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Abstract
Soybean [Glycine max (L.) Merr.] after winter wheat (Triticum aestivum L.) is the

most common double-cropping system in the United States, driven by the desire for

increased cash flow and profits and bolstering global food security. Despite its popu-

larity, double-cropping often results in a lower soybean yield compared to full-season

systems, attributed to various factors. Maintaining wheat stubble height ≤30 cm dur-

ing harvesting and planting soybean in between wheat rows minimizes some negative

effects of wheat residue. Planting double-crop soybean immediately after wheat har-

vest is crucial, as late planting is the primary factor of diminished double-crop yield.

Late planting results in a shorter soybean growing season, limiting the time available

to develop an optimal leaf area index (LAI). Harvesting wheat at high moisture or

planting early-maturing wheat cultivars with comparable yield potential can facilitate

7–10 days earlier soybean planting. Employing narrow rows (19 cm) during double-

crop soybean planting ensures rapid attainment of optimum LAI (3.5–4.0) by the

pod set stage, maximizing solar radiation interception and canopy photosynthesis. A

16 kg ha−1 starter N may enhance early vegetative growth, expediting optimal LAI

achievement. Indeterminate soybean may be more appropriate for double-crop due to

fewer branching habits, which reduces competition in narrow rows compared to deter-

minate counterparts. Double-crop soybean in narrow rows requires higher seeding

rates than full-season to maximize yield by optimizing LAI expeditiously. Addition-

ally, double-crop soybean is more vulnerable to drought and insect–pest infestation or

defoliation than full-season system. Therefore, managing double-crop soybean with

the same diligence as full-season is imperative to maximize yield and profitability.

Plain Language Summary
Double-crop soybean is grown right after wheat is harvested and is a popular farming

method in the United States because it helps farmers make more money and increase

food production. But this system often leads to lower soybean yield than when soy-

bean is planted alone for a full season. Planting soybean right after wheat harvest is

Abbreviations: LAI, leaf area index; MG, maturity group; R:FR, red to far-red; SCN, soybean cyst nematode.
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important to avoid yield loss. Cutting wheat stubble short and planting between the

rows can help. Using narrow rows and higher seeding rates helps soybean grow faster

and catch more sunlight. Some nitrogen fertilizer at planting can boost early growth.

Indeterminate soybean types may work better in narrow rows. Managing things like

moisture, pests, and weeds is especially important for double-crop soybean because

it is more sensitive to drought and insects. This study reviewed over 100 research arti-

cles to find the best ways to increase double-crop soybean yield and profit including

changes in planting date, row spacing, fertilizer use, and water and pest control.

1 INTRODUCTION

In modern agriculture, double-cropping has emerged as a
valuable practice for maximizing land productivity. Double-
cropping involves cultivating and harvesting two successive
crops on the same piece of land within a single year, constitut-
ing a form of multiple cropping where two or more crops are
sequentially grown. Profitability remains a key determinant
in the adoption of double-cropping systems, with varia-
tions based on regional climatic conditions, crop selection,
and market demand. In the United States, soybean [Glycine
max (L.) Merr.] prominently features in the double-cropping
system, often cultivated during the summer following winter
small-grain crops like wheat (Triticum aestivum L.), barley
(Hordeum vulgare L.), oat (Avena sativa L.), canola (Bras-
sica napus), among others. The winter small-grain–soybean
double-cropping system typically involves growing winter
crops primarily for grain, occasionally for hay, silage, or graz-
ing. In specific regions, soybean is double-cropped after the
harvest of spring or early summer vegetables, such as snap
beans (Phaseolus vulgaris), or even after another soybean or
corn crop within the same calendar year.

The most predominant double-cropping system in the
United States is winter wheat followed by soybean (Gam-
mans et al., 2025; Hansel et al., 2019; Kapusta, 1979;
Moomaw & Powell, 1990; Okoli et al., 1984; Sanford et al.,
1973; Schnitkey et al., 2022; Triplett, 1978), recognized for
its adaptability to varied agro-climatic conditions. Wheat–
soybean double-crop system has been widely adopted in
certain regions of the United States, particularly in the Mid-
west and Southeast. This system allows for increased land
productivity and resource efficiency but presents unique agro-
nomic, environmental, and economic challenges compared to
full-season soybean production. Understanding the compar-
ative advantages and limitations of double-cropping versus
full-season soybean systems is essential for optimizing soy-
bean yields, maintaining soil health, and ensuring economic
viability for producers (Egli & Cornelius, 2009; Mourtzinis &
Conley, 2017).

A successful wheat–soybean double-cropping system
requires careful timing and management. Wheat is typically

planted from October to November and harvested for grain
in June–July, and soybean is promptly planted post-wheat
harvest. Soybean planting date is one of the most signifi-
cant factors affecting yield potential. Studies indicate that
delayed planting in double-crop systems often results in lower
yields compared to full-season soybean production due to
a shorter growing season, reduced light interception, and
greater susceptibility to late-season weather stress (Hu & Wia-
trak, 2012; Salmerón et al., 2016). Despite these limitations,
soybean emerges as the preferred and dominant summer crop
in double-cropping systems due to its photoperiod sensitiv-
ity and versatile days to maturity. Regardless of the planting
date, double-crop soybean generally matures in late Octo-
ber through November before succumbing to frost damage.
The popularity of wheat as a winter crop has surged, driven
by its higher market price compared to alternatives like bar-
ley. The wheat–soybean double-cropping system has found
success in different agro-climatic regions across the United
States, and a similar practice is observed in several other
countries worldwide, including Brazil, Argentina, China, and
India.

The increasing popularity of double-cropping stems from
its capacity to augment cash flow and profits while optimizing
land, equipment, labor, and capital usage (Holshouser, 2014).
Studies showed that double-cropping can enhance overall sys-
tem productivity by utilizing otherwise fallow land, thereby
improving resource use efficiency and total farm income
(Balkcom et al., 2015; Kering et al., 2017). This practice con-
tributes to enhanced soil physical, chemical, and biological
properties by mitigating soil erosion, reducing water loss and
nutrient leaching, and bolstering soil water-holding capacity,
water infiltration, water-use efficiency, and soil organic mat-
ter content (DeLaune, 2018; Dorn et al., 2013; Farmaha et al.,
2021; Kumar et al., 2021; Reddy et al., 2014). Some studies
suggest that incorporating cover crops within a double-crop
system can mitigate soil degradation risks while improving
soil structure and microbial activity (Ashworth et al., 2018; J.
Lee et al., 2019). Crucially, double-cropping plays a pivotal
role in global food security, addressing the escalating needs
of the world’s growing population by augmenting overall food
production from the same land area.
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Despite its benefits, double-cropping presents agronomic
and economic challenges. This system diminishes the yield
and quality of the second crop (i.e., soybean) compared to full-
season counterparts, primarily due to a compressed growing
season (Hansel et al., 2019). For instance, while the optimal
time for soybean planting is mid-April to mid-May, in the
wheat–soybean double-cropping system, soybean is typically
planted in late June to early July after wheat harvest, which
reduces soybean growth, development, and yield by curtail-
ing the total growing period. Moreover, late harvesting of
double-crop soybean, resulting from delayed planting, leads
to substantial yield loss attributed to heavy rainfall and frost
in early November.

Economic viability remains a key concern for producers
considering double-crop soybean production. Factors such as
input costs, seed availability, and fluctuating market prices
can influence the profitability of double-cropping systems
compared to full-season soybean (Holshouser et al., 2006;
Reiter et al., 2018). Additionally, weather variability, par-
ticularly in water-limited environments, can impact yield
stability and financial returns (J. Zhang et al., 2016). While
double-cropping presents several challenges, advancements in
breeding, agronomic management, and precision agriculture
technologies offer potential solutions to enhance system pro-
ductivity and sustainability (Mourtzinis et al., 2019; Pittelkow
et al., 2015).

Overall, double-cropping offers a unique opportunity to
boost farm productivity, enhance soil health, and increase
overall profitability. While wheat–soybean double-cropping
remains the most dominant system in the United States, ongo-
ing research and technological advancements will continue
to refine best management practices. Addressing the agro-
nomic, economic, and environmental challenges associated
with double-cropping will be essential for optimizing soybean
yields, improving sustainability, and ensuring economic via-
bility for farmers. This comprehensive review aims to explore
the environmental and crop management factors influencing
soybean yield in the wheat–soybean double-cropping system,
offering insights into best management practices to enhance
double-crop soybean yield and profitability in the United
States.

2 IMPORTANCE OF
DOUBLE-CROPPING

2.1 Economic benefits

The double-cropping system stands out as a judicious and
sustainable approach economically and environmentally. This
system is widely adopted in various agricultural regions of
the United States due to its potential to enhance farm prof-
itability and land-use efficiency. The economic advantages of

this system stem from increased revenue generation per unit
of land, optimized resource use, and improved soil fertility.
The economic viability of this system is notably evident in the
additional revenue generated from the second crop. However,
challenges such as increased production costs, dependency on
favorable climatic conditions, and management complexities
necessitate a careful comparison with the full-season soybean
system.

Numerous studies conducted across diverse agro-climatic
regions and soil textures consistently reveal that the wheat–
soybean double-cropping system yields greater net returns
than full-season soybean, despite the latter’s higher yield
(Browning, 2011; Caviness & Collins, 1985; Crabtree &
Rupp, 1980; Farno et al., 2002; Kelley, 2003; Kyei-Boahen &
Zhang, 2006; LeMahieu & Brinkman, 1990, 1991; Sanford,
1982; Sanford et al., 1986; R. A. Wesley, 1999; R. A. Wes-
ley & Cooke, 1988; R. A. Wesley et al., 1988, 1994, 1995).
A notable comparison by Kyei-Boahen and Zhang (2006)
on clay loam soils in Stoneville, Missouri, demonstrated that
although full-season soybean exhibited a yield advantage
of 10%–40% over double-crop soybean, the wheat–soybean
double-cropping system proved more profitable due to the
supplementary revenue from wheat, contributing to over 60%
of the combined net returns. Reiter et al. (2018) conducted
an economic analysis of double-crop soybean production
and concluded that, under favorable climatic conditions, net
returns from the double-crop system can exceed those of a
full-season soybean system.

The profitability of the double-cropping system hinges on
factors such as the length of the growing season (location),
crop management practices, and crop prices, particularly
those of winter small grains. Reiter et al. (2018) found that
when wheat and soybean prices are favorable, the double-crop
system provides significantly higher gross margins compared
to full-season soybean. Additionally, Kering et al. (2017)
highlighted that the potential for revenue enhancement is
maximized when appropriate agronomic practices, such as
optimal planting dates and precision fertilization, are fol-
lowed. R. Shrestha et al. (2021) further emphasized that the
economic feasibility of the double-crop system is influenced
by regional soil and weather conditions, with variations in N
use efficiency and moisture availability playing key roles.

The financial viability of the double-cropping system
depends on several crucial agronomic and economic factors.
Research conducted by Moomaw and Powell (1990) in north-
east Nebraska with a shorter growing season revealed that
full-season soybean generated higher returns than double-
crop soybean post-wheat harvest, especially when the latter
was intended for forage. Studies in the Mid-South by R. A.
Wesley and Cooke (1988) and R. A. Wesley et al. (1994,
1995) underscored that full-season irrigated soybean exhib-
ited greater profitability than rainfed double-crop soybean.
Further investigations into multiple double-cropping systems
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in the Mid-Atlantic region (Browning, 2011) demonstrated
that the barley–soybean double-cropping system yielded com-
parable net returns, based on a barley price of $0.122 kg−1

in 2010, to both full-season soybean and wheat–soybean
double-cropping systems. Interestingly, with a barley price of
$0.153 kg−1, the net returns of the barley–soybean double-
cropping system surpassed those of full-season soybean
and wheat–soybean double-cropping systems by $108 and
$130 ha−1, respectively.

While the wheat–soybean double-crop system offers higher
revenue potential, it also entails increased input costs. These
include expenses related to seed, fertilizers, pesticides, and
additional field operations. J. Zhang et al. (2016) noted that
higher input costs in the double-crop system can some-
times offset yield gains, particularly in years with suboptimal
weather conditions. Additionally, wheat residue management
and soil moisture depletion can affect soybean establish-
ment and productivity, further influencing economic returns
(Reddy et al., 2014). L. E. Lindsey et al. (2023) suggested that
optimized planting densities and cultivar selection can miti-
gate these costs by improving yield potential and seed quality.
Balkcom et al. (2015) emphasized that soil fertility manage-
ment is crucial in double-cropping systems, as wheat depletes
soil nutrients more than a full-season soybean crop. However,
the inclusion of cover crops or conservation tillage can help
mitigate these effects and reduce fertilizer costs in subsequent
growing seasons. Moreover, Pittelkow et al. (2015) found that
precision agriculture technologies, such as variable rate appli-
cation and sensor-based fertilization, improve input efficiency
and enhance economic returns in double-cropping systems.

Market price volatility for wheat and soybean plays a
critical role in determining the economic feasibility of the
double-crop system. Hu and Wiatrak (2012) examined price
trends and concluded that while the double-crop system pro-
vides higher gross revenue potential, it is more sensitive to
price fluctuations compared to the full-season soybean sys-
tem. Insurance policies and government subsidies for wheat
and soybean can help mitigate financial risks, as discussed
by J. Zhang et al. (2016). Another key risk factor is climatic
uncertainty, which can significantly impact yield stability and
profitability. Mourtzinis et al. (2019) observed that extreme
weather events such as drought and early frost can reduce
soybean yield potential in double-crop systems. Conversely,
in regions with reliable rainfall patterns and mild winters,
the double-crop system has demonstrated consistent eco-
nomic advantages over full-season soybean. R. Shrestha et al.
(2021) and L. E. Lindsey et al. (2023) further emphasized
the role of conservation management strategies in stabilizing
double-crop yields under variable weather conditions.

The wheat–soybean double-crop system presents a viable
economic alternative to the full-season soybean system, par-
ticularly when managed with optimal agronomic practices.
While higher input costs and climatic risks exist, the poten-

tial for increased revenue per unit of land makes this system
attractive to many producers. The wheat–soybean double-
crop system offers smallholder farmers in developing nations
an opportunity to diversify income sources from multi-
ple harvests, reducing financial risk and ensuring economic
stability. Future research should focus on improving risk
management strategies, optimizing input use, and integrating
advanced technologies to enhance the economic sustainability
of double-cropping systems.

2.2 Ecological benefits

The wheat–soybean double-cropping system presents numer-
ous ecological advantages over full-season soybean mono-
culture. This system enhances soil health, improves water
conservation, reduces greenhouse gas emissions, and supports
biodiversity. By maintaining continuous soil cover, double-
cropping mitigates soil erosion, nutrient runoff, and leaching,
making it a valuable strategy for sustainable agriculture.

One of the primary ecological benefits of the wheat–
soybean double-crop system is its positive impact on soil
health. Continuous soil cover provided by the system prevents
erosion and enhances soil organic matter content (Ash-
worth et al., 2018). Research by Balkcom et al. (2015)
found that conservation tillage practices integrated with
double-cropping improve soil aggregation, microbial diver-
sity, and nutrient cycling. Furthermore, R. Shrestha et al.
(2021) reported that wheat residue contributes to soil struc-
ture stability and increases organic carbon storage, reducing
soil degradation compared to full-season soybean monocul-
ture. Cover crops within the wheat–soybean sequence act as
nutrient scavengers, reducing N leaching and improving P
availability (J. Lee et al., 2019). Additionally, L. E. Lindsey
et al. (2023) highlighted that N use efficiency improves due
to the complementary effects of wheat residue decomposi-
tion and soybean biological N fixation, reducing reliance on
synthetic fertilizers and minimizing N runoff into waterways.

Soil erosion, responsible for detaching and transporting
soil sediments into aquatic ecosystems, often carries sub-
stantial amounts of organic matter, N, P, K, S, and other
nutrients, thereby causing water pollution through eutrophica-
tion. Double-cropping plays a crucial role in maintaining soil
cover, effectively reducing soil erosion and sediment trans-
port (Dabney, 1998). Nitrate-N (NO3-N), prone to surface
runoff if not absorbed by plants, poses a threat to water quality,
leading to pollution, decreased soil fertility, and productiv-
ity (Dabney et al., 2001; Scott et al., 1998). Additionally,
nitrate-N can leach below the root zone into groundwater,
further contributing to water pollution. The implementation
of double-cropping acts as a cover crop, efficiently scaveng-
ing excess N (Dabney et al., 2001) and minimizing nutrient
leaching (Dabney, 1998; Gill, 1997; Scott et al., 1998). L.
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E. Lindsey et al. (2023) emphasized that soil cover during
winter months minimizes surface runoff and erosion, leading
to improved water quality in surrounding ecosystems. Winter
crops like wheat, oat, and rye exhibit particular effectiveness
in mitigating excess N compared to undesirable vegetation
(Dabney, 1998). Moreover, the wheat–soybean double-crop
system can reduce nutrient and sediment losses in agricultural
runoff.

Effective water management is another ecological advan-
tage of the wheat–soybean double-crop system. The presence
of a winter wheat crop reduces soil evaporation and improves
water infiltration rates, benefiting subsequent soybean crops
(Reiter et al., 2018). J. Zhang et al. (2016) found that
double-cropping systems contribute to greater soil water
retention compared to full-season soybean systems, especially
in regions susceptible to drought. L. E. Lindsey et al. (2023)
noted that the increased root biomass in double-cropping
systems further enhances soil water-holding capacity, sup-
porting sustainable water management strategies in soybean
production.

Double-cropping significantly enhances the addition of
crop residue to the soils compared to mono-cropping, result-
ing in improved soil quality and fertility (Caviglia & Andrade,
2010; Caviglia et al., 2004, 2011). This improvement includes
increased water infiltration (Dabney, 1998), enhanced water-
holding capacity, and elevated soil organic matter content
(Bellinder et al., 2004; Dabney, 1998; Dabney et al., 2001;
Magdoff & Weil, 2004a, 2004b). Cover crops, even under
conventional tillage systems, heighten water infiltration by
mitigating soil particle detachment, preventing soil surface
sealing, and creating additional macropores through root
systems (Dabney, 1998). The introduction of soil organic
matter, facilitated by winter wheat or cover crops, clearly
influences soil physical, chemical, and biological properties
(Reeves, 1997). This includes preventing soil compaction
and erosion (Rhoton, 2000), enhancing bulk density, cation
exchange capacity, pH, electrical conductivity, microbial
biomass (Reeves, 1997), water-use efficiency (Weil & Magd-
off, 2004), and nutrient cycling and availability for subsequent
crops (Reeves, 1997; Weil & Magdoff, 2004). Magdoff and
van Es (2000) emphasized that soils with low organic matter
necessitate increased fertilizers, irrigation, and pesticides to
achieve the same crop yield as soils with sufficient organic
matter.

The wheat–soybean double-crop system plays a role in
climate change mitigation by enhancing soil carbon seques-
tration. Research by Pittelkow et al. (2015) demonstrated that
conservation tillage and double-cropping contribute to long-
term soil carbon storage by increasing root and biomass inputs
to the soil. Additionally, R. Shrestha et al. (2021) found that
double-cropping reduced carbon dioxide emissions compared
to full-season soybean systems due to greater biomass reten-
tion and reduced soil disturbance. Reduced greenhouse gas

emissions in double-cropping systems are also associated with
lower fertilizer application rates. Since soybean has the ability
to fix atmospheric N, combining it with wheat in a double-
cropping system reduces the need for synthetic N fertilizers, a
significant source of nitrous oxide emissions (Ashworth et al.,
2018). Consequently, the system helps to mitigate the envi-
ronmental footprint of soybean production while maintaining
high productivity levels.

Biodiversity conservation is another ecological benefit
of the wheat–soybean double-crop system. Crop rotation
and increased plant diversity contribute to a more resilient
agroecosystem by supporting beneficial soil microorganisms
and insect populations (J. Lee et al., 2019). According to
Balkcom et al. (2015), double-cropping systems promote bio-
logical activity by reducing pest pressure and fostering habitat
diversity for pollinators and predatory insects. Furthermore,
integrating wheat into the rotation creates seasonal habitat for
wildlife, particularly ground-nesting birds and small mam-
mals. Research by L. E. Lindsey et al. (2023) found that
wheat fields provide essential nesting and foraging habitats
that are not available in full-season soybean monocultures,
contributing to broader ecosystem health and biodiversity
enhancement.

Double-cropping plays a pivotal role in diminishing some
pest pressure by substituting susceptible host crops with non-
susceptible ones (Anderson & Domsch, 1975). The growth
and development of weeds can be curtailed by winter grain
or cover crops, fostering competition for space, light, water,
and nutrients. In the context of the wheat–soybean double-
cropping system, delayed soybean planting may contribute to
the reduction of soybean cyst nematode (SCN; Heterodera
glycines Ichinohe) populations (Koenning & Anand, 1991).
Additionally, wheat stubble retention and no-tillage prac-
tices have been reported to contribute to the suppression
of SCN populations at harvest (Hershman & Bachi, 1995).
These effects are likely attributed to multiple mechanisms,
including the physical barrier provided by crop residues,
alterations in soil microbial communities, and changes in
soil structure that affect nematode movement and survival
(S. Chen, 2007; Z. J. Grabau & Chen, 2016). No-tillage
systems, in particular, have been shown to influence SCN
dynamics by maintaining higher levels of organic matter and
soil moisture, which can enhance populations of nematode-
antagonistic microbes such as Pochonia chlamydosporia and
Purpureocillium lilacinum (Hamid et al., 2017; Mauchline
et al., 2013). Furthermore, wheat stubble can contribute to an
unfavorable environment for SCN by modifying soil temper-
ature and moisture conditions, potentially reducing hatching
rates and juvenile nematode mobility (Pedersen et al., 2010;
Workneh et al., 1999). Moreover, rotational systems incor-
porating wheat into a soybean-based cropping system have
been suggested as a potential cultural management strategy
for reducing SCN pressure, particularly when combined with
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SCN-resistant soybean cultivars (Tylka & Marett, 2014). The
presence of wheat residue may also enhance biological sup-
pression of SCN by fostering beneficial soil organisms that
compete with or prey upon nematodes (Bao et al., 2011).
Thus, integrating wheat stubble retention and no-tillage prac-
tices into double-crop soybean systems not only supports soil
conservation but also offers a viable approach for managing
SCN populations, ultimately improving long-term soybean
productivity in infested fields.

Overall, the wheat–soybean double-crop system offers
several ecological advantages over the full-season soybean
system. Improved soil health, enhanced water conserva-
tion, increased carbon sequestration, and greater biodiversity
contribute to the sustainability of double-cropping systems.
While economic considerations remain a primary driver of
adoption, the ecological benefits of this system align with
global efforts to promote sustainable agricultural practices.
Future research should continue exploring best management
practices to further optimize the environmental sustainability
of wheat–soybean double-cropping.

2.3 Global food security

Currently, the paramount scientific challenge revolves around
ensuring food security, that is, addressing the imperative of
nourishing the world’s ever-expanding population through
heightened crop production. With the global population
steadily increasing and anticipated to reach approximately
nine billion by 2050 (up from around 8.1 billion presently),
there is a pressing need to double total food production.
Compounding this challenge is the diminishing cultivable
land, emphasizing the urgency to augment food output within
existing land constraints. The double-cropping system, pre-
senting the opportunity to cultivate two crops on the same
piece of land within a single year, emerges as a strategic
approach to elevate overall productivity per unit of land area
(Gill, 1997). This could prove instrumental in meeting the
escalating global food demand associated with population
growth.

A comprehensive, long-term double-cropping study by
Crabtree et al. (1990) in eastern Oklahoma demonstrated
that a double-cropping system exhibits greater efficiency and
sustainability in generating higher grain yield compared to
mono-cropping. Several instances of double-cropping sys-
tems in the United States have demonstrated enhanced
productivity compared to mono-cropping. Examples include
wheat–soybean (Browning, 2011; Calvino et al., 2003; Cav-
iglia et al., 2011; Heatherly & Elmore, 2004; Kyei-Boahen &
Zhang, 2006; K. A. Nelson et al., 2011) and barley–soybean
(Browning, 2011; Groover et al., 1989).

The wheat–soybean double-crop system is recognized for
its ability to increase total crop output per unit of land. Reiter

et al. (2018) found that double-cropping leads to a higher
overall yield per hectare compared to a full-season soybean
system, making it a viable strategy for addressing the ris-
ing global food demand. Similarly, Holshouser et al. (2006)
reported that under favorable climatic conditions, the wheat–
soybean system generates higher total grain production than
a single-season soybean crop. In addition, L. E. Lindsey et al.
(2023) emphasized that integrating wheat and soybean in a
double-crop system allows for greater use of available grow-
ing seasons, reducing periods of fallow land. This approach
is particularly relevant in densely populated regions where
arable land is limited, enhancing food availability without
further deforestation or land conversion.

Soybean is a key source of plant-based protein and essen-
tial nutrients, while wheat serves as a staple carbohydrate
source for many populations. By integrating both crops in a
double-cropping system, farmers contribute to a more bal-
anced food supply, improving nutritional diversity (Ashworth
et al., 2018). The combination of wheat and soybean addresses
dietary needs by providing both macronutrients (proteins and
carbohydrates) and micronutrients essential for human health.
L. E. Lindsey et al. (2023) also emphasized that the increased
crop output from double-cropping enhances food affordabil-
ity by stabilizing supply chains and reducing dependency on
single-crop production systems.

Climate variability is a significant challenge to global food
security, and cropping systems must be adaptable to changing
conditions. Pittelkow et al. (2015) highlighted that diversi-
fied cropping systems, including double-cropping, enhance
resilience to climatic fluctuations by spreading risk across dif-
ferent growing seasons. Moreover, R. Shrestha et al. (2021)
found that wheat residue left after harvest in a double-crop
system improves soil moisture retention, reducing drought
stress on the subsequent soybean crop. The ability to miti-
gate climate risks is particularly important in regions prone to
extreme weather events. J. Zhang et al. (2016) observed that
in water-limited environments, the wheat–soybean double-
crop system benefits from improved soil structure and organic
matter accumulation, leading to better water infiltration and
retention. This advantage makes the system more sustainable
in comparison to full-season soybean production, which is
more vulnerable to mid-season droughts and extreme heat
stress.

The wheat–soybean double-crop system presents a strate-
gic advantage in addressing global food security challenges.
By maximizing land efficiency, enhancing climate resilience,
and contributing to nutritional and economic stability, this
system provides a sustainable alternative to traditional full-
season soybean cultivation. As global food demand continues
to rise, further research and policy support are needed to opti-
mize double-cropping practices, making them more acces-
sible to farmers worldwide. Future advancements in breed-
ing, agronomic practices, and precision agriculture will be
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PARVEJ AND HOLSHOUSER 7 of 55

instrumental in scaling up the benefits of the wheat–soybean
double-crop system for global food security.

3 DOUBLE-CROP SOYBEAN
PRODUCTION IN THE UNITED STATES

Double-crop soybean cultivation is predominantly observed
in the southeastern United States, facilitated by the region’s
extended growing season (Lewis, 1972; L. R. Nelson et al.,
1977; Sanford et al., 1973; Worsham, 1974). The shorter
growing season limits the double-cropping options in the
northern region (K. D. Thelen & Leep, 2002). Double-
cropping system is primarily practiced following winter
wheat, with occasional instances of soybean cultivation suc-
ceeding winter barley (Camper et al., 1972) and canola
(Porter, 1993, 1995; D. L. Thomas et al., 1990) in the south-
eastern Coastal Plain. In 2015, soybean cultivation covered
approximately 34.5 million ha in the United States, with
double-crop soybean accounting for 6% of the total soybean
hectarage (USDA-NASS, 2015). Over the past three decades,
from 1986 to 2015, the proportion of soybean hectarage ded-
icated to double-crop soybean averaged 7%, ranging from 3%
in 2010 to 11% in 1989 and 1999 (USDA-NASS, 1990, 1995,
2000, 2005, 2010, 2015). However, this percentage is rela-
tively low across the entire United States due to the Midwest
(Iowa, Illinois, Indiana, North Dakota, Nebraska, and Ohio)
housing half of the total soybean hectarage (16.9 million ha
in 2015; USDA-NASS, 2015), where double-crop soybean is
infrequently cultivated. In these regions, the growing season
constraints and climate conditions make double-crop soybean
production less feasible than full-season soybean cultivation
(L. E. Lindsey et al., 2023; R. Shrestha et al., 2021).

From 1986 to 2015, the average proportion of double-
crop soybean hectarage was 4% in Illinois, 3% in Indiana,
and 1% in Ohio. Data for Iowa, Nebraska, and North
Dakota were not available (Figure 1a; USDA-NASS, 1990,
1995, 2000, 2005, 2010, 2015). In the Mid-South (Ten-
nessee, Kentucky, Arkansas, and Missouri), the percentage
of double-crop soybean hectarage ranged from 10% to 32%
(Figure 1b). In the deep South (Georgia, South Carolina,
Florida, Alabama, Louisiana, and Mississippi), this range
was 9%–46% (Figure 1c), and in the Mid-Atlantic region
(Delaware, Virginia, Maryland, North Carolina, Pennsylva-
nia, and New Jersey), it was 14%–45% (Figure 1d). Despite
South Carolina and Georgia having 44%–46% of total soy-
bean hectarage as double-crop soybean, the Mid-Atlantic
states, particularly North Carolina, Virginia, Maryland, and
Delaware, have been more enthusiastic about this produc-
tion system, with around 41% of soybean land dedicated to
double-crop soybean since 1986. However, there has been

a recent decline in double-crop soybean hectarage across
states (Figure 1), potentially attributed to lower wheat prices
(USDA-ERS, 2016).

Comparing the average yields in 2014 or 2015, full-
season and double-crop soybean yielded 4280 and 4099 kg
ha−1, respectively, in Arkansas; 4099 and 3655 kg ha−1 in
Tennessee; 3984 and 3978 kg ha−1 in Georgia; 4609 and
4361 kg ha−1 in North Carolina; and 3487 and 3084 kg
ha−1 in Virginia, based on official variety test publications
from each state. Despite extension data indicating minimal
differences in soybean yield between the two production sys-
tems, actual research data, as presented by Kyei-Boahen and
Zhang (2006) from large plot research (44 m long × 2.5 m
wide plots), suggested that full-season soybean yields were
10%–40% higher than double-crop soybean. The lower num-
ber of entries for double-crop soybean in official variety
tests may contribute to a higher average yield, and regional
variations, such as the rainfed production system in Vir-
ginia, could account for differences in soybean yields among
states.

Several factors have limited the adoption of double-crop
wheat–soybean production. One of the primary constraints
has been the lack of crop insurance programs covering
double-crop systems. Historically, farmers who adopted
double-cropping faced greater financial risks due to potential
weather-related losses and yield uncertainties. The absence
of comprehensive insurance coverage discouraged many pro-
ducers from adopting the system (RMA, 2023). However,
recent policy changes and initiatives, such as the USDA
Risk Management Agency’s Double-Cropping Initiative, have
expanded crop insurance options, providing better finan-
cial security for farmers engaged in double-cropping (RMA,
2023). In addition to insurance challenges, limited wheat
markets have also played a role in reducing double-crop
wheat–soybean adoption. In many Midwest states, the focus
on corn-soybean rotations has led to reduced infrastructure
and market demand for winter wheat, making it less attractive
for farmers to incorporate wheat into their cropping sys-
tems (J. Zhang et al., 2016). Consequently, the profitability
of wheat production influences the viability of the double-
crop system, with fluctuating wheat prices affecting farmers’
planting decisions (Reiter et al., 2018).

The adoption of the wheat–soybean double-crop system
has been constrained by insurance limitations, wheat mar-
ket dynamics, agronomic challenges, and climate variability.
Recent policy developments and agronomic advancements are
addressing some of these barriers, making double-cropping a
more attractive option for US farmers. Future research and
policy initiatives should focus on enhancing the sustainability
and profitability of the system while ensuring its adaptability
to diverse agricultural landscapes.
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8 of 55 PARVEJ AND HOLSHOUSER

F I G U R E 1 Percentage of soybean hectarage planted following another harvested crop for (a) Midwest, (b) Mid-South, (c) Deep-South, and (d)
Mid-Atlantic states from 1986 to 2015

4 FACTORS AFFECTING
DOUBLE-CROP SOYBEAN YIELD AND
QUALITY

4.1 Wheat cultivar and harvest date

Double-crop soybean production is significantly influenced
by the choice of wheat cultivar and the timing of wheat
harvest. The ability to plant soybean earlier in the grow-
ing season is critical for optimizing yield and quality. The
selection of an early-maturing wheat cultivar plays a crucial
role in advancing soybean planting dates in double-cropping
systems. Caviness and Collins (1985) highlighted the signif-
icance of an early wheat cultivar like Doublecrop, developed
in Arkansas, which allows soybean planting approximately 5
days earlier. Their findings suggested that integrating early
wheat planting with proper fertilization and high-moisture
harvesting could further facilitate early double-crop soybean
planting, thereby maximizing soybean yield potential. More
recent research by Parvej et al. (2020a, 2020b) indicated that
harvesting a high moisture content of around 20% (200 g H2O
kg−1 grain) in wheat grains facilitates a 7- to 15-day advance-
ment in soybean planting within a double-cropping system.

They also noted that wheat grain can be safely harvested at a
moisture content of approximately 20%, but it is essential to
dry the harvested grains promptly. The timely harvesting of
wheat not only ensured early soybean establishment but also
prevented excessive soil moisture depletion, which is crucial
for subsequent soybean emergence and growth.

High-moisture wheat harvest has the potential to increase
drying costs, as additional energy and time are required to
reduce grain moisture to safe storage levels. Wheat harvested
at higher moisture levels (above 18%) often necessitates arti-
ficial drying to prevent spoilage, mold growth, and quality
deterioration (J. T. Edwards et al., 2012). The increased cost
of drying depends on fuel prices, drying efficiency, and initial
grain moisture content, which can add a significant expense
to wheat production (Haque et al., 2014). However, this added
cost can often be offset by a premium price for higher qual-
ity grain. High-moisture harvesting can help maintain better
test weight, reduce shattering losses, and minimize preharvest
sprouting, leading to improved grain quality and marketabil-
ity (Hellevang, 2013; Parvej et al., 2020a; Paulsen & Hill,
2005). Kirleis et al. (1982) noted that soft red winter wheat
achieves maximum test weight and grade at a moisture con-
tent of 30% or less (300 g H2O kg−1 grain), maintaining
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PARVEJ AND HOLSHOUSER 9 of 55

acceptable milling quality at 30%–35% (300–350 g H2O kg−1

grain) moisture content. Thus, while high-moisture wheat har-
vest may increase drying costs, the economic benefits from
improved grain quality and higher soybean yields can com-
pensate for these expenses, making it a viable management
strategy in wheat–soybean double-cropping systems.

Parvej et al. (2020a, 2020b) emphasized that early wheat
harvest allows soybean planting in the first week of June, lead-
ing to an overall increase in double-crop enterprise income.
Additionally, Rucker et al. (2022) noted that early wheat har-
vest facilitates timely planting of double-crop soybean, which
can significantly improve soybean yield potential by extend-
ing the growing season and avoiding late-season temperature
and moisture stress. Alternate findings were observed in Ohio
for soft red winter wheat. According to Alt et al. (2019), the
choice of soft red winter wheat cultivars with appropriate
agronomic traits significantly affected double-crop soybean
planting windows and overall system profitability. Their study
highlighted variations in grain quality, test weight, and har-
vest moisture levels that influenced the feasibility of early
double-cropping in temperate climates.

In contrast, delayed wheat harvest, as demonstrated by
Farrer et al. (2006), resulted in reduced wheat yield (up to
900 kg/ha) and test weight (up to 115 kg/m3) when the harvest
was delayed by 8–19 days from a moisture content of 13.5%
(135 g H2O kg−1 grain). Furthermore, the literature highlights
that various wheat milling and baking qualities, including
grain and flour falling number, clear flour percentage, grain
deoxynivalenol (DON), and farinograph breakdown times,
experience deterioration with delayed harvest (Farrer et al.,
2006; Parvej et al., 2020a).

Overall, wheat cultivar selection and harvest timing are
critical determinants of double-crop soybean success. Early-
maturing wheat cultivars and high-moisture wheat harvesting
practices enable earlier soybean planting, contributing to
increased soybean yield potential and enhanced overall sys-
tem profitability. Delayed wheat harvest, on the other hand,
negatively impacts both wheat and soybean productivity.
Future research should focus on optimizing cultivar selection
and refining harvest management strategies to further enhance
double-cropping sustainability in diverse agro-climatic condi-
tions.

4.2 Crop residues

Utilizing crop residues is a common practice to mitigate soil
erosion, particularly in agricultural systems employing con-
servation tillage methods (Adams et al., 1970, 1973; Beaty
& Giddens, 1962; Larson & Beale, 1961; Onstad & Otterby,
1979; Wischmeier, 1973). Researchers have proposed that
a minimum of 2200 kg ha−1 crop residues on the soil sur-
face is necessary for effective soil erosion control (Campbell

et al., 1979; Langdale et al., 1979; Mannering & Meyer, 1963;
Wischmeier, 1973). Despite these benefits, the use of crop
residues in double-crop soybean production introduces cer-
tain drawbacks, including the potential inhibition of herbicide
activity and allelopathic effects, which are elaborated below.

4.2.1 Herbicide activity

Crop residues can pose a considerable impediment to the
effectiveness of herbicides (J. L. Williams & Wicks, 1978;
Witt, 1980). Banks and Robinson (1982) discovered that a
quantity exceeding 2.2 Mg ha−1 of wheat residues can impede
the activity of certain residual herbicides. In soybean fields
covered with small-grain crop residues, Sanford et al. (1973)
encountered challenges in weed control. The presence of crop
residues hinders herbicides from reaching the soil surface,
thereby diminishing herbicide efficiency (Reddy et al., 1995).
Additionally, residues contribute to a decline in herbicide
bioactivity due to herbicide sorption, resulting in subopti-
mal weed control (Locke et al., 2002; Reddy et al., 1995).
Locke et al. (2002) observed increased herbicide sorption
in the top 2-cm depth of no-till soils with residue cover
than in conventionally tilled soils. Reddy et al. (1995) simi-
larly reported higher herbicide sorption in fields covered with
crop residues compared to those without residues, noting that
herbicide sorption intensifies with the duration of residue
decomposition.

The reduction in herbicide activity necessitates more
frequent herbicide applications at higher rates, leading to
increased crop production costs (Locke et al., 2002; Reddy
et al., 1995). Moreover, it contributes to the development of
weed resistance to herbicides, posing additional challenges
to effective weed management strategies. This highlights
the importance of carefully considering the presence and
management of crop residues in herbicide applications to opti-
mize weed control and minimize associated economic and
resistance concerns.

4.2.2 Allelopathy

The allelopathic impact of crop residues may sometimes
overshadow the positive contributions of these residues in
establishing and preserving soil quality. Allelopathy refers
to the detrimental influence of one plant species, through
the release of chemical substances (phytotoxins), on another
species (Rice, 1984). This term has long been associated with
crop residues left on the soil surface (Collison & Conn, 1925).
The introduction of residue mulching in crop production has
accentuated the issue of allelopathy (Rice, 1983). Guenzi and
McCalla (1966a) observed higher concentrations of various
phenolic compounds in mulched plots compared to plowed
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10 of 55 PARVEJ AND HOLSHOUSER

plots. Borner (1960) reported that residues from small-grain
winter crops, such as wheat, barley, and oats, contain several
phenolic compounds that exert allelopathic effects. Kimber
(1973) discovered that phytochemicals extracted from wheat
straw were less toxic than those extracted from barley, oats,
and rye. Guenzi and McCalla (1966b) also extracted some
phenolic acids from wheat straw that displayed phytotoxic-
ity. These phenolic acids in wheat straw have been reported to
hinder nutrient uptake, nodule formation, N2 fixation by Rhi-
zobium spp., and acetylene reduction in soybean (Rice, 1984).
However, the extent of wheat straw phytotoxicity may vary
with wheat cultivar (Collins & Caviness, 1978; Martin, 1985).

Several studies have demonstrated that residues from small-
grain crops can impede soybean seed germination, seedling
vigor, and overall crop growth due to allelopathy or phytotoxic
reactions (Collison, 1925; Guenzi & McCalla, 1962; Herrin,
1984; Kimber, 1973; Norstadt & McCalla, 1968; Steinsiek,
1981). Wheat residue left on the soil surface has been shown
to delay soybean emergence and reduce plant population by
up to 150,000 plants ha−1 due to allelopathy and inadequate
soil-seed contact (Hovermale et al., 1979; Sanford, 1982; Vyn
et al., 1998). Stunted soybean seedling growth, accompa-
nied by chlorosis in the presence of wheat stubbles, has been
observed by Sanford (1982), Caviness et al. (1986), Hairston
et al. (1987), and Vyn et al. (1998). The literature also doc-
uments a 16% higher soybean dry matter accumulation when
the wheat straw is removed compared to incorporation or leav-
ing it on the soil surface (Boquet & Walker, 1984; Hairston
et al., 1987; Sanford, 1982; Vyn et al., 1998). Nevertheless,
the degree of the adverse effect of crop residues depends on
the frequency with which crop roots encounter residues pro-
ducing phytotoxins since these toxins are not highly mobile
in the soil (Rice, 1983), and their phytotoxic activity is local-
ized around decomposed residues (Patrick et al., 1964). These
findings suggest that double-crop soybean should be planted
in between wheat rows to avoid or minimize phytotoxicity.

4.2.3 Residue decomposition

The rate of residue decomposition is contingent upon the
structural properties and quality of the residue, specifically
its carbon-to-nitrogen (C/N) ratio. Gaillard et al. (2003) noted
that wheat residue, characterized by high cellulose and hemi-
cellulose content, undergoes microbial degradation at a slower
pace. In general, a lower C/N ratio signifies higher residue
quality, leading to an accelerated rate of decomposition.
Wright and Hons (2004) found that wheat residue decomposes
more gradually compared to residues from grain sorghum or
soybean due to its elevated C/N ratio.

Crop residues with high C/N ratios demand more N
for decomposition, resulting in the immobilization of soil
N. Although slowly decomposing residues contribute to

enhanced soil aggregation over time, the introduction of
additional N during double-crop soybean production may
expedite the decomposition of wheat straw. This, in turn,
increases the availability of N for soybean seedlings by coun-
teracting N immobilization. Moreover, the application of
supplementary N can mitigate the allelopathic effects of crop
residues, which inhibit processes such as nutrient uptake, nod-
ule formation, and N2 fixation (Rice, 1984). By enhancing
N availability, additional N contributes to a more favorable
environment for soybean growth, compensating for poten-
tial nutrient limitations imposed by residue decomposition
dynamics.

4.3 Crop residues management

The effective management of crop residues plays a pivotal role
in establishing double-crop soybean and preserving soil qual-
ity. When a small grain crop yields 4036 kg ha−1, it generates a
residue volume ranging from 4036 to 8071 kg ha−1 (Caviness
& Collins, 1985). If not handled appropriately, this residue
can negatively impact the growth, development, and yield
of double-crop soybean (Boquet & Walker, 1984; Sanford,
1982). A study by Hairston et al. (1987) observed inhib-
ited soybean growth following wheat cultivation, attributing
it to the substantial amount of wheat residues present. Several
common residue management practices are detailed below.

4.3.1 Wheat stubble height

Managing wheat stubble height is a critical component of the
wheat–soybean double-cropping system, directly influencing
weed suppression, soybean emergence, growth, and yield.
While wheat stubble provides soil cover and erosion protec-
tion, excessive stubble height can create challenges such as
reduced soybean emergence, shading effects, and difficulties
in weed management. A balanced approach to stubble man-
agement is essential to maximize benefits while minimizing
adverse impacts on subsequent soybean growth and yield.

Wheat stubble height is positively correlated with shad-
ing, providing an effective means of suppressing weed growth
(Harwood & Bantilan, 1974). Shetty et al. (1982) estab-
lished that increased stubble height results in better weed
control, with 90% shading reducing up to 80% of dry mat-
ter accumulation in several weed species. Managing stubble
height to achieve desired shading levels can significantly
inhibit weed growth, enhancing the overall weed manage-
ment strategy. For example, Begna et al. (2002) observed that
shading resulted in a decrease in dry matter accumulation
for redroot pigweed (Amaranthus retroflexus L.), common
lambsquarters (Chenopodium album L.), and velvetleaf (Abu-
tilon theophrasti Medic.). However, the reduction was more
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pronounced for roots and reproductive structures than for
shoots. Neeser et al. (1997) discovered that inducing artifi-
cial shading decreases tuber production in purple nutsedge
(Cyperus rotundus L.) by diminishing the amount of photo-
synthetically active radiation.

The height of wheat stubble has a direct impact on soy-
bean emergence, growth, and yield. Boquet and Walker
(1984) investigated different stubble heights under a no-till
double-cropping system, revealing that seedling emergence
was highest in 15- and 23-cm stubbles. Excessive shading
caused by tall stubble during the early vegetative period
can adversely impact soybean branch formation. Acock and
Acock (1987) demonstrated a negative correlation between
branch node number and shading duration from VC to V6
stages (Fehr et al., 1971). Prolonged shading from tall stubble
can hinder soybean growth during critical stages.

Light quality changes due to wheat stubble shading impact
soybean growth. Research indicates that the red to far-red
(R:FR) light ratio significantly influences soybean growth
and development. A lower R:FR ratio, which can result from
shading, such as that caused by high wheat stubble, has been
shown to promote carbon assimilation in soybean seedlings by
increasing their photosynthetic capacity. Specifically, a low
R:FR ratio can enhance stem elongation and photosynthetic
efficiency in soybean plants (F. Yang et al., 2020). While
direct studies on the impact of wheat stubble-induced changes
in the R:FR ratio on subsequent soybean crops are limited,
existing evidence suggests that alterations in light quality
due to shading can influence soybean growth responses.
For instance, increased shading from earlier planting in nar-
row wheat rows has been observed to cause soybean plants
to develop elongated internodes, leading to weaker plants
(Hartschuh & Lindsey, 2025). Therefore, managing wheat
stubble to optimize the R:FR ratio could be a potential strategy
to enhance soybean performance in double-cropping systems.

The height of wheat stubble is linked to soybean yield.
Over 2 years of wheat–soybean double-crop investigations, L.
J. Grabau and Pfeiffer (1990) documented comparable soy-
bean yields for stubble heights of 15 and 30 cm. However,
the yield was greater with a 30-cm stubble height compared
to no stubble (0 cm). In a separate study, Hovermale et al.
(1979) identified the optimal soybean yield with a 20-cm
stubble height, surpassing yields associated with 10-, 36-,
and 41-cm stubble heights. Pod height is a crucial factor for
harvest efficiency. Boquet and Walker (1984) recorded max-
imum soybean yield with stubble heights of ≤30 cm, while
taller stubbles (38 and 46 cm) led to reduced yield due to
the etiolation of young soybean plants, challenging herbicide
application, lodging, and poor weed control.

Lower pod height is very crucial for reducing harvest loss
because soybean pods that are <7.5 cm above the soil surface
are difficult to harvest (J. T. Pearce, 2005). Hovermale et al.
(1979) found that soybean lower pod height tends to increase

with the increased stubble height. They also found lodging
of double-crop soybean increases with the increased stubble
height.

In conclusion, the most significant benefits of optimiz-
ing double-crop soybean yield under no-till conditions are
achieved at a stubble height of ≤30 cm (Heatherly & Elmore,
2004; R. A. Wesley, 1999). Even wheat stubbles >30 cm in
height provide little added advantage in soil surface protec-
tion from erosion and evaporation compared to stubbles that
are shorter in height (Nielson et al., 2003), the most bene-
fit of optimum wheat stubble height would be achieved if
the additional wheat chaff during harvesting is spread uni-
formly on the soil surface (Holshouser, 2014). Therefore,
managing wheat stubble height is a critical aspect of the
wheat–soybean double-cropping system, influencing weed
control, soybean growth, and overall crop yield. Balancing
these factors ensures the optimization of double-crop soy-
bean production under diverse conditions, including no-till
systems.

4.3.2 Wheat residue burning

The practice of burning wheat straw before soybean plant-
ing remains a contentious and environmentally questionable
method in most regions of the United States. Although
frowned upon, it persists in the Mid-South for wheat–soybean
double-cropping (Frederick et al., 1998; Sanford, 1982).
However, this burning practice carries significant ecological
drawbacks discussed below.

Burning negatively influences soil carbon content, as evi-
denced by various studies (Biederbeck et al., 1980; Murphy
et al., 2006; Prasad et al., 1999; Sanford, 1982; Wuest et al.,
2005). Although some studies reported minimal differences in
total soil carbon between burned and non-burned treatments
(Brye et al., 2006; Chan & Heenan, 2005), the general consen-
sus suggests a reduction in soil carbon due to burning. Wuest
et al. (2005) suggested that since burning typically affects
the top portion of the soil profile, a long-term burning study
needs to be conducted to obtain a noticeable difference in soil
carbon.

Burning induces a decline in soil nutrients, particularly N,
P, and S. Biederbeck et al. (1980) observed that although
burning rapidly converted organic N and P into inorganic
forms, there was a failure to accumulate these nutrients in the
soil profile over time. This suggests that the rapidly available
inorganic N and P might be susceptible to loss mechanisms,
including volatilization, leaching, runoff, or being carried
away from the field as ashes by the wind. Murphy et al. (2006)
noted higher leaching losses of NH4

+, NO3
−, and ortho-P in

burned areas compared to non-burned areas. Caldwell et al.
(2002) and Murphy et al. (2006) reported that the elevated
temperatures from burning led to the emission of N and S
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gases, resulting in their loss through volatilization. Wuest
et al. (2005) also documented soil N loss through burning.
A 45-year study conducted by Rasmussen et al. (1980) on silt
loam soils in Oregon determined that burning accelerates the
rate of soil N loss. The continuous practice of burning may
necessitate an increased soil N requirement in the long run.

The burning of residues creates an ash-bed effect that
enhances soil pH and K concentration (Chan & Heenan,
2005). Sherman et al. (2005) observed an immediate 0.23
unit increase in soil pH after burning on grassland Ultisols
in Maryland. However, after 1 year, they found no discernible
difference in soil pH between burning and non-burning treat-
ments. They explained that burning releases soluble cations
that, upon hydrolysis, elevate soil pH. Conversely, Murphy
et al. (2006) did not detect any impact of burning on soil pH, as
well as on exchangeable Ca and Mg, in forest soils in Nevada.

Burning also has adverse effects on various physical and
biological aspects of soil. The burning of crop residues has
been reported to contribute to soil moisture loss through
evaporation (Kelley & Sweeny, 1998; NeSmith et al., 1987;
Verhulst et al., 2011). This exposes the soil, making it sus-
ceptible to erosion from both wind and rain (Wuest et al.,
2005). Additionally, the burning process generates hydropho-
bic ash, leading to decreased water infiltration (J. Pikul &
Zuzel, 1994; Rasmussen et al., 1980; Wuest et al., 2005),
reduced hydraulic conductivity (Biederbeck et al., 1980), and
compromised soil aggregate stability (Wuest et al., 2005),
resulting in an overall deterioration of soil structure. Wuest
et al. (2005) highlighted that residue burning significantly
diminishes crucial components in the top 15 cm of the soil,
such as glomalin (a fungal-secreted polysaccharide), basid-
iomycetes populations, and earthworms. These elements play
pivotal roles in soil aggregation, organic matter formation,
and carbon sequestration. The reduction in these factors can
have long-term consequences for soil health and productivity.
In addition to these soil-related impacts, burning also con-
tributes to air pollution, reduces visibility for road traffic, and
poses health hazards, particularly through the irritants present
in the smoke emitted during burning, which can be partic-
ularly problematic for individuals with asthma and allergies
(Caviness & Collins, 1985).

Despite numerous drawbacks, researchers have highlighted
some positive effects associated with residue burning, partic-
ularly in terms of weed control and the yield of double-crop
soybean. Wheat straw is commonly subjected to burning
as a method of weed management and to prepare seedbeds
for soybean planting. The burning process effectively elim-
inates many weeds, destroys numerous weed seeds present
on the soil surface, reduces seedling diseases, facilitates soy-
bean planting, and minimizes the allelopathic effects of wheat
residues (Caviness & Collins, 1985; R. A. Wesley, 1999).
Walsh and Newman (2007) noted that the elevated temper-
atures resulting from burning contribute to a decrease in the

weed seed bank, thereby reducing weed infestations. Further-
more, studies conducted by Hairston et al. (1987) and Daniels
and Scott (1991) revealed a higher germination rate of soy-
bean seeds planted after residue burning. However, Cordell
et al. (2007) found no significant effect of residue burn-
ing on soybean seed germination in a 2-year wheat–soybean
double-crop study. Hairston et al. (1987) observed that wheat
residue, whether incorporated or left on the soil surface, nega-
tively impacted early-season soybean growth compared to the
treatment involving residue burning. Sanford (1982) reported
leaf yellowing in double-crop soybean when planted into
unburned wheat residue as opposed to burned residue.

Residue burning has been associated with an increase
in double-crop soybean yield in various studies (Boquet &
Walker, 1984; Daniels & Scott, 1991; C. D. Elmore et al.,
1995; Hairston et al., 1987; Heatherly et al., 1996; Sanford,
1982; R. A. Wesley & Cooke, 1988). However, conflict-
ing results are found in other studies where no significant
effect of burning on double-crop soybean yield was observed
(Beale & Langdale, 1967; Cordell et al., 2007; NeSmith
et al., 1987; Rasmussen & Rohde, 1988; Undersander &
Reiger, 1985). Notably, the studies reporting higher yield
and economic returns from residue burning were predomi-
nantly conducted on fine-textured soils, while those showing
no effect were mostly conducted on coarse-textured soils. The
positive impact of residue burning on fine-textured soil may
be attributed to the minimal impact of wheat straw mulch
on conserving soil moisture (Bond & Willis, 1971), water
infiltration (Undersander & Reiger, 1985), and soil organic
matter (Undersander & Reiger, 1985) compared to coarse-
textured soils. Additionally, the benefits on fine-textured soils
could arise from improved weed control, reduced allelopathic
effects, minimized N immobilization, and the immediate
availability of certain nutrients (Hairston et al., 1987). Daniels
and Scott (1991) specifically identified a double-crop soy-
bean yield advantage through wheat residue burning when
residue interferes with herbicide activity. Although residue
burning is not considered an ideal practice, it may be advisable
in situations where soil surface residue consistently hampers
maximum soybean yield, provided that soil fertility and ero-
sion are not significant concerns, especially on fine-textured
soils.

In conclusion, while residue burning might enhance certain
aspects of crop management, it comes with significant envi-
ronmental and soil health trade-offs. Sustainable alternatives
and practices that mitigate these negative impacts should be
explored and promoted.

4.3.3 Wheat residue baling

Removal of wheat straw by bailing is an alternative approach
to alleviate the negative impacts of shading, allelopathy, or
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straw burning in double-crop soybean. Various studies have
shown that removing wheat straw can lead up to a 16%
increase in soybean dry matter compared to incorporating
or leaving the straw on the soil surface (Boquet & Walker,
1984; Hairston et al., 1987; Sanford, 1982; Vyn et al., 1998).
Despite being a time-consuming process, some growers in
the Mid-Atlantic region have deemed it a profitable practice,
given reasonably good straw prices and market availability (J.
T. Pearce, 2005). Wheat straw prices, often sought after by
horse (Equus caballus) and mushroom (Agaricus bisporus)
industries, were observed to range from $86 to $177 MT−1

in 2004 at a major hay and straw auction in New Holland, PA
(MASS, 2004). Correspondingly, the yield of wheat straw typ-
ically falls within the range of 1.5–3.6 MT ha−1 (Engel et al.,
2003). The removal of wheat straw through baling can yield
additional gross income ranging from $198 to $475 ha−1,
considering an average straw price of $132 MT−1. However,
before opting for wheat straw baling in double-crop soybean
fields, it is crucial to consider the nutrient content and assess
other physical, chemical, and biological benefits of wheat
straw.

In a wheat–soybean double-crop system, the removal of P
and K through the harvest of both wheat grain and straw, fol-
lowed by soybean cultivation, can significantly deplete soil
nutrient reserves. Wheat straw contains about 1.65 kg of P2O5
and 12.93 kg of K2O per metric ton (algreatlakes.com). The
combined removal of P and K from harvesting both wheat
and soybean, especially when wheat straw is also removed,
can lead to a rapid decline in soil nutrient levels. This nutrient
drawdown may necessitate increased fertilizer applications to
replenish soil reserves and maintain optimal conditions for
subsequent crops. Failure to replace the extracted nutrients
can result in reduced soil fertility, leading to lower crop yields
over time.

Therefore, it’s crucial for producers engaged in double-
cropping systems to regularly monitor soil nutrient levels
through testing and adjust fertilization practices accordingly.
Applying fertilizers that account for the nutrient removal of
both crops can help sustain soil health and productivity in the
long term.

4.3.4 Tillage

Tillage practices play a crucial role in influencing double-
crop soybean yield by modulating soil physical, chemical, and
biological properties. The two predominant tillage options
for double-crop soybean production are no-tillage and con-
ventional tillage. Conservation tillage, particularly no- or
reduced-tillage, has gained widespread adoption, covering
about two-thirds of soybean hectarage in the United States
by 1997 (Padgitt et al., 2000). It has been recognized as a
key approach to enhance soil carbon content and reduce CO2

emissions in agricultural fields (Ellert & Janzen, 1999; Fran-
zluebbers, 2010; Lal & Kimble, 1997; Morell et al., 2011;
Sainju et al., 2008; Schlesinger & Andrews, 2000).

No-tillage practices contribute to an increase in macro-
aggregate size (>2 mm) in the top 5-cm soil depth, promoting
optimal root penetration and facilitating water and air move-
ment into the soil. In contrast, conventional tillage accelerates
the transformation of macro-aggregates into micro-aggregates
(Six et al., 2000). Macro-aggregates play a pivotal role in
preserving particulate organic matter by offering larger inter-
aggregate pores, thus shielding it from rapid decomposition
(Weil & Magdoff, 2004). Research by Rhoton (2000) demon-
strated greater aggregate stability in no-tillage than conven-
tional tillage in a 4-year wheat–soybean double-crop study,
indicating that the positive impact on aggregate stability in
no-tillage could counterbalance its potential negative effects
on root penetration. Additionally, Rhoton observed higher soil
organic matter content, exchangeable Ca, extractable P, Mn,
and Zn under no-tillage, implying an improvement in soil
fertility over time.

No-tillage allows for immediate soybean planting after
wheat harvest, minimizing soil moisture loss—a critical fac-
tor in double-crop soybean production. Literature suggests
that employing a no-tillage approach diminishes soil mois-
ture losses in the seedbed germination zone, leading to
improved stand establishment (Jeffers et al., 1973). Con-
versely, conventional tillage accelerates soil moisture loss
through evaporation, potentially impeding soybean germi-
nation and emergence, especially in the absence of timely
rainfall (Sanford, 1982). A wheat–soybean double-cropping
investigation by NeSmith et al. (1987) demonstrated elevated
soil water content under no-tillage or disking compared to the
moldboard plow treatment in sandy clay loam soils. Diaz-
Zorita et al. (2004) assessed the superior moisture-holding
capacity of silt loam soils under no-tillage relative to soils
subjected to periodic tillage. Their findings also indicated a
saturated hydraulic conductivity of 16.4 mm h−1 in no-tillage,
contrasting with 5.1 mm h−1 in conventional tillage. They
concluded that the heightened moisture content and hydraulic
conductivity in no-tillage were ascribed to increased macro-
pore distribution and soil aggregate stability compared to
conventional tillage.

No-tillage has demonstrated effectiveness in reducing soil
erosion, as documented in studies by McGregor et al. (1975)
and Langdale et al. (1979). However, the impact of no-
tillage on runoff has shown inconsistency. T. W. Harper et al.
(2008) observed an eightfold reduction in sediment load on
silt loam soils under no-tillage compared to conventional
tillage. Similarly, Langdale et al. (1979) recorded signifi-
cantly lower sediment and runoff losses in sandy loam soils
under no-tillage with double-cropping compared to conven-
tionally tilled soils with mono-cropping. In contrast, Ghidey
and Alberts (1998), in a 12-year evaluation on a silt loam soil
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with a 3%–3.5% slope, reported that no-tillage resulted in five
to seven times lower soil erosion but 20% and 14% greater
runoff than chisel plow and conventional tillage, respectively.
Greater runoff and herbicide losses under no-tillage were also
observed by Shipitalo et al. (1997) and Shipitalo and Owens
(2006), leading to higher herbicide costs (Parsch et al., 2001).

Literature reveals varied responses regarding the impacts of
tillage on double-crop soybean yield. Some studies, includ-
ing those by Beale and Langdale (1967), NeSmith et al.
(1987), R. A. Wesley et al. (1988), Heatherly et al. (1996),
and Cordell et al. (2007), reported no significant effect of
tillage on double-crop soybean yield in the southern United
States. However, McGregor et al. (2006), after a 16-year
investigation, noted that soybean yield with conventional
tillage surpassed that with no-tillage for the initial 3 years
but reversed over the subsequent 13 years. R. A. Wesley et al.
(1988) found equivalent yields for conventional and no-tillage
in irrigated systems, while in rainfed systems, conventional
tillage outperformed no-tillage in a year with moderate tem-
peratures but performed worse in the hottest year compared
to no-tillage. Similarly, Tyler and Overton (1982) reported
better seed quality, including less purple stain and wrinkling,
for double-crop soybean with no-tillage in a dry year. These
results suggest that the advantages of no-tillage, such as soil
moisture conservation, may not manifest immediately after
adoption but can positively impact soybean yield over time.

No-till farming also enhances soil fertility by improving
soil structure, increasing organic matter content, and promot-
ing beneficial microbial activity. One of the primary benefits
of no-till is the reduction of soil erosion, which helps retain
essential nutrients such as N, P, and K in the root zone,
improving soil fertility over time (Lal, 2004). No-till systems
also contribute to higher soil organic matter levels due to the
reduced disturbance of crop residues, which enhances carbon
sequestration and provides a steady nutrient release through
mineralization (Six et al., 2000). Increased organic matter
supports improved soil aggregation, enhancing water reten-
tion and nutrient availability, which is crucial for plant growth
(Franzluebbers, 2010). Additionally, no-till systems foster a
more diverse and active microbial community, including myc-
orrhizal fungi and N-fixing bacteria, which play key roles
in nutrient cycling and soil fertility maintenance (Helgason
et al., 2014). The improved microbial environment in no-till
fields enhances enzymatic activities that facilitate the break-
down of organic residues and the release of essential nutrients
(Mbuthia et al., 2015). Furthermore, studies have shown
that no-till improves soil cation exchange capacity, allowing
the soil to retain more nutrients and reduce leaching losses
(Duiker & Beegle, 2006). Over time, the cumulative benefits
of no-till lead to greater soil fertility, increased nutrient-use
efficiency, and improved long-term sustainability of agricul-
tural production systems. This makes no-till a key practice
for maintaining soil health while reducing dependency on
synthetic fertilizers.

Tillage also significantly influences weed infestation and
population diversity, primarily employed for weed control
purposes (Esbenshade et al., 2001a). Tillage serves to dimin-
ish weed seed germination by burying seeds deep within the
soil profile, shielding them from light exposure and limit-
ing gas diffusion (Benvenuti, 2003; Benvenuti & Macchia,
1998). Conversely, no-tillage practices augment weed species
and population diversity as weeds accumulate on the soil
surface, potentially diminishing soybean yield (Banks et al.,
1985; Wicks & Sommerhalder, 1971). However, observa-
tions by Esbenshade et al. (2001a) in Pennsylvania revealed
lower burcucumber (Sicyos angulatus L.) emergence under
no-tillage than conventional tillage, attributing this to crop
residue suppressing burcucumber emergence in no-tillage.
Additionally, Reddy (2001a) documented that in a no-tillage
system, crop residues exerted suppression on browntop mil-
let [Brachiaria ramosa (L.) Stapf] density during the initial
3 weeks after planting, but this effect diminished in the sub-
sequent 9 weeks. Importantly, it had no discernible impact
on the densities of barnyardgrass [Echnochloa crus-galli (L.)
Beauv.], prickly sida (Sida spanosa L.), and yellow nutsedge
(Cyperus esculentus L.). These findings suggest that conven-
tional tillage holds a distinct advantage in controlling weed
species. However, the advent of herbicide-resistant soybean
varieties, coupled with advanced herbicide technologies, has
simplified weed control under no-tillage conditions.

In summary, while tillage can provide short-term benefits
to double-crop soybean yield by improving weed control and
soil aeration, it may have long-term drawbacks, such as soil
degradation and increased erosion. In contrast, no-tillage pro-
motes soil fertility, moisture retention, and erosion reduction,
with potential long-term yield benefits. Additionally, no-till
systems may facilitate an earlier planting date, further enhanc-
ing soybean establishment. However, the transition to no-till
may present challenges, including shifts in weed diversity and
a learning curve for optimal management.

4.4 Planting date

The timing of planting has been extensively studied as a cru-
cial factor influencing soybean growth, development, yield,
and seed quality (Rahman et al., 2005; Q. Y. Zhang et al.,
2010). Cartter and Hartwig (1963) emphasized that the plant-
ing date holds greater significance than any other individual
cultural practice for achieving successful soybean produc-
tion. Numerous studies have consistently demonstrated that
delayed planting, occurring from late May to July, adversely
impacts soybean yield potential in both irrigated and rain-
fed conditions (Barreiro & Godsey, 2013; Bastidas et al.,
2008; Beatty et al., 1982; J. E. Board & Hall, 1984; Boquet
et al., 1982; Bowers, 1995; T. E. Carter & Boerma, 1979;
G. Chen & Wiatrak, 2010; De Bruin & Pedersen, 2008b;
J. T. Edwards et al., 2003; Egli & Bruening, 2000; Egli
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& Cornelius, 2009; Heatherly, 1988; Heatherly, 1996;
Heatherly & Spurlock, 1999; Kane et al., 1997; Oplinger &
Philbrook, 1992; Parker et al., 1981; Parvez et al., 1989; Popp
et al., 2002).

For full-season soybean, the optimal planting window typ-
ically spans from late March to mid-May, contingent on the
location and soybean maturity group (MG). Late planting
from mid-May to early June has been associated with a reduc-
tion in soybean yield, with estimates ranging from 0.09% to
1.69% per day (Salmerón et al., 2016). Egli and Cornelius
(2009) conducted a comprehensive review of planting date
studies under rainfed conditions, revealing a rapid decline in
soybean yield when planted after specific dates: May 30 in
the Midwest (Iowa, Illinois, Indiana, North Dakota, Nebraska,
and Ohio), May 27 in the deep South (Alabama, Florida,
Georgia, Louisiana, Mississippi, and South Carolina), and
June 7 in the Midsouth (Arkansas, Kentucky, Missouri, and
Tennessee). Recent studies have further elucidated the impact
of planting dates on soybean yields across various regions in
the United States. Mourtzinis et al. (2017) conducted com-
prehensive analyses revealing that delayed soybean planting
results in significant yield reductions, with the rate of loss
varying by region and environmental conditions. Their find-
ings indicate that for each day planting is postponed beyond
early May, soybean yields can decrease substantially, under-
scoring the importance of timely planting to maximize yield
potential. Similarly, Schmitz and Kandel (2021) examined
the effects of planting date, seeding rate, relative maturity,
and row spacing on soybean yield and found that planting
date had the greatest influence on yield potential. Meanwhile,
Morris et al. (2021) studied interactions between planting
date, MG, and seeding rate in North Carolina, demonstrat-
ing that earlier planting dates consistently produced higher
yields, with later planting dates requiring higher seeding rates
to compensate for shorter growing seasons. Further analy-
sis by Mourtzinis and Conley (2023) explored the economic
impact of planting order decisions, finding that prioritizing
soybean planting over corn can maximize farm gross revenue
in certain conditions. Their study underscores the broader
financial implications of planting date decisions beyond just
yield potential, highlighting the importance of optimizing
planting schedules for both crops. These studies collectively
highlight the necessity for region-specific planting strategies
to optimize soybean yields, taking into account local cli-
mate conditions, economic factors, and the associated risks
of delayed planting.

Within the framework of the wheat–soybean double-
cropping system, the timeframe deemed optimal for soybean
planting is typically from early June to mid-June. However,
achieving planting within this timeframe poses significant
challenges due to high rainfall and delays in wheat maturity
in certain years, particularly in southern Illinois, Kentucky,
Tennessee, and Arkansas, where seasonal weather variability

can impact field conditions and planting schedules. Lit-
erature underscores that late planting is a primary factor
contributing to reduced yield in double-crop soybean (J. E.
Board & Harville, 1996; Holshouser, 2014; Parker et al.,
1981). Boerma and Ashley (1982) demonstrated that delay-
ing double-crop soybean planting by 5–10 weeks beyond
the normal mid-June schedule resulted in a substantial yield
reduction. Also, they found that delayed planting from early
July to late July led to an average seed yield reduction of 36 kg
ha−1 day−1 in Georgia. Holshouser (2014) noted a similar
yield reduction of 34 kg ha−1 day−1 in Virginia for double-
crop soybean planted after mid-June. Further investigations
by Jeffers et al. (1973) and Beuerlein (2004) indicated that
delaying double-crop soybean planting after June 15 in Ohio
could lead to yield reductions of up to 470 kg ha−1 week−1

(67 kg ha−1 day−1).
The yield decline in late-planted double-crop soybean can

be attributed to various factors. Inadequate vegetative growth,
due to shorter growing seasons, is a primary limiting factor for
yield (Ball et al., 2000b; Barreiro & Godsey, 2013; Boerma &
Ashley, 1982; T. E. Carter & Boerma, 1979; Caviglia et al.,
2011; Herbert & Litchfield, 1984; Holshouser, 2014; B. P.
Jones et al., 2003). Holshouser (2014) emphasized that inad-
equate vegetative growth, particularly in terms of leaf area
index (LAI), is a key constraint for late-planted double-crop
soybean. He clarified that late-planted soybean (late June to
early July) lacks sufficient time to achieve an optimal LAI.
This limitation hampers their capacity to optimize light inter-
ception, leading to diminished dry matter production and
ultimately resulting in lower yields.

Soybean LAI exhibits a positive correlation with soybean
seed yield, as documented by B. P. Jones (2002). Several stud-
ies have indicated that the yield of late-planted soybean tends
to increase with higher LAI values (J. E. Board et al., 1992;
J. E. Board & Harville, 1993; Hunt et al., 1994; B. P. Jones
et al., 2003; Wells, 1991). Malone et al. (2002) indicated a lin-
ear increase in yield with the rise of LAI up to 3.5–4.0 at the
R4–R5 stages for both full-season and double-crop soybean,
after which the yield plateaus. Literature suggests that soy-
bean typically requires a vegetative period ranging from 42 to
58 days, contingent upon environmental conditions (Boquet
et al., 1983; Hartwig, 1970; Huxley et al., 1976; Huxley &
Summerfield, 1974; Nagata, 1960; J. F. Thomas & Raper,
1977; Van Schaik & Probst, 1958), to attain an LAI of 3.0
(Constable, 1977). However, late-planted soybean often faces
challenges in achieving the critical LAI range of 3.5–4.0, as
outlined by J. E. Board and Harville (1992), essential for opti-
mal radiation interception. This deficiency in LAI negatively
impacts photosynthesis and, consequently, leads to reduced
yields.

Early flowering, induced by a shorter photoperiod, has also
been identified as a contributing factor to reduced late-planted
soybean yield (Bastidas et al., 2008; J. E. Board, 1985; J. E.
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Board & Hall, 1984; Hartwig, 1954; Pedersen & Lauer, 2004).
Late planting has been associated with a reduction in the
duration of key soybean growth stages, including vegetative,
flowering, pod set, and seed-filling periods (G. Chen & Wia-
trak, 2010; Egli, 2011; Egli & Bruening, 2000; Purcell et al.,
2002). This shortened timeline from emergence to R5 stages,
resulting from late planting, guides to insufficient vegetative
growth (Egli & Bruening, 2000; Egli et al., 1987; Kane et al.,
1997; Purcell et al., 2002), thereby compromising crop growth
rate and dry matter accumulation, ultimately impacting soy-
bean yield maximization (J. E. Board et al., 1999). Purcell
et al. (2002) highlighted that the reduced vegetative period
in late-planted soybean is a consequence of the combined
influence of photoperiod and temperature. A temperature and
photoperiod interaction study by J. E. Board and Hall (1984)
demonstrated that warmer temperatures (27˚C) with a short
photoperiod significantly reduce the days to first flowering
compared to cold temperatures (21˚C) with a long photope-
riod. H. W. Johnson et al. (1960) also observed a direct impact
of late planting dates on altering the duration of soybean
developmental stages in response to changes in photoperiod.
The reduced photoperiod, resulting from late planting, short-
ens the length of the seed-filling period (R4–R7; Morandi
et al., 1988), which is positively correlated (r = 0.51) with
soybean yield (Dunphy et al., 1979). Other research has indi-
cated that soybean yield is directly linked to solar radiation
levels and/or assimilate supply during pod set to seed-filling
(R3–R7) periods (Duncan, 1986; Hardman & Brun, 1971;
Schou et al., 1978; H. M. Taylor et al., 1982). Drought stress
during the period from mid-July to late August coinciding
with the reproductive stages has been highlighted as another
significant factor leading to reduced yields, particularly in
the southeastern United States (Morrison & Rabb, 1996).
These literatures suggest that the early onset and duration
of reproductive stages coincide with unfavorable conditions,
including reduced photoperiod and decreased precipitation
during the later stages of the growing season contribute to the
overall yield reduction of late-planted soybean after wheat.

The reduced rates of dry matter accumulation, particularly
during critical stages like flowering, pod set (Egli & Bruen-
ing, 2000), and seed-filling (Calvino et al., 2003) periods,
also contribute to the yield reduction. Parvez et al. (1989)
found a lower level of dry matter accumulation for soybean
planted in July compared to those planted in May. Litera-
ture has documented that the diminished yield in soybean
planted in July is attributed to reduced branch development
(J. E. Board, 1985; J. E. Board & Hall, 1984; Hartwig, 1954).
Settimi and Board (1988) observed that a lower photoperiod
during late planting directly hinders branch formation at the
lower main-stem nodes and indirectly diminishes potential
sites for branch formation at the upper main-stem nodes by
inducing early flowering. Additionally, J. E. Board and Set-
timi (1986) explained that a short photoperiod during late
planting dates diminishes branch development by compress-

ing the time between R1 and R5 stages, crucial stages for most
branch development.

The decline in yield for late-planted double-crop soybean
is also linked to reduced plant height (Bastidas et al., 2008;
Ouattara & Weaver, 1995; Wilcox & Frankenberger, 1987),
nodes per plant (Bastidas et al., 2008; Beatty et al., 1982;
O. G. Carter, 1974; T. E. Carter & Boerma, 1979; Caviness
& Smith, 1959; Constable, 1977; Leffel, 1961; Pedersen &
Lauer, 2004; Weiss, 1950), pods per plant (Anderson & Vasi-
las, 1985; R. W. Elmore, 1990), pods per square meter (J. E.
Board et al., 1999; Pedersen & Lauer, 2004; Robinson et al.,
2009), reproductive pods per node (J. E. Board et al., 1999),
seeds per square meter (J. E. Board et al., 1992; J. E. Board
& Harville, 1992; Calvino et al., 2003; Egli, 1975; Egli &
Bruening, 2000; Egli et al., 1987; Guffy et al., 1983; P. G.
Jones & Laing, 1978; Pedersen & Lauer, 2004), and seed
weight (Calvino et al., 2003). Ouattara and Weaver (1995)
reported that the reduction in the lowest pod height is another
issue in late-planted soybean, causing harvest yield losses and,
consequently, reduced seed yield. This problem is more pro-
nounced in a determinate soybean growth habit compared to
an indeterminate soybean growth habit.

Soybean seed number per hectare is directly linked to plant
population, pods per plant, and seeds per pod, with seed num-
ber exhibiting a high correlation with soybean seed yield (J.
E. Board et al., 2003; Kahlon et al., 2011). The decline in
seed number during late planting dates has been ascribed to
reduced air temperature (Calvino et al., 2003) and diminished
solar radiation interception during flowering and early pod set
(J. E. Board et al., 1992; J. E. Board & Harville, 1992; Egli &
Bruening, 2000; Egli et al., 1987). Several researchers have
proposed that radiation interception during flowering and
early pod set serves as a pivotal factor in determining soybean
seed number (Egli & Bruening, 2000; Kantolic et al., 2013;
Liu et al., 2010; H. M. Taylor et al., 1982). Late planting also
leads to heightened soybean seed protein concentration but
reduced seed oil concentration (Kane et al., 1997; Pendleton
& Hartwig, 1973; Robinson et al., 2009).

Overall, the literature strongly indicates that the reduction
in soybean yield during late planting dates results from the
combined impacts of reduced air temperature and a shorter
growing season, leading to early flowering and lower LAI,
thereby reducing radiation interception, dry matter accumula-
tion, and yield component production. Drought stress during
mid-July to late August, coinciding with flowering and early
pod set stages, also poses a challenge for diminished soybean
yield, especially under rainfed production systems.

4.5 Row spacing

Row spacing represents a critical management factor signif-
icantly influencing soybean growth and yield. Traditionally,
soybean has been cultivated with row spacings ranging from
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19 to 100 cm. However, there is a growing trend toward adopt-
ing narrow row spacing due to its associated enhancement
in yield potential (R. R. Johnson, 1987). Numerous studies
have consistently reported an increase in soybean yield when
planted in narrower row spacing as opposed to wider configu-
rations (Ablett et al., 1984; Beuerlein, 1988; J. E. Board et al.,
1990; J. E. Board & Harville, 1994; Boquet, 1990; Boquet
et al., 1982; Cooper, 1977; Costa et al., 1980; Devlin et al.,
1995; Egli, 1994; R. W. Elmore, 1998; Ethredge et al., 1989;
Heatherly, 1988; Heatherly et al., 2002; R. R. Johnson, 1987;
Kratochvil et al., 2004; Lehman & Lambert, 1960; Lueschen
et al., 1992; Mickelson & Renner, 1997; K. A. Nelson & Ren-
ner, 1998; Oriade et al., 1997; Parvez et al., 1989; Swanton
et al., 1998; H. M. Taylor et al., 1982; A. K. Walker & Fioritto,
1984).

Research conducted in the southern United States has con-
sistently shown higher soybean yields when planted in rows
ranging from 25 to 50 cm compared to wider configurations
of 95–100 cm (Frans, 1959; P. E. Smith, 1952; C. Williams
et al., 1970; Noor, 1973). Similarly, studies in the northern
United States have revealed increased soybean yields in 50-
cm rows compared to 102-cm rows in Minnesota (Lehman &
Lambert, 1960), 17-cm rows compared to 50- or 75-cm rows
in Illinois (Cooper, 1977), and 27-cm rows compared to 76-
cm rows in Wisconsin (Costa et al., 1980). C. D. Lee (2006)
consistently observed a yield increase in soybean planted in
38-cm rows compared to 76-cm rows. Lambert & Lowenberg-
DeBoer (2003) reported that planting soybean in 19-cm rows
with a grain drill is more economically viable, resulting in
a 4.8% yield increase compared to planting in 38-cm wide
rows in corn-soybean rotations in the North-Central United
States. Cox and Cherney (2011) recently found a negative lin-
ear response of soybean biomass, LAI, yield components, and
seed yield to row spacings of 19, 38, and 76 cm, producing
598, 554, and 497 g biomass m−2; 3.64, 3.47, and 3.16 LAI;
2272, 2230, and 2072 seeds m−2; and 3.37, 3.12, and 2.86 Mg
yield ha−1, respectively.

Yield advantages from narrow-row production become
more pronounced with delayed planting dates. Most of the
research mentioned above was conducted under optimal plant-
ing dates for full-season soybean. Existing literature shows
that narrow row spacing is particularly advantageous when
soybean is planted later than the optimal dates, typically
in May (Akhanda et al., 1976; Beatty et al., 1982; Boquet,
1990; Parker et al., 1981; Parvez et al., 1989). Interestingly,
the yield increase in narrow rows compared to wide rows is
more pronounced during delayed planting in mid-June com-
pared to planting at optimum times (J. E. Board et al., 1990;
Boerma & Ashley, 1982; Boquet et al., 1982). Holshouser
et al. (2006) reported that double-crop soybean, planted from
early June to early July, benefits from narrow row spacing to
maximize yield. Narrow row spacing has also been shown
to enhance soybean yield in early soybean production sys-

tems, such as those in April (Beatty et al., 1982; Boquet
et al., 1982).

The enhanced soybean yield in narrow row spacing can
be attributed to several factors, including more uniform plant
spacing, rapid leaf area development leading to faster canopy
closure, increased radiation interception, higher crop growth
rate, and elevated plant survival rates (Andrade et al., 2002;
J. E. Board et al., 1992; Boquet, 1990; Bowers et al., 2000;
Bullock et al., 1998; Dalley et al., 2004; Ethredge et al., 1989;
Heatherly, 1988; Heatherly & Elmore, 2004; Herbert & Litch-
field, 1984; Holshouser & Whittaker, 2002; Oriade et al.,
1997; Reddy, 2002; Shibles & Weber, 1965; H. M. Taylor
et al., 1982; E. R. Walker et al., 2010; Wells et al., 1993).
Early-season canopy development is considered a primary
advantage of reduced row spacing, a benefit observed not only
in soybean but also in other crops such as cotton (Gossypium
hirsutum L.) and corn (Culpepper & York, 2000; Esbenshade
et al., 2001b; Heitholt et al., 1992; Reddy, 2001b; Tharp &
Kells, 2001).

The literature indicates that the growth rate and yield of
soybean depend on the amount of solar radiation intercepted
during both early vegetative and reproductive stages (Shibles
& Weber, 1966; Wells, 1991). Narrow row spacing helps the
rapid achievement of the desired LAI, ensuring the intercep-
tion of the maximum amount of solar radiation (R. H. Shaw
& Weber, 1967). Shibles and Weber (1966) emphasized that
an LAI of ≥3.2 by full bloom (R2) is necessary to inter-
cept 95% of incident radiation and produce 95% of maximum
dry matter. Additionally, J. E. Board and Harville (1992) and
Westgate (1999) highlighted that 95% light interception with
an LAI of 3.5 or 4.0 serves as a reliable measure of soybean
yield potential, as both are associated with canopy closure and
maximum canopy photosynthesis. Bullock et al. (1998) and
Andrade et al. (2002) emphasized the correlation between a
greater LAI, higher light interception, increased crop growth
rate, enhanced dry matter accumulation, and, ultimately, ele-
vated crop yield. Narrow row spacing also ensures greater
availability of soil moisture through swift canopy closure,
optimal soil nutrient access due to uniform root distribution,
and improved competition with weeds for soil resources (Pires
et al., 2000; H. M. Taylor, 1980; A. L. Thomas et al., 1998).
All these factors are crucial for achieving maximum crop
yield.

While several studies have consistently highlighted the
advantages of narrow row spacing in increasing soybean
yield, there are a few exceptions where no yield benefit was
reported (Alessi & Power, 1982; Beatty et al., 1982; Caviness,
1966; Hartwig, 1957; H. M. Taylor, 1980). In a comprehen-
sive investigation by Kratochvil et al. (2004) involving 48
cultivar-row spacing comparisons for both full-season and
double-crop soybean, it was found that soybean in 19-cm row
spacing yielded the same or more than those in 38-cm row
spacing. Similarly, Bertram and Pedersen (2004) conducted
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a comparison of soybean yields in 19-, 38-, and 76-cm row
spacing in Wisconsin. They ranked soybean yield with 19- and
38-cm rows being superior to 76-cm rows in central and north-
ern Wisconsin, while in southern Wisconsin, 38-cm rows
were more advantageous than 19-cm rows, with 76-cm rows
ranking the lowest. Pedersen and Lauer (2004) further con-
tributed to the understanding of inconsistent yield responses
to row spacing by ranking soybean yield with 19-cm rows
being superior to both 38- and 76-cm rows in 1998 and 1999,
38-cm rows being superior to 19-cm rows in 2000, and both
38- and 76-cm rows being superior to 19-cm rows in 2001.
The variability in yield response is attributed to different cul-
tural practices and environmental conditions. Janovicek et al.
(2006) investigated soybean yield in various row spacings
(19-, 38-, 57-, and 76-cm) under no-tillage and moldboard
plow systems in Ontario, Canada. They ranked soybean yield
with 19- and 38-cm rows being superior to 57- and 76-cm rows
under the no-tillage system and 19-cm rows being superior to
38-, 57-, and 76-cm rows under the moldboard plow system.

Holshouser et al. (2006) reported that soybean with 19-cm
rows tends to produce a similar yield when planted with a
standard drill and a higher yield when planted with a preci-
sion drill compared to soybean planted with a vacuum meter
planter in 38-cm rows. Hanna et al. (2008) observed a 9%
higher soybean yield in 19-cm rows compared to 38-cm rows
in the absence of wheel-traffic damage. In the presence of
wheel-traffic damage associated with pesticide application,
there was no yield difference between 19- and 38-cm rows,
indicating the potential benefits of narrow row spacing in
mitigating such damage. Holshouser and Taylor (2008) inves-
tigated soybean yield loss due to wheel-traffic damage at
the R4 stage in 19-, 38-, and 76- or 91-cm row spacing for
both full-season and double-crop soybean in the Mid-Atlantic
region. They reported that, in the absence of wheel traffic,
both full-season and double-crop soybean with 19- and 38-
cm rows yielded similarly but more than soybean with 76-
or 91-cm rows under rainfed conditions. There was no yield
difference among row spacings under irrigated conditions. In
the presence of wheel-traffic damage, both full-season and
double-crop soybean yielded equally or more when planted
in 19-cm rows compared to 38- or 91-cm rows under rainfed
conditions, except for 1 year with double-crop soybean. The
results were the opposite for irrigated conditions, where soy-
bean yielded more in 76-cm rows than in 19- and 38-cm rows.
The lower yield in 19-cm rows in 1 year was attributed to hot
and dry conditions, resulting in low compensation for yield
loss from neighboring rows.

Drought stress has been consistently identified as a factor
diminishing the soybean yield benefits associated with nar-
row row spacing in several studies (Alessi & Power, 1982;
Devlin et al., 1995; R. W. Elmore, 1998; Epler & Staggen-
borg, 2008; Heatherly, 1988; Heitholt et al., 2005; H. M.
Taylor, 1980). H. M. Taylor (1980) observed that soybean

yield remained similar across row spacings of 25-, 50-, 75-,
and 100-cm in a year with below-average rainfall. However,
it inclined to increase with reducing row spacing in a year
with average rainfall, reaching 17% higher yields in 25-cm
rows compared to 100-cm rows in a year with above-average
rainfall. Alessi and Power (1982) as well as Boquet et al.
(1982) reported lower soybean yields in narrower rows than
in wider rows under conditions of extreme moisture stress.
Devlin et al. (1995) demonstrated that soybean planted in
20-cm rows yielded higher than those in 76-cm rows at high-
yielding sites (>3.3 Mg ha−1) with no water stress, but this
trend reversed under water deficit (drought) conditions. Sim-
ilar findings were reported by Graterol et al. (1996). The
literature suggests that the diminished soybean yield in nar-
row rows during very dry years can be attributed to the rapid
utilization of soil moisture during the vegetative stage, which
is more pronounced in narrower row spacing than wider row
spacing (Alessi & Power, 1982; Heatherly & Elmore, 2004;
H. M. Taylor, 1980; Van Doren & Reicosky, 1987). This
results in low water availability during reproductive stages,
particularly under rainfed conditions.

In summary, while narrow row spacing offers a definite
yield advantage over wider rows, especially for late-planted
soybean, the extent of this yield benefit is subject to variations
influenced by factors such as planting equipment, wheel-
traffic damage, and the water stress associated with rainfall
distribution patterns.

4.6 Soybean maturity groups

Soybean MG indicates the duration of the soybean growing
season, with MG numbers ranging from 000 to X based on the
length of the growth cycle. Typically, soybean with lower MG
numbers are cultivated in the northern United States, while
those with higher MG numbers are preferred in the southern
United States, primarily due to differences in day length (L.
X. Zhang et al., 2007). L. Zhang et al. (2004) highlighted that
lower MG numbers correspond to shorter growing cycles. For
instance, MG III, IV, and V soybeans require an average of
114, 127, and 141 days, respectively, to reach maturity. Addi-
tionally, they observed that the duration of the growth cycle
for each MG can vary based on the planting date.

Proper cultivar selection has the potential to boost soy-
bean yield at late planting by 29%–276% (J. E. Board, 2002).
Farmers commonly inquire about the most suitable MG for
double-crop soybean production, but the response is con-
tingent on various factors. The interaction of soybean MG
with elements such as planting date and environmental con-
ditions plays a crucial role. Although several studies have
highlighted the dependence of the ideal MG on soybean
planting date (Boquet, 1998; T. E. Carter & Boerma, 1979;
G. Chen & Wiatrak, 2010; Egli & Bruening, 2000; Egli
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& Cornelius, 2009; Heatherly, 1996; Heatherly & Spurlock,
1999; D. R. Johnson & Major, 1979; Kane et al., 1997;
Salmerón et al., 2014), none have specifically assessed this
interaction under a double-cropping system. Consequently,
most extension recommendations for soybean MGs in double-
cropping systems rely on their performance in full-season
cropping systems. Despite both systems differing signifi-
cantly in terms of seedbed conditions and growing season
duration, conventional recommendations may not account for
the unique conditions favoring one MG over another in the
double-cropping system.

Existing research, primarily conducted within a full-season
system, indicates that soybean yield in the southern United
States generally sees an increase with MG III–V during
April planting and with V–VII during May and June plant-
ing (Egli & Cornelius, 2009; Heatherly, 1999a; Heatherly
& Elmore, 2004). However, this interaction between plant-
ing date and MG does not hold true in the northern United
States (Kane et al., 1997). J. E. Board (2002) observed that
in Louisiana, late-planted soybean yield increases with MG
from V through VII. Caviness and Thomas (1979) reported
that in Arkansas, MG V outperformed MG VI and VII when
planted from May 15 to June 15. Conversely, Heatherly and
Elmore (2004) found in Mississippi that MG VI and VII cul-
tivars outperformed MG V when planted after May 31 under
rainfed conditions. In a Mississippi wheat–soybean double-
cropping system, Kyei-Boahen and Zhang (2006) determined
that late MG IV provided the maximum yield and net return
across three planting dates (May 21, May 28, and June 6). L.
X. Zhang (2004) suggested that in Mississippi, MG III and
IV can achieve competitive yields when planted late (after
May) compared to optimum planting (April–May). G. Chen
and Wiatrak (2010) noted that in South Carolina, the yield-
maximizing planting dates were mid-May for MG IV and
early May to mid-June for MG V cultivars.

Recent studies in the Midwest further emphasize the rela-
tionship between soybean planting date, MG, and yield
potential. Mourtzinis et al. (2017) found that across multi-
ple locations in the northern United States, delaying soybean
planting beyond early May resulted in significant yield reduc-
tions, with the magnitude of decline dependent on MG and
temperature. Their results align with Schmitz and Kandel
(2021), who reported that later-planted soybean in North
Dakota exhibited reduced yield potential across all MGs,
reinforcing the importance of timely planting in northern
climates. Morris et al. (2021) also highlighted that optimal
planting dates in North Carolina varied based on MG selec-
tion, suggesting that regional environmental conditions play
a crucial role in yield optimization. Additionally, Mourtzinis
and Conley (2023) demonstrated the economic implications
of planting date decisions, emphasizing that prioritizing
earlier planting and selecting the appropriate MG can signif-
icantly impact farm profitability in the Midwest and northern
United States.

Furthermore, Salmerón et al. (2015) assessed the inter-
action between soybean MG and planting date across 10
locations in Texas, Arkansas, Louisiana, Missouri, Missis-
sippi, and Tennessee for 2 years. They found that soybean
planted in May–June decreased yield by 7% for MG III, 12%
for MG IV, 18% for MG V, and 11% for MG VI compared
to soybean planted in March–April. They also reported sta-
ble soybean yield for MG IV and V with an 80% probability
of achieving >3.0 Mg ha−1 when planted from March 20 to
April 31, depending on location and year, and for MG III and
IV with a 62% probability of achieving >3.0 Mg ha−1 when
planted from May 3 to July 17. The literature suggests that
the yield-optimizing planting date not only depends on soy-
bean MG but also on regional environmental conditions (G.
Chen & Wiatrak, 2010; Egli & Cornelius, 2009; Mourtzinis
& Conley, 2023; Mourtzinis et al., 2017; Schmitz & Kan-
del, 2021). Literature also suggests that while the interaction
between MG and planting date varies across the southern and
northern United States, planting early remains a fundamen-
tal strategy for maximizing yield, particularly in Midwestern
states like Illinois, Iowa, Wisconsin, and North Dakota. The
specific MG selection should be tailored to regional growing
conditions, temperature trends, and economic considerations
to optimize soybean production.

The interaction between soybean MG and planting date
may exhibit variations under irrigated and rainfed conditions,
as plants do not undergo drought stress under irrigated set-
tings. Hence, comprehending the interaction between MG and
planting date is crucial, particularly under rainfed conditions.
In the southeastern United States, drought stress from mid-
July to late August is a significant impediment to the yield
of late-planted rainfed soybean (Morrison & Rabb, 1996).
Late-maturing cultivars (MG V and VI) are often recom-
mended for late planting or double-crop soybean to mitigate
the impact of late-summer drought stress under rainfed condi-
tions (Ashlock, Klerk, et al., 1998; Ashlock, Mayhew, et al.,
1998). This recommendation stems from the alignment of the
seed-filling period of late-maturing cultivars with substan-
tial rainfall and mild temperatures during September (Purcell
et al., 2003). Moreover, the duration of reproductive develop-
mental stages at late planting may be more adversely affected
for early-maturing cultivars than for late-maturing ones (Abel,
1961). However, G. Chen and Wiatrak (2010) reported a more
significant reduction in the duration of the flowering period
for MG V through VIII compared to MG IV when planted
late. J. E. Board and Hall (1984) observed that warm tem-
peratures (27˚C) with a short photoperiod decrease the days
to first flowering more for MG VI and VII cultivars than for
MG V cultivars. Consequently, selecting an appropriate MG
for a double-cropping system poses challenges due to the lim-
ited research on double-cropping systems and the variability
in environmental conditions across years and latitudes. The
choice of MGs for the double-cropping system in a specific
geographical location or state should be grounded in their
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performance under the same system and agro-climatological
conditions, and this area necessitates further research.

4.7 Soybean growth habits

Soybean with MG ≤ IV typically exhibits an indeterminate
growth habit, while those with MG ≥ V display a determinate
growth habit, although exceptions exist. The key distinc-
tion lies in the fact that indeterminate soybean continues
main-stem elongation after flowering, whereas determinate
soybean ceases main-stem elongation either at or shortly after
flowering (Bernard, 1972; Hoeft et al., 2000). Determinate
soybean is typically shorter, has fewer main-stem nodes but
more branches, and demonstrates lower susceptibility to lodg-
ing compared to indeterminate soybean (Beaver et al., 1985;
Cooper, 1985; Egli & Leggett, 1973; Foley et al., 1986; Gai
et al., 1984; Hicks et al., 1969; Ouattara & Weaver, 1994;
Wilcox & Frankenberger, 1987). Although the yield poten-
tials of determinate and indeterminate soybean are generally
comparable (Ouattara & Weaver, 1994; Parvej et al., 2015),
these two growth habits are known to respond differently to
narrow versus wide row spacing (R. W. Elmore, 1998).

The consistency of soybean yield increases in narrow row
spacing is generally lower in the southern United States com-
pared to the northern United States (Beatty et al., 1982;
Boquet et al., 1982; Hartwig, 1957; Hodges et al., 1983;
Parvez et al., 1989; R. L. Smith, 1968; R. L. Smith & Hin-
son, 1969). This discrepancy is primarily attributed to the
prevalent use of determinate soybean varieties in the southern
United States, as noted by R. R. Johnson (1987). Determinate
soybean typically achieve canopy closure by the flowering
or pod set stage due to extensive branching, potentially lim-
iting the benefits derived from narrow row spacing (R. R.
Johnson, 1987). Given that narrower rows facilitate faster
canopy closure and indeterminate soybean, characterized by
less branching, do not naturally achieve canopy closure by the
pod set period, Parvez et al. (1989) proposed the hypothesis
that indeterminate soybean would derive greater benefits from
narrow row cultivation compared to determinate soybean.

Recent studies have continued to explore the impact of row
spacing on soybean yields, with a focus on both indeterminate
and determinate cultivars. While earlier research indicated
that indeterminate soybean exhibits a yield increase of 10%–
50% in narrow rows compared to wider rows, irrespective of
the planting date (Cooper, 1971, 1977; Cooper & Lambert,
1965; Lehman & Lambert, 1960; Moraghan, 1970; Pendleton
et al., 1960), more recent findings present a nuanced per-
spective. For instance, a study by De Bruin and Pedersen
(2008a) found no significant yield differences between narrow
and wide-row configurations in certain conditions. Similarly,
research by Andrade et al. (2019) indicated that while exper-
imental data often showed a consistent yield advantage for

narrow rows, data from producer fields did not always reflect
this benefit. These discrepancies suggest that the effectiveness
of narrow row spacing may depend on specific environmen-
tal factors, management practices, and regional conditions.
Therefore, while narrow row spacing has the potential to
enhance soybean yields, its success is not universal and should
be evaluated within the context of local agronomic conditions.

Although determinate soybean has also shown positive
responses to narrow rows when planted after mid-June
(Akhanda et al., 1976; Beatty et al., 1982; Boerma & Ash-
ley, 1982; Boquet et al., 1982; Parvez et al., 1989), existing
literature indicates that determinate soybean may experience
a reduction in yield due to a lower number of fertile nodes,
branches, pods, and seeds plant−1 when planted late (J. E.
Board, 1985; J. E. Board & Settimi, 1986; Boquet et al., 1982;
Leffel, 1961; Osler & Cartter, 1954). Duncan (1986) observed
that reduced competition during the vegetative stage leads
to increased soybean yield, attributed to enhanced dry mat-
ter and pod production that efficiently utilizes photosynthates
from intercepted light. This implies that in a double-cropping
system with narrow row (19 cm) cultivation, determinate
soybean may exhibit greater competition due to extensive
branching, potentially resulting in yield loss compared to
indeterminate soybean. However, limited research has inves-
tigated the yield response of indeterminate and determinate
soybean to narrow versus wide row spacing in a double-
cropping system, necessitating further exploration in this
area.

4.8 Seeding rate and plant population

The cost of soybean seeds has experienced a significant
increase over the past few decades. In 1996, the expense
was approximately $27 ha−1; by 2015, it had escalated to
$150 ha−1 (USDA-NASS, 2016). This upward trend has con-
tinued, with recent data indicating that in 2021, the average
seed cost for US soybean producers was about $156 ha−1

(USDA-ERS, 2022). This rise in seed costs can be attributed
to several factors, including the adoption of genetically engi-
neered seed varieties and advancements in seed technologies.
Consequently, determining an economically optimal seeding
rate to attain a plant population that maximizes soybean yield
has become a prominent agronomic objective (Ball et al.,
2000a; J. E. Board & Kahlon, 2013; De Bruin & Pedersen,
2008a).

Soybean possesses a distinctive ability to compensate for
seed yield loss at reduced plant populations by increasing
the number of branches, pods plant−1, and seeds pod−1 (J.
Board, 2000; J. E. Board et al., 1999; J. E. Board & Kahlon,
2013; Carpenter & Board, 1997; Cox et al., 2010; Egli, 1988;
Egli & Bruening, 2006; Epler & Staggenberg, 2008; Koger,
2009; Wells, 1991, 1993). Notably, literature has documented
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similar yields for full-season soybean at 620,000 seeds ha−1

compared to a 40% reduction in South Carolina (Norswor-
thy & Frederick, 2002) and 432,300 seeds ha−1 with a 20%
reduction in Maryland (Kratochvil et al., 2004). Bowen and
Schapaugh (1989) found no yield response in full-season soy-
bean at seeding rates of 128,000, 259,000, and 385,000 seeds
ha−1 in Kansas. Similar results were reported for the Texas
Gulf Coast by Grichar (2007). Other studies have indicated
that full-season soybean requires 200,000–350,000 uniformly
distributed plants ha−1 for optimal yield (Beuerlein, 1988; R.
W. Elmore, 1991, 1998; Heatherly & Elmore, 2004; Weber
et al., 1966; Wiggans, 1939). Overall, influenced by environ-
mental and crop management factors, the literature suggests
that the optimum plant population for maximizing soybean
yield ranges from 300,000 to 500,000 plants ha−1 (Costa et al.,
1980; Egli, 1988; Leffel & Barber, 1961; Lehman & Lam-
bert, 1960; Lueschen & Hicks, 1977; Parks et al., 1982; Wells,
1991).

Many studies have explored the response of full-season soy-
bean yield to seeding rates (J. Board, 2000; Cooper, 1977;
J. T. Edwards & Purcell, 2005; Egli, 1988; Ethredge et al.,
1989; Parvez et al., 1989; Shibles & Weber, 1966). Generally,
soybean yield exhibits a positive linear-plateau or quadratic
relationship with seeding rate or plant population (Ablett
et al., 1984; Cox & Cherney, 2011; Devlin et al., 1995; J.
T. Edwards & Purcell, 2005; Holshouser & Whittaker, 2002;
Oplinger & Philbrook, 1992; N. M. Thompson et al., 2015).
For instance, Blumenthal et al. (1988), examining soybean
yield in response to plant populations of 50,000, 100,000,
200,000, and 400,000 plants ha−1, observed an increase in
soybean yield up to 200,000 plants ha−1, beyond which it
declined. Bruns and Young (2012) assessed full-season soy-
bean yield across seeding rates ranging from 200,000 to
500,000 seeds ha−1 and identified the maximum yield at
400,000 seeds ha−1. In a study by Cox and Cherney (2011),
soybean yield increased by 7% with a seeding rate increase
from 321,000 to 420,000 seeds ha−1 but decreased by 4% with
a further increase to 469,000 seeds ha−1.

Literature indicates that an excessive plant population can
reduce soybean yield by diminishing individual plant leaf
area, thus decreasing light interception efficiency (J. Board,
2000; J. T. Edwards et al., 2005; Purcell et al., 2002). G.
Chen and Wiatrak (2011) demonstrated that both LAI and nor-
malized difference vegetation index (NDVI) either decline or
exhibit minimal increases with a seeding rate above 272,000
seeds ha−1. Plant NDVI is commonly used to monitor plant
growth and vegetation cover, and soybean yield is closely
correlated with NDVI at the pod-set stage (Ma et al., 2001).
Another factor contributing to reduced seed yield at exces-
sive plant populations is lodging (Costa et al., 1980; Noor &
Caviness, 1980; Weber & Fehr, 1966). High plant population
heightens competitive stress (Bowen & Schapaugh, 1989),
plant height, and plant mortality (Cooper & Lambert, 1971),

leading to yield loss through lodging (Cooper, 1981; Ethredge
et al., 1989; Mancuso & Caviness, 1991; Weber & Fehr,
1966). Tall soybean plants are particularly susceptible to lodg-
ing under heavy rainfall and strong winds (J. Board, 2001).
However, reports of soybean yield decline due to excessive
plant population are mainly derived from research conducted
under full-season cropping systems.

Research on double-crop soybean yield response to the
seeding rate or plant population is limited in the existing
literature. The available evidence indicates that late-planted
double-crop soybean necessitates a higher seeding rate or
plant population to maximize yield compared to early-planted
full-season soybean (Beuerlein, 1988; Whigham et al., 2000).
Previous recommendations from Cooperative Extension spe-
cialists in the Mid-Atlantic region suggest seeding rates
ranging from 247,000 to 432,000 live seeds ha−1 for full-
season soybean and 445,000 to 556,000 live seeds ha−1

for double-crop soybean (Kratochvil et al., 2004). C. D.
Lee et al. (2008) observed that soybean planted in May
require a population of 108,000–232,000 plants ha−1 for opti-
mal yield, while those planted in June require a range of
238,000–282,000 plants ha−1.

Recent recommendations from Cooperative Extension spe-
cialists in the Mid-Atlantic region have adjusted soybean
seeding rates to reflect advancements in seed technology and
agronomic practices (Whaley et al., 2018). For full-season
soybean production, seeding rates now range from approx-
imately 197,000–345,000 live seeds ha−1 (80,000–140,000
seeds ac−1), depending on soil productivity and expected
yield potential. Fields with higher yield potential may require
lower seeding rates, while less productive soils may benefit
from higher rates. For double-crop soybean systems, seeding
rates are typically increased to account for the shortened grow-
ing season and to ensure adequate canopy closure. L. Lindsey
and Richer (2021) suggest planting between 200,000 and
250,000 seeds ac−1 (approximately 494,000–617,500 seeds
ha−1) to achieve optimal yields for double-crop soybean.
These adjustments aim to balance seed costs with agronomic
benefits, optimizing plant populations for both full-season and
double-crop soybean systems.

Holshouser and Jones (2003) demonstrated a linear or
curvilinear increase in double-crop soybean LAI and seed
yield with an increase in plant population. Similar findings
were reported by Devlin et al. (1995) for the seed yield of
soybean planted in June. Data from Kratochvil et al. (2004)
suggested that the yield of double-crop soybean tends to
rise with increasing seeding rate, while full-season soybean
exhibits inconsistent responses to seeding rate. Based on these
results, soybean yield response to seeding rate may differ
for double-crop soybean compared to full-season soybean,
underscoring the need for further research on this topic.

Recent studies have further examined the maturity time-
lines of full-season and double-crop soybean systems.
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Typically, double-crop soybean is planted 30–45 days later
than full-season soybean, as they follow the harvest of a pre-
ceding crop, such as winter wheat (Lofton et al., 2020). This
delayed planting results in a correspondingly later matura-
tion period for double-crop soybean. The exact difference in
maturation time between full-season and double-crop soy-
bean can vary based on regional climate conditions, soybean
MG selection, and specific management practices. Therefore,
while double-crop soybean generally matures several weeks
later than their full-season counterparts, the precise duration
can differ depending on these factors.

According to Kratochvil et al. (2004), the difference in
maturity contributes to the lower seeding rate required for
full-season soybean compared to double-crop soybean. The
extended growth period allows full-season soybean to achieve
the desired LAI at a reduced seeding rate. Another fac-
tor influencing the higher yield of full-season soybean at a
reduced seeding rate is the enhanced seed-soil contact in fields
with no or minimal crop residues, resulting in improved emer-
gence and stand establishment (Barker et al., 2005; Specht
et al., 2014). These factors shed light on the inconsistent yield
response of full-season soybean to seeding rates. In contrast, a
low seeding rate for late-planted soybean may limit vegetative
growth due to shorter growing seasons, potentially leading to
reduced seed yield (Ball et al., 2000b; Calvino et al., 2003;
G. Chen & Wiatrak, 2011). Full-season soybean, benefiting
from a longer growing season, can maintain high yields even
at reduced seeding rates by allowing plants to develop an
optimal LAI (Popp et al., 2006). Ball et al. (2000b) demon-
strated that double-crop soybean, despite having a shorter
growing season, can achieve a desirable LAI of 3.5–4.0 with
an increased plant population from 300,000 to 600,000 plants
ha−1. Malone et al. (2002) reported that both full-season and
double-crop soybean experiences decreased yields when LAI
falls below 3.5–4.0 at the R4–R5 stages.

The optimal seeding rate for both full-season and double-
crop soybean is influenced by various factors, including soil
and environmental conditions, row spacing, MG, and soy-
bean growth habits. Soybean generally requires a higher plant
population to maximize yield in adverse growing conditions
compared to favorable conditions (Wells, 1991, 1993). Under
optimal soil conditions, Heatherly and Elmore (2004) rec-
ommended a seeding rate of 300,000–370,000 viable seeds
ha−1, but this rate should be increased by 50% under poor soil
conditions. Holshouser and Whittaker (2002) reported that
soybean may need three times more plants ha−1 (208,000 vs.
600,000 plants ha−1) for maximum yield in Virginia under
drought conditions compared to situations with sufficient
soil moisture. Norsworthy & Frederick (2002) suggested that
the soybean seeding rate could be reduced from the rec-
ommended rate without sacrificing yields, but only under
conditions of adequate soil moisture. Conversely, Devlin et al.
(1995) reported that soybean yield and plant height exhibited

positive responses to seeding rate under high-yielding con-
ditions but not under low moisture conditions. Williamson
(1974) observed lower yields for a seeding rate of 356,000
plants ha−1 compared to <267,000 plants ha−1 in dry years
with moisture stress. In drought conditions, the competition
for limited soil moisture may intensify as plant population
increases, leading to a reduction in seed yield (Alessi &
Power, 1982; R. W. Elmore, 1998).

Row spacing stands out as another critical factor influenc-
ing the optimal plant population or seeding rate for achieving
maximum soybean yield (J. E. Board et al., 1990; J. E.
Board & Harville, 1994; Boquet, 1990; Bullock et al., 1998;
Egli, 1994; Oplinger & Philbrook, 1992; Parvez et al., 1989;
Weber et al., 1966). Herbert and Litchfield (1984) high-
lighted that in narrow row (25 cm) plantings, a higher seeding
rate of 800,000 seeds ha−1 resulted in elevated LAI and dry
matter compared to a lower seeding rate of 250,000 seeds
ha−1. According to De Bruin and Pedersen (2008b), soybean
requires 194,000–290,800 plants ha−1 in 38-cm row spacing
and 157,300–211,800 plants ha−1 in 76-cm row spacing to
achieve maximum yield. Bertram and Pedersen (2004) rec-
ommended seeding rates of 556,000, 432,000, and 309,000
seeds ha−1 for 19-, 38-, and 76-cm row spacing in Wis-
consin. Studies by Weber et al. (1966) and Oplinger and
Philbrook (1992) indicated that full-season soybean necessi-
tates a higher seeding rate in narrow row spacing compared to
wider row spacing for maximizing yield. However, Timmons
et al. (1967) reported that soybean with wide row spacing
requires more seeds to maximize yield than soybean with
narrow row spacing. The literature also documented no inter-
action between seeding rate and row spacing for full-season
soybean yield (Ablett et al., 1991; Beuerlein, 1988; Cooper,
1977). For the late-planted soybean, Boquet (1990), when
comparing late-planted soybean yield in 50-cm versus 100-cm
row spacing, determined that soybean with 50- and 100-cm
row spacing maximize yield at 380,000 and 130,000 plants
ha−1, respectively, when planted in June, and at 51 and 26
plants m−2 when planted in July. Devlin et al. (1995) illus-
trated that late-planted soybean yield increases linearly for
20-cm row spacing and curvilinearly for 76-cm row spacing
with an increase in seeding rate.

The optimal seeding rate or plant population varies across
soybean MG and growth habits. Popp et al. (2006) identified
an economically optimum plant population of 110,000 plants
ha−1 for MG IV and 490,000 plants ha−1 for MG II when
planted as a full-season crop. G. Chen and Wiatrak (2011)
determined an optimum seeding rate of 255,000 seeds ha−1

for MG V as full-season soybean, and 228,200 and 342,500
seeds ha−1 for MG VII and VIII, respectively, as double-crop
soybean. Holshouser and Jones (2003) reported that double-
crop soybean, planted in late June or early July, requires
741,000 plants ha−1 for MG III cultivars and 370,500 plants
ha−1 for MG V cultivars to maximize yield. Beuerlein (1988)
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observed that indeterminate soybean, such as Williams, did
not respond to the seeding rate, while determinate soybean,
like Sprite, increased yield with an increase in the seeding
rate up to 741,000 seeds ha−1. Similar results were reported
by R. W. Elmore (1998). Ablett et al. (1991) demonstrated
that indeterminate soybean yielded similarly at seeding rates
of 395,000 and 790,000 seeds ha−1, but determinate soybean
yielded more at 395,000 seeds ha−1. This outcome suggests
that determinate soybean may lead to more competition at a
high seeding rate due to its high branching ability, especially
when planted early. Literature suggests that reducing the seed-
ing rate for early maturing indeterminate cultivars may not
be feasible at most planting dates due to limited branching
ability and a short vegetative period, constraining the attain-
ment of optimum LAI (Akhter & Sneller, 1996). Conversely,
a reduction in the seeding rate for early-planted late-maturing
determinate cultivars is possible without affecting seed yield
due to prolonged vegetative growth (Norsworthy & Freder-
ick, 2002). However, for late-planted soybean, a low seeding
rate for late-maturing determinate cultivars (MG VII and VIII)
may not be possible due to yield loss from the short growing
period (Ball et al., 2000b; Calvino et al., 2003; G. Chen &
Wiatrak, 2011).

In summary, existing literature indicates that double-crop
soybean exhibits distinct responses to seeding rates and neces-
sitates a higher number of seeds to optimize yield when
compared to full-season soybean. Consequently, reducing
the seeding rate for double-crop soybean may not be a
viable strategy. Employing a higher seeding rate, coupled
with the appropriate MG in narrow row spacing, can facil-
itate swift canopy development, enhancing solar radiation
interception and potentially mitigating yield losses associ-
ated with late planting in double-crop soybean. However,
there is a dearth of information in the literature regarding
the optimal seeding rate or plant population for double-crop
soybean under various agronomic factors, including narrow
versus wide rows, early versus late MG, determinate versus
indeterminate varieties, and irrigated versus rainfed condi-
tions. Given that the seeding rate for full-season soybean
varies with latitude, future research and recommendations for
double-crop soybean should be tailored to specific states or
broader geographic regions, such as the Midwest, Mid-South,
deep-South, and Mid-Atlantic.

4.9 Soil fertility

4.9.1 Nitrogen management

Nitrogen stands out as the most crucial nutrient in crop pro-
duction, with soybean having a greater demand for N than
any other nutrient. Soybean needs varying amounts of N to
achieve specific grain yields, requiring 166, 251, 323, and

408 kg N ha−1 to produce 1680, 2688, 3696, and 4704 kg of
grain ha−1, respectively (equivalent to 87–99 kg N ha−1 Mg−1

grain; IPNI, 2011). Soybean meets this substantial N require-
ment through symbiotic N2 fixation facilitated by Rhizobia
bacteria, specifically Bradyrhizobium japonicum, which con-
verts atmospheric N2 into plant-available N (Beuerlein, 2004;
Bezdicek et al., 1978; Bhangoo & Albritton, 1976; T. G.
Patterson & LaRue, 1983). Nevertheless, the efficacy of N2
fixation depends on the population of B. japonicum (K. The-
len & Schulz, 2009) and the availability of soil nitrate-N
(NO3-N; J. E. Harper, 1987).

The abundance of B. japonicum population is influenced by
factors such as cropping system, plant population density, soil
temperature, soil water content, organic matter, soil texture,
and soil pH (Abendroth & Elmore, 2006; Albrecht et al., 1984;
Bacanamwo & Purcell, 1999; Beuerlein, 2004; De Bruin et al.,
2010; Furseth et al., 2012; Graham, 1992; Hiltbold et al.,
1980; Schulz & Thelen, 2008; Seneviratne et al., 2000). To
ensure symbiotic N2 fixation, the application of B. japonicum
inoculants is recommended for soils that have not been pre-
viously cropped to soybean (De Bruin et al., 2010; Furseth
et al., 2012; Hiltbold et al., 1980; Schulz & Thelen, 2008) as
well as for soils that are coarse in texture with low organic
matter and nonoptimal pH and have been flooded recently
(Abendroth & Elmore, 2006; Pedersen, 2004). It is observed
in the literature that the application of bacterial inoculants is
unlikely to boost soybean yield in soils where soybean has
been cultivated in the last 5 years and B. japonicum popula-
tions are already present (Beuerlein, 2005; De Bruin et al.,
2010; Furseth et al., 2012; Hiltbold et al., 1980; Schulz &
Thelen, 2008).

The literature indicates that soybean N2 fixation can con-
tribute 25%–50% of the total N accumulated during the
growing season under fertile soil conditions (J. E. Harper,
1987) and 80%–94% under conditions of low soil NO3-N
and sufficient soil moisture conditions (J. E. Harper, 1987;
Mastrodomenico & Purcell, 2012). In situations of low soil
N, soybean has demonstrated the ability to fix enough N
to produce 4.5–5.0 Mg of grain ha−1 (Purcell, 2014; Sal-
vagiotti et al., 2008), suggesting that additional N may not
be necessary to achieve satisfactory yields (<5.0 Mg ha−1).
However, various studies have shown a positive response of
full-season soybean to N fertilization across a broad range of
yield goals (Afza et al., 1987; Al-Ithawi et al., 1980; Bhangoo
& Albritton, 1976; Eaglesham et al., 1983; Ham et al., 1975;
Lamb et al., 1990; Purcell & King, 1996; Sorensen & Penas,
1978; Touchton & Rickerl, 1986; T. L. Wesley et al., 1998;
Wood et al., 1993), although others reported no response
(Beard & Hoover, 1971; de Mooy et al., 1973; Deibert et al.,
1979; Gutierrez-Boem et al., 2004; Sij et al., 1979; Slater
et al., 1991; Welch et al., 1973) or even a negative response
(Peterson & Varvel, 1989). The lack of response or negative
response of soybean yield to fertilizer N may be attributed
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to reduced nodule formation, nodule mass, and N2 fixation
resulting from high levels of fertilizer N or residual soil NO3-
N (Bhangoo & Albritton, 1976; Ham et al., 1975; Purcell,
2014; Weber, 1966; Yoneyama et al., 1985; Yoshida, 1979).

The literature suggests that the potential for soybean yield
increase due to N fertilization becomes apparent when the
yield surpasses 4.0 Mg ha−1, soil NO3-N is below 56 kg
ha−1 in the top 61-cm soil depth, the soil pH is below 7.5,
and irrigation is provided (Scharf & Wiebold, 2003). Pos-
itive yield responses to fertilizer-N have been documented
in full-season soybean on soils with less than 90 kg NO3-N
ha−1 (Lamb et al., 1990) and with low pH and organic matter
(Sorensen & Penas, 1978). Purcell and King (1996) reported
that N fertilization increased soybean yield under water stress
conditions that limited biological N2 fixation. Hesterman &
Isleib (1991) found no soybean yield response to fertilizer-
N on clay soils but observed a yield increment of 460 kg
ha−1 on sandy loam soils. The study by Sorensen and Penas
(1978) highlighted that soil temperature, moisture, and pH
influence soybean yield response to fertilizer-N on silty clay
loam soils. In a study conducted in a high-yielding environ-
ment in Mr. Kip Cullers’ field in Missouri and another in
Fayetteville, AR, in 2013, Van Roekel (2015) reported maxi-
mum soybean yields of 7953 kg ha−1 (118 bushel ac−1) and
7794 kg ha−1 (116 bushel ac−1), respectively. In the Fayet-
teville study, a high-yielding environment was established by
applying a total of 781 kg N, 305 kg P, 631 kg K, 90 kg S, and
31 kg Mg ha−1 as poultry litter and inorganic fertilizer before
planting, along with 178 kg N, 40 kg K, and 11 kg S ha−1

as inorganic fertilizer and 625 mm irrigation during the crop
growing season. For both studies, Purcell (2014) highlighted
that over 90% of the total accumulated N in both studies came
from poultry litter and/or inorganic fertilizer, with less than
10% from biological N2 fixation. While emphasizing that a
single management factor cannot maximize soybean yield,
Purcell indicated that soybean may need the total amount of
N from inorganic N sources to maximize a yield of ≥6719 kg
ha−1 (100 bushel ac−1). He concluded that achieving an addi-
tive benefit from supplemental N to increase soybean yield
might be challenging unless N2 fixation is limited by stress
and ineffective B. japonicum populations.

The literature suggests that N2 fixation in soybean initiates
around the V2–V3 stages (Wani et al., 1995), reaches its peak
shortly after blooming, and experiences a rapid decline during
the seed-filling period (Gomes & Sodek, 1987; Lawn & Brun,
1974; Thibodeau & Jaworski, 1975). Alternatively, it may
continue at a high rate until the late seed-filling period (Deni-
son & Sinclair, 1985; Hanway & Weber, 1971; Leffel et al.,
1992; D. R. Nelson et al., 1983; A. N. Nelson & Weaver, 1980;
Spaeth & Sinclair, 1983; Weber, 1966; Zapata et al., 1987).
Bergersen (1958) observed nodulation only at 9 days after
soybean emergence, while Hardy et al. (1971) noted nodula-
tion at 14 days after planting, specifically under optimal soil

moisture and temperature conditions. Both researchers sug-
gested that a small amount of preplant N would be beneficial
for early-season soybean growth. A similar recommendation
was made by Shibles (1998) for soils low in organic matter.

The response of soybean yield to fertilizer-N may vary
between double-crop and full-season soybean production sys-
tems. Although limited research has been conducted on the
double-crop soybean yield response to fertilizer-N, existing
literature consistently indicates a positive impact of N fertil-
ization on late-planted soybean (K. A. Dillon, 2014). Starling
et al. (1998, 2000; Hairston et al., 1987; Starling et al., 1998,
2000; R. S. Taylor et al., 2005) observed that soybean with
starter N (50 kg N ha−1 as ammonium-nitrate, NH4NO3)
exhibited a yield increase of up to 14% and R1 dry matter
accumulation of up to 25% on sandy loam soils compared to
soybean without starter N. R. S. Taylor et al. (2005) assessed
the yield and R1 dry matter of double-crop soybean across
five broadcast N rates (0, 25, 50, 75, and 100 kg N ha−1 as
NH4NO3) with three planting dates (mid-June, late June, and
mid-July) on fine sandy loam soil with less than 8 kg NO3-N
ha−1. Their findings revealed that, regardless of planting date,
soybean yield and dry matter accumulation at the R1 stage
increased up to 75 kg N ha−1 and then tended to decrease.
K. A. Dillon (2014) reported similar results, demonstrating
that double-crop soybean with a starter N of 16 kg N ha−1

increased yield by 5% compared to the no N control, and there
was no significant difference in yield among soybean with
0, 31, 47, and 63 kg N ha−1. In fact, soybean with 63 kg N
ha−1 in his study yielded numerically lower than soybean with
any other starter N. Similarly, Reese and Buss (1992) did not
observe a yield benefit from the application of 56 kg N ha−1 at
planting or at flowering. J. L. Pikul et al. (2001) also reported
a positive soybean yield response to low starter N of <15 kg
N ha−1 in 9 of 11 years. Hairston et al. (1987) reported sim-
ilar results for 28 kg ha−1 preplant N. All these studies on
late-planted soybean suggest that when the N supply from soil
residual N and biological N2 fixation is limited, double-crop
soybean may benefit from a small amount of starter N for
rapid early-season growth, as insufficient vegetative growth
is one of the vital reasons for the decrease in double-crop
soybean yield (Ball et al., 2000b). The reduction in yield of
double-crop soybean with high starter N may be attributed to
the same factors causing reduced nodule formation and N2
fixation at high fertilizer-N rates or soil NO3-N availability
(Bhangoo & Albritton, 1976; Ham et al., 1975; Purcell, 2014;
Weber, 1966; Yoneyama et al., 1985; Yoshida, 1979).

Since soybean N2 fixation peaks around the blooming
stage, additional fertilizer-N during the reproductive stages
may not be necessary to maximize yield. Several studies
have shown an increase in soybean yield from fertilizer-N
applied at planting or emergence, but no yield improvement
was recorded from fertilizer-N applied at the mid-pod fill
stage (Bly et al., 1998; Riedell et al., 1998; Woodard et al.,
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1998). This suggests that foliar N application during the repro-
ductive stage may not be an effective option for increasing
soybean yield. Another reason is that foliar feeding does not
allow farmers to apply enough N to enhance soybean yield
significantly. Purcell (2014) calculated that the application
of 4 L ha−1 foliar fertilizer-N containing 20% N provides
approximately 0.8 kg N ha−1 (0.08 g N m−2). This amount
is considerably low compared to the typical daily N accumu-
lation rate of 0.4–0.6 g N m−2 day−1 required to induce any
significant yield change. Additionally, a high rate of foliar
fertilizer-N may lead to leaf burn due to a high salt index
(Parker & Boswell, 1980).

In summary, full-season soybean may not necessitate addi-
tional N to achieve satisfactory yields under conditions of
sufficient soil moisture and low soil nitrate-N (NO3-N). The
application of small to moderately high amounts of fertilizer-
N may not yield any incremental benefits in enhancing the
overall yield of full-season soybean, unless growth condi-
tions constrain natural N2 fixation. However, achieving the
highest soybean yield (≥6719 kg ha−1) might require the com-
plete substitution of the biological N source (N2 fixation)
with a substantial amount of inorganic N, in conjunction with
other essential nutrients and irrigation. In contrast, because
of the shorter growing season of double-crop soybean and the
delayed onset of N2 fixation until 9 days after soybean emer-
gence, a small amount of starter N could boost early-season
growth, facilitating rapid canopy closure, optimal solar radi-
ation interception, and, consequently, an increase in soybean
yield. Nevertheless, given the inadequate number of research
assessing the response of double-crop soybean to starter N,
further research is warranted to confirm the consistency of
yield improvement from starter N and, if affirmed, to identify
the optimal starter N rate for maximizing yield.

4.9.2 Phosphorus and potassium
management

Soybean has been shown to exhibit positive responses to both
P and K fertilization in various studies (Borges & Mallar-
ino, 2000, 2003; Dodd & Mallarino, 2005; Haq & Mallarino,
2005; Mallarino et al., 2009; Parvej et al., 2018; A. S.
Williams et al., 2018). But the extent of the positive yield
response to P and K fertilization is dependent upon the soil-
test P and K concentrations, respectively. Numerous studies
have documented an increase in soybean yield due to P and
K fertilization in soils with very low or low nutrient availabil-
ity, typically ranging from <15 to 21 mg P kg−1 (Bray-P1 or
Mehlich-3 extractants; Bharati et al., 1986; Borges & Mallar-
ino, 2000, 2003; de Mooy et al., 1973; Dodd & Mallarino,
2005; Haq & Mallarino, 2005; Mallarino et al., 1991; Mal-
larino et al., 2009; Randall et al., 1997; Rehm, 1986; Webb
et al., 1992; Wittry & Mallarino, 2004) and <90 to 130 mg

K kg−1 (NH4AOc or Mehlich-3 extractants; Bharati et al.,
1986; Borges & Mallarino, 2000, 2003; de Mooy et al., 1973;
Grove et al., 1987; Haq & Mallarino, 2005; Jeffers et al.,
1982; Rehm et al., 1995; Yin & Vyn, 2002a, 2003). Soy-
bean’s response to P and K fertilization is minimal or absent in
soils with medium nutrient availabilities (Grove et al., 1987;
Rehm, 1986) and unexpected in soils with high or very high
nutrient availabilities (Bharati et al., 1986; Borges & Mallar-
ino, 2000; Buah et al., 2000; de Mooy et al., 1973; Rehm,
1986; Yin & Vyn, 2002a). However, it’s worth noting that
none of the cited research except Parvej et al. (2018) has eval-
uated soybean yield responses to P and K fertilization under
a double-cropping system.

In the wheat–soybean double-cropping system, farmers
typically apply P and K fertilizers before planting wheat, aim-
ing to fulfill the nutrient requirements of both crops. Similarly,
in a 2-year corn–soybean rotation in the Midwest, the entire
P and K amounts for both crops are typically applied before
planting corn. These practices enable farmers to streamline
operations, saving time and reducing fertilizer application
costs for soybean. In the Midwest corn–soybean produc-
tion system, existing literature presents varying responses
of soybean yield to the timing of P and K applications
(Buah et al., 2000; Mallarino et al., 2009; Yin & Vyn,
2002a, 2002b). However, no recent peer-reviewed articles
were found that specifically investigated the effects of P and
K application timing on soybean yield in the wheat–soybean
double-cropping system. Research conducted in the 1980s on
sandy to loamy sand soils in Georgia and Virginia indicated
that the timing of P and K application does not significantly
impact double-crop soybean yield (Elwali & Gascho, 1985;
Evanylo, 1991; Touchton et al., 1982). The most recent exten-
sion publication, focusing on silt loam soils in Arkansas
(Slaton et al., 2012, 2013), reported similar results for P in
2011 and 2012 and for K in 2012; however, in 2011, a sig-
nificant interaction between K application rate and timing
was also reported. These findings suggest that the timing of
P fertilizer application may not influence double-crop soy-
bean yield in the wheat–soybean system, but there might be
room for further investigation regarding K application timing.
G. D. Jones et al. (1977) demonstrated that soybean is more
responsive to K fertilization than P.

Most double-crop soybean following winter wheat are cul-
tivated using no-tillage practices, a method that has been the
subject of various studies highlighting P and K stratification
in the topsoil (Cruse et al., 1983; Fernández et al., 2008; Grif-
fith et al., 1977; Houx et al., 2011; Karathanasis & Wells,
1990; Karlen et al., 1991; Ketchenson, 1980; Mackay et al.,
1987; Mallarino & Borges, 2006; Moncrief & Schulte, 1982;
Rehm et al., 1995; Shear & Moschler, 1969; Timmons, 1982;
Vyn & Janovicek, 2001). All these studies were conducted on
fine-textured soils, ranging from silt loam to clay, and con-
sistently showed significant P stratification compared to K.
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However, research by Elwali and Gascho (1985) and Evanylo
(1991) on coarse-textured soils, specifically sand to loamy
sand, revealed either no or less stratification of K across soil
profiles. Soil-test K data from both studies suggested that
K leached down into the soil profile. Evanylo (1991) con-
cluded that the absence of double-crop soybean yield response
to K fertilization rate and timing on loamy sand was linked
to leaching and the accumulation of K below a 46-cm soil
depth. He proposed that the availability of soil K below the
46-cm depth in coarse-textured soil should be accounted for
when calculating the optimum fertilizer rate for soybean. This
idea finds support in the literature, which indicates that soy-
bean taproots can utilize soil reserves differently, extracting
more K from the B horizon in coastal plain soils compared to
corn fibrous roots (Heckman & Kamprath, 1995; Woodruff &
Parks, 1980).

The application of K in split or in-season intervals may
offer a viable strategy to enhance soybean yield by mini-
mizing K loss in soils susceptible to leaching. Kolar and
Grewal (1994) conducted an assessment of soybean yield
with split K applications on loamy sand, observing higher
soybean yields when K was applied in two (half at preplant
and half at flowering) or three (one-third at preplant, one-
third at flowering, and one-third at pod development) splits
compared to soybean receiving all preplant K. Another con-
temporary method involves foliar application of K in soybean
to address in-season K deficiencies and potentially boost yield
by enhancing K uptake efficiency. K. A. Nelson et al. (2005)
demonstrated that late-planted soybean yields on silt loam
could increase by up to 834 kg ha−1 through foliar K appli-
cation at V4, R1–R2, and R3–R4 stages compared to soybean
without K application. However, soybean yield increase from
preplant K application was substantially higher than any foliar
feeding at different growth stages. The conclusion drawn was
that foliar K application cannot replace preplant K in enhanc-
ing soybean yield but can serve as a supplementary option to
mitigate yield losses under conditions limiting K uptake from
the soil. Currently, there is a lack of studies evaluating double-
crop soybean yield responses to split or foliar K application,
highlighting the need for further research on this subject.

Determining K deficiency before applying in-season K is
crucial to assess the potential benefits of K application. Soy-
bean K deficiency is commonly diagnosed using the critical
K concentration in the uppermost recently mature trifoliolate
leaf at the R2 stage (Bell et al., 1995; Hanway & Johnson,
1985; Mills & Jones, 1996; Sabbe et al., 2000; Slaton et al.,
2010). A recent study by Parvej et al. (2016) established crit-
ical K concentrations in both petiole and trifoliolate leaves
across the reproductive growth stages (R2–R6) of soybean.
However, none of the cited studies developed critical tissue-
K concentrations specifically for double-crop soybean. Coale
and Grove (1991) noted numerically higher K concentrations
in the leaf and statistically higher K concentrations in the

petiole at the R1 and R5 stages of double-crop soybean com-
pared to full-season, despite full-season soybean exhibiting
greater total dry matter and K accumulation. These results
suggest the elevated tissue-K concentration in double-crop
soybean may be attributed to a lesser dilution effect than in
full-season soybean. Consequently, critical tissue-K concen-
trations at specific growth stages may differ for double-crop
and full-season soybean, necessitating further investigation
into this aspect.

In conclusion, fertilization with P and K for double-crop
soybean following winter wheat should align with established
critical soil-test concentrations designed for full-season soy-
bean. Fertilizers should be applied in soils with P and K
concentrations below or at critical levels. Although there is
literature addressing the effect of P and K application timing
on soybean yield, specific investigations within the wheat–
soybean double-cropping system are warranted. Adjustments
in total fertilizer amounts are necessary if P and K are applied
for both wheat and soybean. Further research is essential
for the wheat–soybean double-cropping system to determine
optimal nutrient management practices, particularly concern-
ing split applications of P and/or K for wheat and soybean,
as well as in-season P and/or K fertilization for double-crop
soybean.

4.10 Water management

Adequate soil moisture throughout the growing season is
essential for achieving optimal soybean yields. In the con-
text of double-crop soybean production, soil moisture plays
a pivotal role (Pendleton & Hartwig, 1973), and drought con-
ditions pose a significant challenge in nonirrigated systems,
often leading to the failure of double-cropping endeavors (J.
E. Dillon & McKibben, 1972). Drought can result in complete
crop failure for double-crop soybean (Malcom, 1980) follow-
ing winter wheat. Although early-season drought adversely
affects seed germination and stand establishment, its impact
is less pronounced in double-crop than in full-season soy-
bean (Coale & Grove, 1990). However, planting double-crop
soybean in excessively dry soil may lead to approximately
90% failure in seed germination and emergence (Swearingin,
1973). Drought stress during the soybean growing season can
also diminish the germination capacity of harvested seeds
(Heatherly, 1993). G. W. Thomas (1989) emphasized that
insufficient soil moisture can result in a 50% reduction in
double-crop soybean yield in Kentucky.

Soybean typically yields higher under irrigated conditions
than under rainfed conditions. For example, irrigated soybean
demonstrated a remarkable 62% higher yield than rainfed soy-
bean in 2006 (USDA-NASS, 2007). Over the period from
1972 to 2003 in Arkansas, irrigated soybean exhibited an
average yield of 2.5 Mg ha−1, significantly surpassing the
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average yield of 1.5 Mg ha−1 for rainfed soybean (Egli, 2008).
However, there is a notable absence of research in the last
two decades specifically investigating the impact of irrigation
on double-crop soybean production. In a study conducted on
clay soil in Mississippi, R. A. Wesley et al. (1991) reported
substantial yield differences between irrigated and rainfed
soybean. Averaged across a 6-year period, irrigated soybean
demonstrated a 130% and 252% increase in yield compared
to rainfed soybean under full-season (2.78 vs. 1.21 Mg ha−1)
and double-cropping (2.18 vs. 0.62 Mg ha−1) systems, respec-
tively. Another study, conducted over a 3-year period by
Daniels & Scott (1991) on silt loam soils in Arkansas, revealed
a 41% higher yield for double-crop soybean under irriga-
tion compared to nonirrigated treatments. Boerma and Ashley
(1982) observed significant yield benefits from irrigation for
soybean planted in different time frames. They found that irri-
gation increased yield by 355% for soybean planted in late
June or early July and by 115% for soybean planted in late
July or early August, particularly on sandy loam soils. These
findings collectively emphasize the importance of irrigation
for successful double-crop soybean production, highlight-
ing the considerable challenge of achieving significant yield
increases under rainfed conditions.

Soybean yield response to irrigation is primarily influenced
by factors such as rainfall, soybean growth stage, and soil
texture. Numerous studies have documented an increase in
soybean yield with irrigation, particularly in regions charac-
terized by arid climates and erratic rainfall patterns (Al-Ithawi
et al., 1980; Ashley & Ethridge, 1978; Bachelor & Scott,
1979; Boerma & Ashley, 1982; Brady et al., 1974; Heatherly,
1985; Heatherly & Elmore, 1986, 1988; Hunt et al., 1981;
Lutz & Jones, 1975; Mahler & Wollum, 1981; Matson, 1964;
McKibben & Oldham, 1973; Mederski et al., 1973; Miller
& Beard, 1967; Momen et al., 1979; Ramseur et al., 1984;
Reicosky & Deaton, 1979; Stutte & Weiland, 1980). In the
wheat–soybean double-cropping system, high-yielding wheat
cultivars absorb substantial water, leaving the soil dry for soy-
bean growth (Bauer et al., 1989; Sanford & Hairston, 1984).
This can potentially hinder soybean growth, but the extent of
the impact is contingent on the distribution of rainfall during
the soybean growing season (Daniels & Scott, 1991). R. C.
Pearce et al. (1993) noted that soybean yield is more influ-
enced by the quantity and distribution of rainfall throughout
the growing season rather than the soil moisture at the time
of planting. Crabtree et al. (1990) reported that double-crop
soybean yields can be comparable to full-season soybean in
years with favorable rainfall distribution from June to Septem-
ber. After analyzing 49 years of soybean yield and rainfall
data in Illinois, Runge and Odell (1960) concluded that max-
imum soybean yield occurs in years with evenly distributed
above-average rainfall during the late vegetative, flower-
ing, and seed-filling periods. These findings underscore the
significance of irrigation scheduling or rainfall distribu-

tion during specific growth stages for successful soybean
production.

The seed-filling period stands out as the most critical stage
for soybean yield reduction due to water stress, with irrigation
during seed-filling proving more beneficial than at any other
stage (Constable & Hearn, 1978; Doss et al., 1974; McCauley,
1981; Pendleton & Hartwig, 1973; Salter & Goode, 1967;
Sionit & Kramer, 1977; J. A. Thompson, 1977). Rogers and
Thurlow (1970) identified a high correlation between soybean
yield and rainfall during the seed-filling period. Research
indicates that the reduction in soybean yield from water stress
during pod set (R3–R4) and seed-filling (R5–R6) stages is
associated with decreased pod and seed numbers, as well as
reduced seed size and weight (Andriani et al., 1991; Ashley &
Ethridge, 1978; Brevedan & Egli, 2003; De Souza et al., 1997;
Dusek et al., 1971; Egli et al., 1983; Korte, Specht, et al., 1983;
Meckel et al., 1984; Momen et al., 1979; R. H. Shaw & Laing,
1966; Sionit & Kramer, 1977; Smiciklas et al., 1989; Sny-
der et al., 1982; Vieira et al., 1992). The diminished seed size
resulting from moisture stress during seed-filling is attributed
to the shortened seed-filling period (De Souza et al., 1997;
Desclaux & Roumet, 1996; Egli & Bruening, 2004; Meckel
et al., 1984; Smiciklas et al., 1989; Westgate et al., 1989) and
the acceleration of leaf senescence (Ashley & Ethridge, 1978;
Brevedan & Egli, 2003; De Souza et al., 1997). Consequently,
irrigation during the pod set to seed-filling periods (R3–R6)
emerges as the most effective water management practice for
enhancing soybean yield (Kadhem et al., 1985a, 1985b; Korte,
Specht, et al., 1983; Korte, Williams, et al., 1983).

The literature presents varied perspectives on the impact
of water stress during the flowering (R1–R2) stage com-
pared to the pod set (R3–R4) and seed-filling (R5–R6) stages
on soybean yield. Some researchers have asserted that water
stress during flowering can lead to yield losses comparable to
those at later developmental stages (Ashley & Ethridge, 1978;
Runge & Odell, 1960; Shipley & Regier, 1968; Somerhalder
& Schleusener, 1960; L. M. Thompson, 1970). Conversely,
others have contended that water stress during flowering is
less critical for reducing soybean yield than stress during pod
set and seed-filling stages (McCauley, 1981), as soybean typ-
ically experiences over 50% flower abortion under normal
conditions (Brevedan et al., 1978). Even in cases with a high
incidence of aborted flowers, soybean can compensate for
yield reduction by increasing seeds pod−1 and individual seed
weight (Momen et al., 1979; Rathore et al., 1981; R. H. Shaw
& Laing, 1966; Sionit & Kramer, 1977). However, excessive
flower abortion can lead to substantial yield losses (Ashley
& Ethridge, 1978; Burnside & Colville, 1964; Dusek et al.,
1971; McCauley, 1981; Salter & Goode, 1967; Somerhalder
& Schleusener, 1960). Water stress during vegetative stages
is considered less critical for yield reduction (Doss et al.,
1974; McCauley, 1981), although irrigation during late vege-
tative stages has been shown to increase vegetative dry matter
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(Ashley et al., 1978). In summary, the literature suggests that
severe water stress at any growth stage of soybean can result
in significant yield reduction (Doss et al., 1974; Sionit &
Kramer, 1977).

The water requirement for optimal soybean yield is influ-
enced by soil texture. Fine-textured soils typically exhibit
better water-holding capacity than coarse-textured soils, pro-
viding more sustained water availability during the growing
season. Popp et al. (2000) observed higher soybean yields in
clay soils compared to silt-loam soils under rainfed conditions
in eastern Arkansas, attributing the difference to the superior
water-holding capacity of clay soils. Verkler et al. (2009) sug-
gested that soybean in fine-textured soils may demand less
irrigation for maximum yield compared to those in coarse-
textured soils. However, soils prone to crusting with low
water-holding capacity and compromised water infiltration
may need more frequent irrigation, albeit with less water per
irrigation (Heatherly & Elmore, 2004).

The management practices of crop residue, such as tillage
and burning, also play a role in influencing irrigation needs.
Verkler et al. (2009) noted that no-till soils with non-burned
residue exhibit slower drying compared to conventionally
tilled soils with burned residue, implying that no-tillage
practices might reduce irrigation requirements. Dao (1993)
observed higher volumetric water contents in the top 120-cm
soil depth for no-till soils than conventionally tilled soils.
Additionally, Amuri and Brye (2008) reported that non-
burning combined with no-tillage practices enhances soil
moisture-holding capacity. Existing literature also suggests
that irrigation proves more effective in maximizing soybean
yield under specific management practices, such as narrow
row spacing, higher plant population, optimal fertilization,
suitable cultivars, and Rhizobia inoculation (Brown &
Perkins, 1979; Gerlow & Mullins, 1960; Mahler & Wollum,
1981; McKibben & Oldham, 1973; Mederski & Jeffers,
1973).

Although irrigation is essential for maximizing soybean
yield, its economic feasibility may vary from year to year.
In a 6-year study on silty clay in Arkansas, Parsch et al.
(2001) found that full-season rainfed soybean often yields
a higher return compared to full-season irrigated soybean.
However, Heatherly (1999b) reported consistent profitability
with irrigation in soybean production in the southern United
States. Additionally, with groundwater levels depleting, water
is becoming an increasingly scarce resource. Scott et al.
(1998) highlighted that the available groundwater in the Allu-
vial Aquifer in Arkansas is projected to be depleted by 2050.
Hence, the judicious application of irrigation water is crucial
for ensuring sustainable agriculture and achieving maximum
economic returns. In summary, optimal soybean yield may
not necessitate continuous irrigation throughout the growing
season, and improved agronomic management practices along
with accurate weather forecasting may help reduce irrigation

needs. However, there is limited or virtually no research on
irrigation timing specifically for double-crop soybean.

4.11 Pest management

4.11.1 Weed

Weeds pose a significant threat to soybean yield by engag-
ing in competition (Coble et al., 1981; Dewell et al., 2003;
Grey, 2007; Harrison et al., 1985; Knake & Slife, 1962;
Vail & Oliver, 1993). Weed management is believed to be
more manageable in double-crop soybean due to the pres-
ence of small-grain residue, the use of residual herbicides in
small-grain cultivation, no-tillage practices, and narrow-row
configurations compared to full-season soybean (Holshouser,
2014; Vangessel et al., 2001). Existing literature indicates that
small-grain residues can significantly suppress weed growth
through shading (Harwood & Bantilan, 1974; Shetty et al.,
1982), although they may reduce herbicide effectiveness by
absorbing and preventing herbicides from reaching the soil
surface (Locke et al., 2002; Reddy et al., 1995). Rainfall after
preplant herbicide application can enhance weed control by
washing herbicides off residues, and innovative approaches,
such as mounting the spray bar under the combine, may help
postharvest herbicides reach small weed populations during
harvesting (Minor & Wiebold, 1998). Crop residues left on
the soil surface inhibit weed germination and growth by lim-
iting light penetration and through allelopathic and mulching
effects (Bellinder et al., 2004; Fischer et al., 2002; Lewis,
1985; Liebl & Worsham, 1983; Liebman & Davis, 2000; A.
Shrestha et al., 2002). Maintaining a higher stubble height
during wheat harvesting minimizes weed leaf area removal,
enabling herbicides to target more exposed weed leaf areas
and ensuring more effective control (Holshouser, 2014).

No-tillage and narrow-row planting represent prevalent
practices in double-crop soybean production, both acknowl-
edged for their efficacy in weed control by suppressing weed
growth (Amuri et al., 2010; Burnside & Colville, 1964;
Dewell et al., 2003; Légère & Shreiber, 1989; Mickelson &
Renner, 1997; Peters et al., 1965; D. R. Shaw & Rainero,
1990; Wax & Pendleton, 1968). D. R. Shaw and Rainero
(1990) reported enhanced control of sicklepod (Cassia obtusi-
folia L.) in double-crop versus full-season soybean and in
no-till compared to tilled soybean. Furthermore, narrow row
spacing has been acknowledged as a viable approach for weed
management, enhancing crop competitiveness against weeds
and diminishing light penetration to the soil surface by facil-
itating swift canopy closure (Bradley, 2006; Teasdale, 1995).
Narrow row spacing accelerates canopy closure by 1 week
(Teasdale, 1995), curbing weed growth even without herbi-
cide application (Mickelson & Renner, 1997; K. A. Nelson &
Renner, 1998; Teasdale, 1995; Yelverton & Coble, 1991). The
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literature indicates that the effectiveness of weed control with
a specific herbicide increases as row spacing decreases due
to rapid canopy closure (Burnside & Colville, 1964; Légère
& Schreiber, 1989; Mickelson & Renner, 1997; K. A. Nelson
& Renner, 1999; Peters et al., 1965). Although some studies
noted higher input costs due to a 20%–45% increase in seed
requirement for narrow versus wide rows (Bertram & Peder-
sen, 2004; Kratochvil et al., 2004), soybean with narrow row
spacing yields greater economic returns due to higher yields,
even under similar weed management systems (Mickelson &
Renner, 1997; K. A. Nelson & Renner, 1999; Oriade et al.,
1997) or in the absence of weeds (Shibles & Weber, 1966;
Patterson et al., 1988).

The timing of herbicide application plays a crucial
role in effective weed control. Traditionally, both preemer-
gence (burn down) and postemergence herbicides have been
employed for weed management in double-crop soybean
(McHarry & Kapuśta, 1979; Sims & Guethle, 1992; Triplett,
1978). However, the economic aspect of weed control has led
some farmers to rely solely on postemergence herbicides, par-
ticularly for double-crop soybean (Krausz & Young, 2001;
Stoller et al., 1993). Sims and Guethle (1992) highlighted the
superior weed control provided by postemergence herbicides
in double-crop soybean compared to preemergence herbicides
alone. C. D. Elmore et al. (1995) reported that postemergence
weed control was sufficient to maximize double-crop soybean
yield in 2 out of 3 years of their study. In a postemergence
herbicide program, the selection of an appropriate herbicide
considers factors such as weed height, crop growth stage, soy-
bean yield potential (DeFelice et al., 1989; Devlin et al., 1991;
Monks et al., 1993), and the type of weed species present in
the field (Krausz & Young, 2001).

While Holshouser (2014) suggested applying postemer-
gence herbicides in double-crop soybean before weeds reach
10 cm tall, Dewell et al. (2003) found that optimal weed
control in no-till double-crop soybean was achieved through
postemergence herbicide treatment when weeds were 10–20
cm tall. Dewell et al. (2003) explained that the improved
control at 10- to 20-cm tall weeds may result from the
absence of late-emerging weeds during this period. Vangessel
et al. (2001) noted that postemergence glyphosate herbicide
can be applied over a wide window in double-crop soy-
bean. However, delaying glyphosate application beyond the
label recommendations for large morning glories (Ipomoea
spp.) can lead to poor weed control and herbicide resistance
issues (Jordan et al., 1997; Payne & Oliver, 2000). Moreover,
farmers may hesitate to apply postemergence herbicides in
double-crop soybean to avoid injuring the crop, as there might
not be sufficient time for recovery from such injury (Krausz
& Young, 2001; Vidrine et al., 1993).

In the wheat–soybean double-cropping system, achieving a
weed-free seedbed is crucial for maximizing soybean yield.
The use of burndown herbicides plays a key role in attain-

ing weed-free conditions. Ferguson et al. (2008) emphasized
that burndown herbicides, such as glyphosate or paraquat,
enable the planting of double-crop soybean in weed-free envi-
ronments. Additionally, applying residual herbicides before
wheat harvest can effectively control weed populations that
typically emerge after soybean planting (McHarry & Kapuśta,
1979; Triplett, 1978). In evaluating herbicide application tim-
ings, Higgins et al. (1988) compared fully tilled wheat early
preplant applications with preemergence applications at soy-
bean planting. They found that early preplant applications
were more effective in controlling Pennsylvania smartweed
(Polygonum pensyvanicum L.) compared to preemergence
applications. Soybean yields were 26%–103% greater with
early preplant herbicide in 1 of 3 years but were similar
between the two treatments in the other 2 years. Bradley et al.
(2004) observed enhanced control of trumpet creeper (Camp-
sis radicans) in double-crop soybean with a combination
of pre- and postemergence herbicides compared to preemer-
gence herbicides alone. Grey (2007) reported superior control
of tall morningglory (Ipomoea purpurea), sicklepod, large
crabgrass (Digitaria sanguinalis), and Florida beggarweed
(Desmodium tortuosum) in double-crop soybean when using
both preemergence residual herbicide and postemergence
glyphosate, compared to using pre- or postemergence herbi-
cides alone. Furthermore, combining preemergence residual
herbicide with postemergence glyphosate increased 380 kg
ha−1 of soybean yield. These findings suggest that the use of
both pre- and postemergence herbicides is a more effective
option for weed control in double-crop soybean. Holshouser
(2014) concluded that the optimal weed management philos-
ophy for achieving maximum double-crop soybean yield is to
“start clean and stay clean.”

4.11.2 Insect

Double-crop soybean typically experiences minimal issues
from soil insects and early-season pests like thrips (Thrips
tabaci Linde) due to their rapid seedling emergence and
early-season growth (Holshouser, 2014). However, certain
leaf-feeding insects, such as green cloverworm (Plathypena
scabra F.), soybean looper (Pseudoplusia includes Walker),
velvetbean caterpillar (Anticarsia gemmatalis Hübner), bean
leaf beetles (Cerotoma trifurcate Forster), beet armyworm
(Spodoptera exigua Hübner), and Mexican bean beetle (Epi-
lachna varivestis Mulsant), pose a significant threat to double-
crop soybean, primarily because of their smaller canopy
compared to full-season soybean. Defoliation is known to
decrease soybean leaf area (Ostlie, 1984) and has a linear neg-
ative impact on soybean yield (Browde et al., 1994; Grymes
et al., 1999; Nolting & Edwards, 1989).

Defoliation during the vegetative stage generally does not
affect soybean yield (McAvoy, 1977), but severe defoliation
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(50%), especially around the V3 stage, can lead to a reduction
in soybean yield by up to 14% (Poston & Pedigo, 1976). Fehr
et al. (1977) highlighted that the highest soybean yield loss
occurs due to defoliation during the R4 and R5 stages. G. D.
Thomas et al. (1974) identified R5 and R6 as critical defoliat-
ing stages, indicating that soybean plants can tolerate only 6%
defoliation before experiencing yield loss. However, Talekar
and Lee (1988) found that the R3 and R4 stages are the most
sensitive to defoliation.

Defoliation decreases soybean leaf area crucial for opti-
mal photosynthesis and soybean yield. Given that an LAI of
3.5–4.0 during the R2–R4 stages is necessary for maximiz-
ing soybean yield potential (J. E. Board & Harville, 1992;
Higley, 1992; Westgate, 1999), double-crop soybean with
an LAI within this range lacks additional layers of leaves
to withstand insect feeding. In contrast, full-season soybean
with an LAI of 6.0 possess two extra leaf layers, provid-
ing some resilience to insect-induced defoliation (Holshouser,
2014). Malone et al. (2002) conducted a 3-year assessment of
the sensitivity of both full-season and double-crop soybean
to manual and natural defoliation, establishing a correlation
between LAI and soybean yield under various conditions.
Their findings indicated a linear increase in yields for both
full-season and double-crop soybean with rising LAI, reach-
ing optimal levels between 3.5 and 4.5 during the R4–R5
stages, except for 1 year’s yield in full-season soybean. The
absence of a correlation in that particular year was attributed
to an LAI exceeding 4.5 at the R4 stage, even under high defo-
liation treatment. Moreover, they observed that natural insect
defoliation had no discernible impact on the yield of double-
crop soybean with an LAI surpassing 4.0 from the R3 to R6
stages. They concluded that double-crop soybean, maintain-
ing an LAI above the critical threshold (3.5–4.0) during the
R3–R6 stages, exhibit tolerance to defoliating insect infesta-
tions. These results emphasize the significance of soybean
LAI during mid-reproductive stages as a valuable tool for
making informed management decisions against defoliating
insect pests.

Double-crop soybean is typically planted later than
their full-season counterparts. Joshi (1980) highlighted the
heightened sensitivity of late-planted soybean to pod dam-
age inflicted by corn earworms compared to their early-
planted counterparts. Additionally, Herbert and Toews (2011)
observed that the delayed planting of double-crop soybean
leads to a significantly increased stink bug population dur-
ing pod and seed development stages compared to full-season
soybean. According to Holshouser (2014), the pod and seed
developmental stages (R3–R5) of double-crop soybean align
with the migration of corn earworms from corn fields, coin-
ciding with the period when most full-season soybean reaches
the more resistant R6 or advanced stages.

Holshouser further noted that stink bugs, which feed on
developing seeds at the R5 stage, can cause more damage in
double-crop soybean than in their full-season counterparts for

the same reason. He emphasized the importance of scouting
during the R4–R5 stages of double-crop soybean as a crucial
management approach against pod and seed feeders, suggest-
ing the use of insecticides only when pest levels reach the
economic threshold.

Pod- and seed-feeding insects form another significant
threat to double-crop soybean. Notable pod feeders in this
category include the corn earworm (Helicoverpa zea) and var-
ious stink bugs such as the redbanded stink bug (Piezodorus
guildinii), green stink bug (Nezara viridula), brown stink
bug (Euschistus servus), and brown marmorated stink bug
(Halyomorpha halys). These insects can induce pod drop
or flattening, a critical component of soybean yield directly
impacting overall production (J. E. Board et al., 2003; Kahlon
et al., 2011; Parvej et al., 2015). Research by Singer et al.
(2004) established a positive linear correlation between soy-
bean pod removal and seed yield reduction. Similarly, Proulx
and Naeve (2009) reported that pod removal ranging from
20% to 70% resulted in a yield reduction of 12%–52%
compared to a no-pod-removal treatment. These findings
underscore the significant impact even minimal pod removal
can have on soybean yield. However, it’s essential to note
that both studies conducted by Singer et al. (2004) and Proulx
and Naeve (2009) focused on full-season soybean, leaving the
specific impact on double-crop soybean yield unknown.

4.11.3 Diseases

Soybean is susceptible to over 30 fungal diseases in the United
States (Hartman et al., 1999; Li & Yang, 2009; McGee,
1992). Notably, Cercospora leaf blight (Cercospora kikuchii),
frogeye leaf spot (Cercospora sojina), aerial blight (Rhizoc-
tonia solani), pod and stem blight (Diaporthe phaseolorum
var. sojae), and anthracnose (Colletotrichum truncatum) are
prevalent in the southern United States (Schneider et al.,
2007), where double-cropping of soybean is common. Cer-
cospora leaf blight, in particular, stands out as the most
widespread and damaging foliar disease in the Mid-South,
ranking as the second most prominent disease in the Mid-
Atlantic states (Mehl & Phipps, 2013). The moderate opti-
mum temperature (25˚C) during the growing season and the
ability to transmit through seeds make this disease more
prominent throughout the United States (Li & Yang, 2009).

In addition to these foliar diseases, white mold (Sclero-
tinia sclerotiorum) is another significant fungal pathogen
affecting soybean production, particularly in regions with
high humidity and dense canopy conditions. The risk of
white mold increases during flowering, as the fungus primar-
ily infects through senescing flowers that provide a nutrient
source for pathogen establishment (Grau & Radke, 1984; D.
S. Mueller et al., 2004). Tighter canopy structures create a
microclimate with reduced airflow and increased moisture
retention, favoring S. sclerotiorum development (Boland &
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Hall, 1987). Under these conditions, prolonged leaf wet-
ness and high relative humidity (>90%) can enhance the
release and germination of ascospores, leading to a higher
incidence of disease (Willbur et al., 2019). Consequently,
in environments with frequent rainfall or irrigation during
the reproductive stages, white mold can become a severe
yield-limiting factor in soybean production.

Holshouser (2014) noted that Cercospora blight and frog-
eye leaf spots typically emerge later in the growing season,
particularly during the pod (R3) to seed (R5) developmen-
tal stages when soybean is more susceptible to disease.
Double-crop soybean may be more vulnerable to yield loss
from foliar diseases compared to full-season soybean because
the optimal weather conditions for disease development—
specifically, relative humidity exceeding 95% for 10–12 h
daily and temperatures ranging from 20 to 25˚C for at least
two consecutive days—readily occur during the pod and
seed developmental stages of double-crop soybean. However,
Holshouser highlighted that double-crop soybean is less vul-
nerable to seedling diseases due to their rapid emergence
under warm soil temperatures in June and July. Furthermore,
he indicated that anthracnose and Phomopsis seed decay
(Diaporthe/Phomopsis spp.), which can compromise seed
quality, present a diminished threat to double-crop soybean.
This is attributed to their later maturation in the year when
temperatures are lower, impeding the development of these
diseases.

Utilizing resistant cultivars stands out as the most effec-
tive and economical method for managing soybean diseases
(Schneider et al., 2007). Despite this, late-season soybean
diseases are often addressed by farmers through the applica-
tion of fungicides (Levy, 2005; Miles et al., 2007; Sinclair &
Hartman, 1995; Yorinori et al., 2005) and cultural practices
(Schneider et al., 2007), primarily because of the limited avail-
ability of disease-resistant cultivars (Dorrance et al., 2004;
Li & Yang, 2009). However, soybean exhibits inconsistent
responses to foliar fungicides, and the enhanced disease con-
trol achieved through fungicide application doesn’t always
correlate with yield preservation (K. A. Dillon, 2014; Phipps
& Telenko, 2011; Schneider et al., 2007). Literature reveals
varied results in terms of soybean response to fungicide appli-
cation, with documented positive yield responses in Ohio
(Cruz et al., 2010), Illinois, Florida, and Georgia (T. A.
Mueller et al., 2006), and Virginia (Phipps et al., 2010). Con-
versely, no response was observed in Indiana (Hanna et al.,
2006) and North Dakota (T. A. Mueller et al., 2006), while
inconsistent responses were noted in Missouri (Bradley &
Sweets, 2008) and Illinois (Pataky & Lim, 1981). K. A. Dillon
(2014) specifically identified positive yield responses to foliar
fungicides in double-crop soybean at four of six sites for MG
IV cultivars and at three of six sites for MG V cultivars. The
lack of a consistent yield response to fungicides was attributed
to the absence of diseases and unfavorable weather conditions

for disease development (Bradley & Sweets, 2008; Pataky
& Lim, 1981; Phipps & Telenko, 2011; Swoboda & Peder-
sen, 2009), underscoring the critical importance of fungicide
application timing for effective soybean disease control and
maximizing yield.

The ideal timing for fungicide application to achieve max-
imum soybean yield depends on factors such as the time of
disease infection, disease intensity, rate of disease develop-
ment, environmental conditions, and the soybean LAI and
developmental stages (Bradley & Sweets, 2008; K. A. Dil-
lon, 2014; Holshouser, 2014; T. A. Mueller et al., 2009; X.
B. Yang & Robertson, 2007). While literature indicates that
the most effective fungicide application timing spans from
early-flowering (R1) through seed-filling (R5) periods (Cruz
et al., 2010; Miles et al., 2007; T. A. Mueller et al., 2006; Pad-
gett et al., 2006; A. Tenuta et al., 2007), a common practice
involves a single fungicide application between R3 and R5
stages (Schneider et al., 2007). Studies demonstrating posi-
tive yield responses to fungicides emphasize the effectiveness
of applications at the R3 (K. A. Dillon, 2014; Dorrance et al.,
2010; Miles et al., 2007), R4 (K. A. Nelson et al., 2010), or R5
(K. A. Dillon, 2014) stages compared to other growth stages.
This suggests that the optimal fungicide application timing
can vary based on geographical location, year, and prevail-
ing weather conditions. Holshouser (2014) emphasizes that
excessively early, late, or frequent fungicide applications are
not effective for disease control and maximizing economic
yield. Both K. A. Dillon (2014) and Holshouser (2014) high-
light that the likelihood of disease development is reduced
when the canopy is not fully closed (LAI 3.5–4.0). Hol-
shouser (2014) concludes that fungicides with dual modes of
action should be applied at a reproductive growth stage, usu-
ally at or after R3, if environmental conditions favor disease
development beyond that growth stage.

4.11.4 Nematode

SCN is recognized as a significant threat to soybean crops
in both the United States and Canada (Long & Todd, 2001;
M. Tenuta & Tenuta, 2015). The SCN is recognized as the
most damaging pathogen to soybean crops, causing more than
twice the yield losses of any other soybean disease (Bradley
et al., 2021). Financially, SCN is estimated to cost US soybean
producers between $1.0 and $1.5 billion annually (Chowd-
hury et al., 2022). The SCN is known to induce “yellow
dwarf” and often results in the occurrence of “sudden death
syndrome” in soybean plants (MTD, 2010; M. Tenuta &
Tenuta, 2015). The management of SCN has been a subject
of extensive research in various regions of the United States.
Strategies such as no-tillage practices (Hershman & Bachi,
1995; Koenning et al., 1995; Tyler et al., 1987), wheat stub-
ble management (Hershman & Bachi, 1995), adjustment of

 14350645, 2025, 2, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agj2.70057 by L

arry H
eatherly , W

iley O
nline L

ibrary on [11/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



32 of 55 PARVEJ AND HOLSHOUSER

soybean planting dates (Koenning & Anand, 1991), crop rota-
tion with nonhost crops (Anand et al., 1995; Dabney et al.,
1988; J. H. Edwards et al., 1988; Francl & Dropkin, 1986;
Howard et al., 1998; Koenning et al., 1993, 1995; Ross, 1962;
Sasser & Uzzell, 1991; Schmitt, 1991; Young et al., 1986),
and the utilization of resistant cultivars (Hartwig et al., 1987;
Wallace et al., 1995) have been investigated. In the context of
the wheat–soybean double-cropping system, soybean is typi-
cally planted later in the year (June through July) into wheat
stubble under no-tillage conditions. Scientific literature sug-
gests that practices such as no-tillage (Hershman & Bachi,
1995; Koenning et al., 1995), delayed planting (Koenning
& Anand, 1991), and the presence of wheat stubble (Baird
& Bernard, 1984; Hershman & Bachi, 1995) can contribute
to the reduction of SCN populations. Hershman and Bachi
(1995) observed that in the absence of wheat residues, SCN
populations may rise to a level where SCN-susceptible soy-
bean cultivars are not recommended for planting once every
4–6 years. However, Hershman (2009) emphasized that wheat
stubble may not provide sufficient protection against soybean
yield loss in fields where SCN populations exceed the damage
threshold (>500 eggs kg−1 of soil) at soybean planting.

In a standard double-cropping system, encompassing three
crops—corn, wheat, and soybean—over a 2-year cycle, corn
and wheat serve as nonhost crops for SCN (Holshouser et al.,
2011). The rotation of soybean with corn has been docu-
mented to reduce SCN populations (Howard et al., 1998; Long
& Todd, 2001). Existing literature indicates that the improve-
ment in soybean yield resulting from rotation with nonhost
crops is linked to the decrease in SCN populations (Anand
et al., 1995; Dabney et al., 1988; J. H. Edwards et al., 1988).
Rotating with nonhost crops for 2–3 years is documented
to reduce SCN populations to levels that may not adversely
affect SCN-susceptible soybean cultivars (Francl & Drop-
kin, 1986; Koenning et al., 1993, 1995; Ross, 1962; Sasser
& Uzzell, 1991; Schmitt, 1991). These findings suggest that
a long-term double-cropping system (corn–wheat–soybean)
may exert less SCN pressure compared to soybean–soybean or
corn–soybean monoculture. However, optimal management
practices for fields with SCN populations surpassing the dam-
age threshold at planting involve the use of SCN-resistant
soybean cultivars and/or nematicide seed treatments (Hol-
shouser et al., 2011). Additionally, weed removal is advocated
as a management practice for SCN, as certain weeds such
as chickweed (Stellaria media) and henbit (Lamium amplexi-
caule) act as alternative hosts for SCN (Hershman, 2011; W.
G. Johnson et al., 2008; MTD, 2010).

5 SUMMARY AND CONCLUSIONS

This paper aimed to comprehensively review published
research on double-cropping systems in the United States,

with a focus on identifying critical management factors
impacting soybean yield in wheat–soybean double-cropping
systems. A thorough analysis of approximately 700 arti-
cles, including over 100 double-crop studies across states,
was conducted. This study identified key factors influenc-
ing double-crop soybean yield, encompassing wheat culti-
var and harvest date, allelopathy of wheat residue, wheat
residue management, soybean planting date, row spacing,
MG, growth habit, seeding rate, soil fertility, irrigation,
and pest management. Table 1 provides a summative table
highlighting the key recommendations along with their jus-
tifications for double-crop soybean production in the United
States.

While wheat residue plays a crucial role in controlling soil
erosion and maintaining soil quality, it was found to have
adverse effects on double-crop soybean yield due to allelopa-
thy and herbicide activity inhibition, issues with light quality,
and nutrient tie-up during mineralization. Various residue
management practices were explored, with the most effective
approach being identified as no-tillage, maintaining wheat
stubble height ≤30 cm, and uniformly spreading additional
wheat chaff during harvesting.

The planting date emerged as a critical factor, with late
planting identified as the primary yield-limiting factor for
double-crop soybean. Delayed planting after mid-June led to
a substantial reduction in seed yield, primarily attributed to a
shorter growing season. To mitigate these negative effects, the
paper recommends immediate soybean planting after wheat
harvest, with early wheat harvest at high moisture facilitating
early soybean planting and reducing yield loss.

Narrow row spacing (19 cm) was highlighted as a signifi-
cant agronomic practice to minimize double-crop yield loss,
with a potential yield increase of up to 18%. Equidistant plant
spacing is essential for maximizing the benefits of narrow-row
culture. The choice of a suitable MG for a double-cropping
system remains challenging, but soybean with indeterminate
growth habits is suggested to be more suitable for narrow
rows.

Seeding rate was identified as a consistent influencer of
double-crop soybean yield, with higher seeding rates or
plant populations required compared to early-planted full-
season soybean. Fertilizer-N responsiveness was noted, with a
small amount of starter N enhancing early-season vegetative
growth and canopy closure. Limited information was avail-
able regarding double-crop soybean yield response to P and
K application timing, although soybean was found to be more
responsive to K fertilization.

Drought emerged as a significant challenge in nonirri-
gated production systems, potentially leading to complete
double-crop soybean failure. Efficient water management
through irrigation was emphasized, with a focus on the
critical seed-filling period. Herbicide application timing for
weed control, the use of resistant cultivars, and judicious
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T A B L E 1 A summative table highlights the key recommendations and their justifications for double-crop soybean production.

Recommendation Justification
No-tillage with a 30-cm wheat stubble height and uniform chaff
distribution

Addresses allelopathy, herbicide inhibition, light quality issues,
and nutrient tie-up

Immediate soybean planting after wheat harvest Mitigates yield loss from late planting and short growing season

Early wheat harvest at high moisture to facilitate early soybean
planting

Reduces yield loss by ensuring longer growing season

Narrow row spacing (19 cm) to increase yield up to 18% Improves light interception and canopy closure, reducing yield
loss

Use of indeterminate growth habit soybean for narrow rows Maximizes benefits of narrow rows by maintaining extended
vegetative growth

Higher seeding rates for double-crop soybean compared to
full-season soybean

Higher plant populations compensate for shorter growing season

Small amount of starter N to enhance early-season vegetative growth Promotes early canopy closure and vegetative growth

Emphasis on K fertilization for double-crop soybean Soybean found to be more responsive to K fertilization based on
soil-test K concentration

Efficient water management through irrigation, especially during
seed filling

Critical for preventing drought-induced yield loss in nonirrigated
systems

Optimized herbicide timing, resistant cultivars, and judicious
insecticide/fungicide use

Essential for integrated pest management to maximize yield

Need for extensive double-crop research with modern high-yielding
cultivars

Existing studies based on older cultivars; modern research needed

Return on investment studies evaluating yield gains, implementation
costs, and break-even yields

Ensures economic feasibility of recommended management
practices

application of insecticides and fungicides were deemed
crucial for maximizing double-crop soybean yield.

In conclusion, this study acknowledged the scarcity of
information on the agronomic management of modern
high-yielding herbicide-resistant cultivars in double-cropping
systems. Most research was conducted using conventional
soybean cultivars during the 1970s to 1990s, and exten-
sion recommendations were often based on observations or
research under simulated conditions. The paper highlighted
the need for extensive double-crop research across diverse
geographical regions, emphasizing areas such as early wheat
harvest, early maturing wheat cultivar development, wheat
stubble management, optimal MG and growth habit, seed-
ing rate optimization, and precise N and K application timing
under both irrigated and rainfed production systems. Irriga-
tion work is also needed, as well as comprehensive return
on investment studies evaluating yield gains and cost of
implementation to develop break-even yield assessments.
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