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Abstract The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), remains
a major pest of soybean, Glycine max (L.) Merrill (Fabales: Fabaceae), production in the
Upper Midwest, leading to yield losses of up to 40% and it has developed resistance to some
insecticides. These challenges underscore the necessity for more integrated pest manage-
ment approaches, such as cultural control methods. Relay-cropping soybean with a winter
cover crop has the potential to suppress some soybean pest populations. Field pennycress
or pennycress, Thlaspi arvense L. (Brassicales: Brassicaceae), is currently being domesti-
cated as a new cover crop and oilseed crop. In this study, we evaluated the impact of relay-
cropping soybean into a pennycress cover crop on soybean aphid populations across 4 site-
years in Minnesota. The experimental design included combinations of two soybean varieties
planted with and without pennycress. Soybean aphid populations were monitored weekly by
counting aphids on 10 randomly selected soybean plants per plot. Although aphid infestations
were relatively low across the site-years, the results demonstrated that soybean relay-
cropped with pennycress had lower seasonal aphid abundance (i.e., cumulative aphid-days)
than soybean without the cover crop. These findings indicate that relay cropping soybean into
pennycress cover crops holds promise as a cultural control tactic to reduce soybean aphid
populations, providing a more sustainable pest management option for growers.
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In the Upper Midwest, annual crop rotations, typically including corn, Zea mays L.
(Poales: Poaceae), and soybean, Glycine max (L.) Merrill (Fabales: Fabaceae), rely
heavily on external inputs and have a prolonged fallow period between growing seasons
(Rusch et al. 2020). During this fallow time, the soil is at risk of erosion and valuable
nutrients may leach or runoff into nearby water bodies (Rusch et al. 2020). Introducing
winter cover crops into such rotations can help mitigate these issues and enhance the
sustainability of the farming system (Cubins et al. 2019, Rusch et al. 2020).

Thlaspi arvense L. (Brassicales: Brassicaceae), commonly known as pennycress
or field pennycress, grows as a weed across temperate regions of North America,
but is being developed as a new cash cover crop (Cubins et al. 2019, Mitich 1996,
Moser et al. 2009, Sedbrook et al. 2014). In addition to providing ecological services
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as a cover crop, pennycress produces an oilseed that can be harvested and provide
direct economic benefit to farmers (Bishop and Nelson 2019, Cubins 2019, Cubins
et al. 2019, Phippen and Phippen 2012). A survey found that .58% of farmers in the
Midwest are interested in planting pennycress (Basnet and Ellison 2024).

Pennycress can be integrated into rotations, such as corn–soybean or wheat–
soybean, as a winter cover crop (Cubins 2019, Cubins et al. 2019, Ott et al. 2019,
Phippen and Phippen 2012). After the harvest of wheat, Tritium aestivum L. (Poales:
Poaceae), or corn in the summer or fall, respectively, pennycress is planted. The pen-
nycress germinates and establishes itself before winter, providing ground cover during
fall, winter, and spring. Soybean is then double-cropped by planting after pennycress
harvest in the early summer, or relay-planted directly into standing pennycress in late
spring. Harvest of pennycress in relay-cropping systems occurs by cutting the penny-
cress above the growing soybean (Cubins 2019, Cubins et al. 2019, Moore et al. 2022,
Ott et al. 2019, Phippen and Phippen 2012).

The use of cover crops, particularly in reduced-tillage systems, can impact
arthropod populations through various mechanisms (Scavo et al. 2022, Schmidt
et al. 2018, Tillman et al. 2004). The spatial-temporal overlap of the 2 crops (e.g.,
pennycress and soybean) in relay-planting creates a polyculture, as opposed to
the typical monoculture (e.g., soybean alone). Polycultures can reduce herbivore
densities by decreasing the likelihood of a pest finding or remaining on a particular
plant (i.e., resource concentration hypothesis; Root 1973). Polycultures can also
enhance the presence and effectiveness of natural enemies of pests, thereby
reducing pest populations (i.e., natural enemies hypothesis; Root 1973). In addi-
tion, polycultures can change the quality of host plants as a result of interspecific
plant interactions, leading to reduced pest densities (Altieri and Letourneau 1982).

In the Upper Midwest, soybean continues to face significant challenges from
soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae) (Koch et al.
2018, Ragsdale et al. 2007). This pest can cause up to 40% yield loss and result
in significant economic loss to soybean growers (Ragsdale et al. 2007). Native to
Asia, soybean aphid was first detected in North America in Wisconsin in 2000 and
quickly spread across most of the soybean-growing areas (Ragsdale et al. 2011).
This species alternates between primary hosts, such as common buckthorn,
Rhamnus cathartica L. (Rosales: Rhamnaceae), on which it sexually reproduces
and overwinters, and secondary hosts, including soybean, on which it asexually
reproduces and can cause economic damage during the growing season (Rags-
dale et al. 2004, Tilmon et al. 2011). Feeding by the soybean aphid is linked to
decreased plant height, fewer pods, smaller seed size and quality, and lower crop
yields (Ragsdale et al. 2007, Beckendorf et al. 2008, Catangui et al. 2009).

Since 2000, the soybean aphid has been intensively managed due to its potential
for significant economic damage (Song and Swinton 2009). Although various pest
management strategies exist, including host plant resistance and biological control,
the predominant method remains the use of foliar insecticides (Hodgson et al. 2012;
Koch et al. 2015, 2018). However, another management strategy that has garnered
interest is the deployment of cover crops as a cultural control to reduce soybean aphid
populations (Heimpel et al. 2005, Koch et al. 2012). Research has shown that the popu-
lation of soybean aphids can be suppressed when soybean is relay-cropped into a win-
ter rye, Secale cereale L. (Poales: Poaceae), cover crop (Koch et al. 2012, 2018).
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Despite the recognized benefits of cover crops for soil health and pest manage-
ment, their adoption by farmers has been minimal, at 7.2% across the Midwest
(Burnett et al. 2018, Cubins et al. 2019, Dunn et al. 2016, Scavo et al. 2022, Zhou
et al. 2022). However, there is a growing interest in and a higher potential for the
adoption of pennycress as a cover crop due to its combined benefits as a cover
crop and oilseed crop (Burnett et al. 2018, Cubins et al. 2019, Dunn et al. 2016,
Scavo et al. 2022). Given this increasing interest, the objective of this study was to
evaluate the potential effects of relay-cropping soybean with a pennycress cover
crop on soybean aphid populations across multiple site-years in Minnesota.

Materials and Methods

This study was conducted at the University of Minnesota’s Rosemount Research
and Outreach Center, Rosemount, MN (44°430N, 93°040W; 294 m above sea level)
in 2022 and 2023; the USDA-ARS Swan Lake Research Farm, Morris, MN (45°
400N, 95°480W; 345 m above sea level) in 2022; and the University of Minnesota
Experiment Station at St. Paul, MN (44°590N, 93°100W; 294 m above sea level) in
2023. The soil at Rosemount, Morris, and St. Paul were Waukegan silt loam (i.e., 0–
1% slope, fine-silty over sandy or sandy-skeletal, mixed, superactive, mesic Typic
Hapludoll), Aazdahl-Formdale-Balaton clay loam (i.e., fine-loamy, mixed, superac-
tive, frigid Aquic Hapludoll), and Waukegan silt loam (i.e., 0–2% slope, fine-silty over
sandy or sandy-skeletal, mixed, superactive, mesic Typic Hapludoll.), respectively
(Soil Survey Staff, Natural Resources Conservation Service, USDA 2024). In 2022,
the annual average temperature and liquid precipitation for Rosemount and Morris
was 6.1 and 5.4°C and 75.8 and 56.1 cm, respectively (ARS, USDA 2023). In 2023,
the annual average temperature and liquid precipitation for Rosemount and St. Paul
was 8.2 and 8.3°C and 96.0 and 96.6 cm, respectively (ARS, USDA 2023). The
plant hardiness zones for Rosemount, Morris, and St. Paul are 5a, 4b, and 5a,
respectively (ARS, USDA 2023).

The treatments evaluated for this study were a subset of a larger experiment that
was conducted using a split-plot design with the presence or absence of pennycress
as a whole-plot factor and soybean variety as the split-plot factor at 4 site-years
(L.M.R. and A.L. unpubl. data). Pennycress genotype ‘MN106NS,’ a black-seeded
variety originally collected in Coates, MN, with minimal silicle shattering (Dorn et al.
2013, 2015), was used as the cover crop treatment across all site-years. Penny-
cress seed was sown at 11.21 kg/ha after harvest of spring wheat on 13 September
2021 at Rosemount and 17 September 2021 at Morris and on 26 September 2022
at Rosemount and 30 September 2022 at St. Paul. At Rosemount 2022, Morris
2022, and Rosemount 2023, pennycress was planted 0.3 cm deep in multiple
passes of the planter with 3 rows of pennycress planted 19 cm apart and a skip row
where soybean would be planted between each set of 3 rows of pennycress, so that
3 rows of pennycress would separate each row of soybean. At St. Paul 2023, pen-
nycress was broadcast seeded with an alfalfa seeder. In early spring when penny-
cress growth resumed, 56.04 kg/ha of nitrogen in the form of urea was applied.

In years 1 and 2 of the larger experiment, 40 and 8 soybean genotypes, respec-
tively, were used as the split-plot factor at each site. For the present study, two
commercial soybean genotypes ‘BS1146’ and ‘AgriGold G1502RX’ were chosen
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for sampling. BS1146, developed by Brushvale Seed Inc. (Breckenridge, MN), is a
conventional food-type soybean with large seeds and high protein. AgriGold
G1502RX, developed by AgReliant Genetics LLC (Westfield, IN), is tolerant of
glyphosate and dicamba herbicides. Both varieties have tolerance to soybean cyst
nematode (Heterodera glycines) and are similar in their maturities (1.1 and 1.5 rel-
ative maturities for BS1146 and AgriGold G1502RX, respectively). No insecticide
or fungicide seed treatments were used on the soybean seed. Plots were planted
3.8 cm deep at a seeding rate of 170,512 seeds per ha on 10 and 26 May 2022 at
Rosemount and Morris, respectively, and on 5 June and 31 May 2023 at Rose-
mount and St. Paul, respectively. Soybean plots consisted of 4 rows 3.6 m long
and spaced 0.76 m apart. For the whole-plot treatment with soybean relay-
cropped into pennycress, soybean was planted into standing pennycress at the
early flowering growth stage of the pennycress. For the whole-plot treatment with-
out relay cropping, soybean was planted into a conventionally tilled field with mini-
mal wheat residue from the previous year’s corn crop. After the emergence of
soybean, pennycress was harvested on 23 and 28 June 2022 at Rosemount and
Morris, respectively, and on 11 July 2023 in St. Paul. However, pennycress was not
harvested at Rosemount 2023 due to short pennycress plant height caused by limited
rainfall during pennycress growth. Foliar pesticides were not applied to the plots.

To determine the abundance of soybean aphids in the research plots, each plot
was sampled weekly during the growing season for soybean. On each sample
date, 10 soybean plants were randomly selected from the middle 2 rows of each
plot and nondestructive visual whole-plant inspections were performed to quantify
soybean aphids. Soybean aphid counts included nymphs and winged and wing-
less adults. Aphid counts were then summarized as cumulative aphid-days (CAD;
Hanafi et al. 1989) by using the following formula:

CAD5

Xn

i51

ðxi þ xiþ1Þ
2

� �
3 ðti � ti�1Þ;

where xi is the mean number of aphids per plant on a given sample date i and ðti � ti�1Þ
is the number of days between 2 consecutive sample dates.

Analyses were performed using R 4.2.0 (R Core Team 2022) in RStudio (RStudio
Team 2022). To evaluate the overall impacts of the cover crop and soybean varieties
on soybean aphids, a combined analysis was conducted across all 4 site-years by
using a linear model (package: stats, code: aov) with CAD as the response variable
and cover crop (presence or absence), soybean variety (BS1146 or AgriGold
G1502RX), site-year, block nested within site-year, and all two- and three-way
interactions between cover crop, soybean variety, and site-year as predictors. The
significance of effects was assessed with analysis of variance (package: car, code:
Anova), and backward selection was used to remove nonsignificant (P . 0.10)
interactions.

To assess the effects of cover crops and soybean varieties on soybean aphid
populations for each site-year, separate analyses were performed using linear
models (package: stats, code: aov) with CAD as the response variable and cover
crop (presence or absence), soybean variety (BS1146 or AgriGold G1502RX),
block, and the two-way interaction between cover crop and variety as predictors.
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The significance of effects was assessed with analysis of variance (package:
car, code: Anova), and backward selection was used to remove nonsignificant
(P . 0.10) interactions.

Results

Through backward selection performed on the full model for the analysis across
site-years, the three-way interaction between cover crop, soybean variety, and site-
year and the two-way interactions between cover crop and soybean variety and
between soybean variety and site-year were removed, and associated variances
were pooled into error variance. In the reduced model, the interaction between cover
crop and site-year was marginally significant (F ¼ 2.719; df ¼ 3, 33; P ¼ 0.06), sug-
gesting that the effect of cover crop on CAD differed among site-years. The main
effect of cover crop had a significant effect on CAD (F ¼ 35.696; df ¼ 1, 33; P ,
0.001), with lower CAD in plots with pennycress than in plots without pennycress.
However, soybean variety (F ¼ 0.861; df ¼ 1, 30; P ¼ 0.36) and block nested in
site-year were not significant (F ¼ 1.048; df¼ 10, 30; P ¼ 0.43).

Because of the marginally significant interaction between cover crop and site-year
described above, each site-year was analyzed separately. At Rosemount 2022,
mean aphid densities ranged from 0 to 17.4 aphids per plant per date across treat-
ments and sample dates, with the peak density occurring on 25 August (Fig. 1A). Soy-
bean varieties relay-cropped with the pennycress cover crop had lower CAD than

Fig. 1. Mean aphid density (aphids per plant) over time on two soybean vari-
eties (AgriGold G1502RX and BS1146) relay-cropped with penny-
cress or no pennycress at Rosemount 2022 (A), Morris 2022 (B),
Rosemount 2023 (C), and St. Paul 2023 (D).
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soybean varieties without the pennycress cover crop (F ¼ 17.4; df ¼ 1, 4; P , 0.001)
(Fig. 2A). The effects of soybean variety (F¼ 2.2; df¼ 1, 4; P¼ 0.18) and the interac-
tion between soybean variety and cover crop (F ¼ 3.2; df ¼ 1, 4; P ¼ 0.11) were not
significant.

At Morris 2022, mean aphid densities ranged from 0 to 123.0 aphids per plant
per date across treatments and sample dates, with the peak density occurring on
23 August (Fig. 1B). Soybean varieties relay-cropped with the pennycress cover
crop had marginally lower CAD than soybean varieties without the pennycress
cover crop (F ¼ 4.42; df ¼ 1, 4; P ¼ 0.07) (Fig. 2B). The effects of soybean variety
(F ¼ 0.70; df ¼ 1, 4; P ¼ 0.43) and interaction (F ¼ 0.00; df ¼ 1, 4; P ¼ 0.10) were
not significant.

At Rosemount 2023, mean aphid densities ranged from 0.3 to 34.3 aphids per
plant per date across treatments and sample dates, with the peak density occurring
on 8 August (Fig. 1C). Soybean varieties relay-cropped with the pennycress cover
crop had lower CAD than soybean varieties without pennycress cover crop (F ¼
1.8; df ¼ 1, 8; P, 0.001) (Fig. 2C). The effects of soybean variety (F ¼ 0.00; df ¼ 1,
8; P ¼ 0.97) and the interaction between soybean variety and cover crop (F ¼ 1.14;
df ¼ 1, 8; P ¼ 0.30) were not significant.

At St. Paul 2023, mean aphid densities ranged from 0.9 to 45.7 aphids per plant
per date across treatments and sample dates, with the peak density occurring on
24 July (Fig. 1D). Soybean varieties relay-cropped with the pennycress cover crop

Fig. 2. Mean (±SE) cumulative aphid-days (CAD) for soybean aphid on two
soybean varieties (AgriGold G1502RX and BS1146) relay-cropped
with pennycress or no pennycress at Rosemount 2022 (A), Morris
2022 (B), Rosemount 2023 (C), and St. Paul 2023 (D).
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had lower CAD than soybean varieties without pennycress cover crop (F ¼ 113.8;
df ¼ 1, 8; P , 0.001) (Fig. 2D). The effects of soybean variety (F ¼ 2.95; df ¼ 1, 8;
P ¼ 0.11) and the interaction between soybean variety and cover crop (F ¼ 0.11;
df ¼ 1, 8; P ¼ 0.74) were not significant.

Discussion

Across the 4 site-years of this study, soybean varieties relay-cropped with pen-
nycress exhibited lower soybean aphid pressure (i.e., CAD) for soybean aphid
than soybean varieties without pennycress. Similarly, Koch et al. (2012, 2015) and
Lundgren et al. (2013) found that relay-cropping soybean with rye led to reductions
in soybean aphid densities. Schmidt et al. (2007) documented reductions in soy-
bean aphid infestations when soybean was planted into a living mulch of alfalfa,
Medicago sativa L. (Fabales: Fabaceae). There were no effects of soybean vari-
ety or interactions between soybean variety and cover crop on soybean aphid pop-
ulations. Previous research has shown no effect of soybean variety on aphid
numbers for varieties without aphid resistance genes (Rag genes; Hanson et al.
2017). Overall, the results presented herein, and supported by similar research,
highlight the potential for relay-cropping soybean into pennycress as a potential
cultural control tactic for soybean aphid management.

Although it remains unknown how pennycress affected soybean aphid popula-
tions on soybean, various mechanisms have been proposed to explain the differ-
ences in herbivore populations between polycultures and monocultures (Bröcher
et al. 2023). According to the resource concentration hypothesis, herbivores are
more likely to locate and stay on a host plant in monocultures than in polycultures,
leading to higher population densities in monocultures (Root 1973). In addition,
the polyculture created by planting soybean into the cover crop may support more
diverse communities of natural enemies that could help control aphid populations
(Scavo et al. 2022, Schmidt et al. 2018, Tillman et al. 2004). If soybean were
implemented in a double-cropping system with pennycress, we would expect to
see less impact on insect pests, such as soybean aphid, because there would no
longer be co-occurrence of both species (i.e., a polyculture). However, further
research is needed to understand the mechanisms affecting the dynamics of pest
populations in such a system.

By leveraging the pest suppression offered by relay cropping into cover crops,
farmers may be able to reduce reliance on insecticides, promote biodiversity, and
enhance the sustainability of their cropping systems (Huss et al. 2022, Quintarelli
et al. 2022, Scavo et al. 2022). Effective cultural control tactics for pest suppres-
sion would not only lower costs associated with purchasing and applying insecti-
cides but also decrease the human health risks involved with the use of these
chemical products (Huss et al. 2022). Such cultural practices could be combined
with other integrated pest management tactics such as biological control and
aphid-resistant soybean varieties, so that farmers can develop more robust sus-
tainable pest management systems (Deguine et al. 2021, Philips et al. 2014, Riyaz
and Kathiravan 2019).

This study demonstrates that relay-cropping soybean with a pennycress cover
crop can significantly reduce soybean aphid populations compared with soybean
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grown without pennycress. However, across the site-years in this study, soybean
aphid populations were low compared with the economic threshold of 250 aphids
per plant (Ragsdale et al. 2007); therefore, further research is needed to evaluate
the pest suppressive effects under higher levels of aphid infestation. In addition,
future research should explore the long-term impacts of cover crops on pest
dynamics and crop yields across a diverse agroecological region as well as the
economic feasibility of such practices for farmers.

Acknowledgments

We thank Dr. Arthur Ribeiro, Gunnar Morris, Isak Jardine, James Menger, Fábio Führ, Hunter Ness,
Gabryele Ramos, and Andrew Ratz for their assistance with sampling; Dr. Seth Naeve and Alexander
Hard for planting these trials; and the University of Minnesota Soybean Breeding and Genetics
Laboratory for plot maintenance. We extend our gratitude to Drs. Ratan Chopra and William Hutchison for
their valuable review of an earlier version of this manuscript. In addition, we express our appreciation to
Bayer Crop Science and the University of Minnesota Agricultural Experiment Station for their support of
E.O.A. This research was also supported by Agriculture and Food Research Initiative competitive grant
2019-69012-29851 from the National Institute of Food and Agriculture and the Minnesota Soybean
Research and Promotion Council. Any opinions, findings, conclusions, or recommendations expressed in
this publication are those of the author(s) and do not necessarily reflect the views of the USDA.

References Cited

Altieri, M.A. and D.K. Letourneau. 1982. Vegetation management and biological control in
agroecosystems. Crop Prot. 1: 405–430.

ARS, USDA. 2023. USDA Plant Hardiness Zone Map. https://planthardiness.ars.usda.gov/
(Last accessed 20 February 2025).

Basnet, P. and S. Ellison. 2024. Pennycress domestication and improvement efforts. Crop
Sci. 64: 535–559.

Beckendorf, E.A., M.A. Catangui and W.E. Riedell. 2008. Soybean aphid feeding injury
and soybean yield, yield components, and seed composition. Agron. J. 100: 237–246.

Bishop, L. and K.A. Nelson. 2019. Field pennycress seeding date and corn herbicide
management effects on corn, pennycress, and soybean production. Agron. J. 111: 257–263.

Bröcher, M., A. Ebeling, L. Hertzog, C. Roscher, W. Weisser and S.T. Meyer. 2023.
Effects of plant diversity on species-specific herbivory: Patterns and mechanisms. Oeco-
logia 201: 1053–1066.

Burnett, E., R.S. Wilson, A. Heeren and J. Martin. 2018. Farmer adoption of cover crops in
the western Lake Erie basin. J. Soil Water Conserv. 73: 143–155.

Catangui, M.A., E.A. Beckendorf and W.E. Riedell. 2009. Soybean aphid population
dynamics, soybean yield loss, and development of stage-specific economic injury levels.
Agron. J. 101: 1080–1092.

Cubins, J.A. 2019. Harvest time optimization of pennycress for use within the corn-soybean
rotation. MS Thesis, Univ. of Minnesota, St. Paul.

Cubins, J.A., M.S. Wells, K. Frels, M.A. Ott, F. Forcella, G.A. Johnson, M.K. Walia, R.L.
Becker and R.W. Gesch. 2019. Management of pennycress as a winter annual cash
cover crop: a review. Agron. Sustain. Dev. 39: 46.

Deguine, J.-P., J.-N. Aubertot, R.J. Flor, F. Lescourret, K.A.G. Wyckhuys and A.
Ratnadass. 2021. Integrated pest management: Good intentions, hard realities: A review.
Agron. Sustain. Dev. 41: 38.

Dorn, K.M., J.D. Fankhauser, D.L. Wyse and M.D. Marks. 2013. De novo assembly of the
pennycress (Thlaspi arvense) transcriptome provides tools for the development of a winter
cover crop and biodiesel feedstock. Plant J. 75: 1028–1038.

J. Entomol. Sci. Vol. 61, No. 1 (2025)8

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-04-16

https://planthardiness.ars.usda.gov/


Dorn, K.M., J.D. Fankhauser, D.L. Wyse and M.D. Marks. 2015. A draft genome of field
pennycress (Thlaspi arvense) provides tools for the domestication of a new winter biofuel
crop. DNA Res. 22: 121–131.

Dunn, M., J.D. Ulrich-Schad, L.S. Prokopy, R.L. Myers, C.R. Watts and K. Scanlon.
2016. Perceptions and use of cover crops among early adopters: Findings from a national
survey. J. Soil Water Conserv. 71: 29–40.

Hanafi, A., E.B. Radcliffe and D.W. Ragsdale. 1989. Spread and control of potato leafroll
virus in Minnesota. J. Econ. Entomol. 82: 1201–1206.

Hanson, A.A., J. Menger-Anderson, C. Silverstein, B.D. Potter, I.V. MacRae, E.W.
Hodgson and R.L. Koch. 2017. Evidence for soybean aphid (Hemiptera: Aphididae)
resistance to pyrethroid insecticides in the upper midwestern United States. J. Econ. Entomol.
110: 2235–2246.

Heimpel, G.E., P.M. Porter, D.W. Ragsdale, R.L. Koch and B.D. Potter. 2005. The potential
role of insect suppression in increasing the adoption of cover crops, Pp. 185–191. In Hoddle,
M.S. (ed.), Second International Symposium on Biological Control of Arthropods, 12–16 Sep-
tember 2005, Davos, Switzerland. https://www.fs.usda.gov/foresthealth/technology/pdfs/
2ndSymposiumArthropods05_08V2.pdf (Last accessed 20 February 2025).

Hodgson, E.W., B.P. McCornack, K. Tilmon and J.J. Knodel. 2012. Management recom-
mendations for soybean aphid (Hemiptera: Aphididae) in the United States. J. Integr. Pest
Manag. 3: E1–E10.

Huss, C.P., K.D. Holmes and C.K. Blubaugh. 2022. Benefits and risks of intercropping for
crop resilience and pest management. J. Econ. Entomol. 115: 1350–1362.

Koch, R.L., E.W. Hodgson, J.J. Knodel, A.J. Varenhorst and B.D. Potter. 2018.Management
of insecticide-resistant soybean aphids in the Upper Midwest of the United States. J. Integr.
Pest Manag. 9: 23.

Koch, R.L., P.M. Porter, M.M. Harbur, M.D. Abrahamson, K.A.G. Wyckhuys, D.W.
Ragsdale, K. Buckman, Z. Sezen and G.E. Heimpel. 2012. Response of soybean insects
to an autumn-seeded rye cover crop. Environ. Entomol. 41: 750–760.

Koch, R.L., Z. Sezen, P.M. Porter, D.W. Ragsdale, K.A.G. Wyckhuys and G.E. Heimpel.
2015. On-farm evaluation of a fall-seeded rye cover crop for suppression of soybean
aphid (Hemiptera: Aphididae) on soybean: Suppression of soybean aphid with rye cover
crop. Agric. For. Entomol. 17: 239–246.

Lundgren, J.G., L.S. Hesler, S.A. Clay and S.F. Fausti. 2013. Insect communities in soybeans
of eastern South Dakota: The effects of vegetation management and pesticides on soybean
aphids, bean leaf beetles, and their natural enemies. Crop Prot. 43: 104–118.

Mitich, L.W. 1996. Field pennycress (Thlaspi arvense L.)—The stinkweed. Weed Technol.
10: 675–678.

Moore, V.M., B. Schlautman, S. Fei, L.M. Roberts, M. Wolfe, M.R. Ryan, S. Wells and
A.J. Lorenz. 2022. Plant breeding for intercropping in temperate field crop systems: A review.
Front. Plant Sci. 13: 843065.

Moser, B.R., G. Knothe, S.F. Vaughn and T.A. Isbell. 2009. Production and evaluation of
biodiesel from field pennycress (Thlaspi arvense L.) oil. Energy Fuels 23: 4149–4155.

Ott, M.A., C.A. Eberle, M.D. Thom, D.W. Archer, F. Forcella, R.W. Gesch and D.L. Wyse.
2019. Economics and agronomics of relay-cropping pennycress and camelina with soybean
in Minnesota. Agron. J. 111: 1281–1292.

Philips, C.R., M.A. Rogers and T.P. Kuhar. 2014. Understanding farmscapes and their
potential for improving IPM programs. J. Integr. Pest Manag. 5: 1–9.

Phippen, W.B. and M.E. Phippen. 2012. Soybean seed yield and quality as a response to
field pennycress residue. Crop Sci. 52: 2767–2773.

Quintarelli, V., E. Radicetti, E. Allevato, S.R. Stazi, G. Haider, Z. Abideen, S. Bibi, A.
Jamal and R. Mancinelli. 2022. Cover crops for sustainable cropping systems: A review.
Agriculture 12: 2076.

ADJEIWAA ET AL.: Relay-Cropping Soybean with Pennycress 9

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-04-16

https://www.fs.usda.gov/foresthealth/technology/pdfs/2ndSymposiumArthropods05_08V2.pdf
https://www.fs.usda.gov/foresthealth/technology/pdfs/2ndSymposiumArthropods05_08V2.pdf


R Core Team. 2022. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/ (Last accessed 20
February 2025).

Ragsdale, D.W., D.A. Landis, J. Brodeur, G.E. Heimpel and N. Desneux. 2011. Ecology and
management of the soybean aphid in North America. Annu. Rev. Entomol. 56: 375–399.

Ragsdale, D.W., B.P. McCornack, R.C. Venette, B.D. Potter, I.V. Macrae, E.W. Hodgson,
M.E. O’Neal, K.D. Johnson, R.J. O’Neil, C.D. Difonzo, T.E. Hunt, P.A. Glogoza and E.M.
Cullen. 2007. Economic threshold for soybean aphid (Hemiptera: Aphididae). J. Econ.
Entomol. 100: 1258–1267.

Ragsdale, D.W., D.J. Voegtlin and R.J. O’Neil. 2004. Soybean aphid biology in North America.
Ann. Entomol. Soc. Am. 97: 204–208.

Riyaz, S.U.M. and K. Kathiravan. 2019. Integrated pest management approaches, Pp.
219–235. In Kumar, R.V. (ed.), Geminiviruses. Springer International Publishing, Cham,
Switzerland.

Root, R.B. 1973. Organization of a plant-arthropod association in simple and diverse habitats:
The fauna of collards (Brassica Oleracea). Ecol. Monogr. 43: 95–124.

R Studio Team. 2022. RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA. http://www.rstudio.com/ (Last accessed 20 February 2025).

Rusch, H.L., J.A. Coulter, J.M. Grossman, G.A. Johnson, P.M. Porter and A. Garcia y
Garcia. 2020. Towards sustainable maize production in the U.S. upper Midwest with
interseeded cover crops. PLoS One 15: e0231032.

Scavo, A., S. Fontanazza, A. Restuccia, G.R. Pesce, C. Abbate and G. Mauromicale.
2022. The role of cover crops in improving soil fertility and plant nutritional status in temperate
climates: A review. Agron. Sustain. Dev. 42: 93.

Schmidt, N.P., M.E. O’Neal and J.W. Singer. 2007. Alfalfa living mulch advances biological
control of soybean aphid. Environ. Entomol. 36: 416–424.

Schmidt, R., K. Gravuer, A.V. Bossange, J. Mitchell and K. Scow. 2018. Long-term use
of cover crops and no-till shift soil microbial community life strategies in agricultural soil.
PLoS One 13: e0192953.

Sedbrook, J.C., W.B. Phippen and M.D. Marks. 2014. New approaches to facilitate rapid
domestication of a wild plant to an oilseed crop: Example pennycress (Thlaspi arvense
L.). Plant Sci. 227: 122–132.

Soil Survey Staff, Natural Resources Conservation Service, USDA. 2024. Web Soil Sur-
vey. https://websoilsurvey.nrcs.usda.gov/app/ (Last accessed 20 February 2025).

Song, F. and S.M. Swinton. 2009. Returns to integrated pest management research and
outreach for soybean aphid. J. Econ. Entomol. 102: 2116–2125.

Tillman, G., H. Schomberg, S. Phatak, B. Mullinix, S. Lachnicht, P. Timper and D. Olson.
2004. Influence of cover crops on insect pests and predators in conservation tillage cotton.
J. Econ. Entomol. 97: 1217–1232.

Tilmon, K.J., E.W. Hodgson, M.E. O’Neal and D.W. Ragsdale. 2011. Biology of the soybean
aphid, Aphis glycines (Hemiptera: Aphididae) in the United States. J. Integr. Pest Manage.
2: 1–7.

Zhou, Q., K. Guan, S. Wang, C. Jiang, Y. Huang, B. Peng, Z. Chen, S. Wang, J. Hipple,
D. Schaefer, Z. Qin, S. Stroebel, J. Coppess, M. Khanna and Y. Cai. 2022. Recent
rapid increase of cover crop adoption across the U.S. Midwest detected by fusing multi-source
satellite data. Geophys. Res. Lett. 49: e2022GL100249.

J. Entomol. Sci. Vol. 61, No. 1 (2025)10

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-04-16

https://www.R-project.org/
http://www.rstudio.com/
https://websoilsurvey.nrcs.usda.gov/app/

