape (Veres et al., 2012). In
our system, dominant crops in the landscape require relatively low
management intensity (e.g. pasture, hay, field corn; US Department of
Agriculture, 2016); therefore, it is possible that these crops provide
both pollen and prey resources necessary for Orius populations to
thrive, while also receiving no pesticide applications. This positive re-
lationship between abundance of a predator and increased agricultural
landscape emphasizes that not all predators or agricultural landscapes
are equivalent (Perez et al., 2018).

Like crop rotation and crop diversification, cover crop use can in-
crease the variety of resources beneficial to biological control. Cover
crops also dilute resources available for specialist pests (Root, 1973;
Andow, 1991), making the cash crop more difficult to locate and exploit
because it is less concentrated in time (between season cover crops) or
space (intercropping, living mulches). In our study, Z-race O. nubilalis
populations were lower and Chauliognathus spp. populations were
higher in processing sweet corn that was preceded by a cover crop.
Winter cover crops in New York processing sweet corn fields are ter-
minated prior to crop planting and incorporated into the soil. Here,
cover cropping could provide a “break” between suitable host crops for
pest species. Incorporation of cover crops may also aid in the destruc-
tion of corn stubble in continuous corn plantings, decreasing the
overwintering survival of pests in the field, including O. nubilalis larvae.
This increased temporal plant diversity could be especially important
for managing Z-race O. nubilalis, because of their reliance on corn as a
primary host. This could explain why cover cropping only affected Z-
race trap captures. It is also possible that soil-dwelling arthropod pre-
dators (which were not targeted by our sticky card samples) may have
benefitted from the cover crop (e.g. Jackson and Harrison, 2008;
Lundgren and Fergen, 2010, 2011), resulting in higher predation of
overwintering O. nubilalis fifth-instar larvae.

Because Chauliognathus spp. overwinter as larvae in soil (Williams,
2006), the presence of a winter cover crop may have provided a form of
shelter from extreme winter temperatures. Larvae are somewhat active
in winter, with some individuals being found on top of snow (Riley,
1892). They are known to shelter in litter (Williams, 2006), which
could be provided by the cover crop residue. Reduced tillage practices
associated with cover crops can decrease disturbance and promote
populations of soil-dwelling predators (Brust et al., 1985; Stinner et al.,
1988; Stinner and House, 1990).

Pesticide inputs are another source of disturbance in agricultural
landscapes. Spider populations were lower in fields with more in-
secticide applications; most of the applications made were pyrethroids,
which are known to be toxic to natural enemies (Croft, 1990b). Spiders
were rated one of the most pyrethroid-susceptible groups of natural
enemies, behind dipterans and predatory mites (Croft, 1990b). A single
application of lambda-cyhalothrin significantly reduced spider richness
and abundance in Brazilian rice (Rodrigues et al., 2013). Given the

Fig. 4. Mean (± SEM) numbers of a) Z-race O. nubilalis and b) Chauliognathus
spp. captured in a 3-week period in field margins of processing sweet corn fields
that either did or did not have a winter cover crop prior to sweet corn planting.
Numbers within bars indicate sample size.

Fig. 5. Mean (± SEM) numbers of spiders captured in a 3-week period in field
margins of processing sweet corn fields treated with 1, 2 or ≥3 insecticide
applications during this two-year study. Factor levels marked with the same
letter are not statistically different (P > 0.05). Numbers within bars indicate
sample size.
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known severe non-target effects of pyrethroids on natural enemies in
general (Croft, 1990b), it is surprising that only spiders were impacted
by the number of applications. However, because there were no un-
treated fields, differences in populations from zero to one spray cannot
be ascertained. It is possible that some of the other groups of predators
surveyed did not decrease in abundance from one to two or more ap-
plications because near “maximum harm” was already caused by the
first insecticide application. Regardless, these results emphasize the
importance of using the minimum necessary number of insecticide
applications to maximize conservation of natural enemies. In this par-
ticular system, limiting pyrethroid applications to one per season could
increase biological control provided by spiders. Alternatively, products
that are less harmful to natural enemies may be considered instead of
pyrethroids.

5. Conclusions

A spatiotemporal dominance metric may be used to improve pre-
diction of sources and sinks of agricultural pests and their natural
enemies compared with traditional approaches that involve either a
spatial or temporal component. Spatiotemporal concentrations of a
preferred, less-protected host as well as agricultural cropping intensity
and lack of cover crop use may create pest hot spots in the landscape.
The impact of non-rotation and spatial crop dominance would not have
been detected via more traditional metrics, highlighting the function-
ality of this new metric. Based on this information, farmers may con-
sider altering their rotation strategy in areas with high spatiotemporal
dominance of a particular crop, or prepare to vigilantly monitor pest
populations in high-risk areas. Our results emphasized that in intensive
agricultural systems, both bottom-up (high host concentrations in time
and space) and top-down (lack of resource diversity, more frequent
pesticide applications) effects act simultaneously to create pest hot
spots. Applications of the spatiotemporal dominance metric in other
systems also may detect previously unidentified relationships.
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