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Abstract: Interest in incorporating non-traditional crops like corn (Zea mays) into double-crop rotations 

in Oklahoma has increased recently. Work in other crops suggest differences in management between 

full season and double-crop, though there is limited information available on corn as a constituent of the 

double-crop system. As two of the most expensive inputs for corn production, optimizing nitrogen 

application and plant populations is critical for high-risk double-crop systems. One trial was conducted 

over two years at three locations to determine grain yield response to these factors and assess best 

management practices for a double-crop wheat-corn rotation. 

 

The study was designed to evaluate the differences between grain yield and physiological yield 

characteristics as they were affected by nitrogen rate and plant population treatments. Tests were 

conducted in 2020 and 2021 in Oklahoma. The yield characteristics evaluated were grain N (%), average 

kernel row-1, average row cob-1, kernel number, kernel weight, and cob weight. The results indicate 

lower yield performance at plant populations exceeding 57,000 plants ha-1, though not by significant 

margins. This phenomenon may be explained by competition-induced stress at high plant populations. 

Varying responses to N rate was recorded at each location, though the best performance was recorded 

between 82.5 and 110 kg ha-1. Though statistical analysis between full season and double-crop trials was 

not performed, preliminary results indicate lower N requirement for the double-crop. This may be 

explained by reduced biomass and dry matter accumulation fostered by the short double-crop season. 

Average kernel row-1 was significantly impacted by plant population consistently, while N rate had 

limited effect. 

 

It was concluded that grain yield was impacted by the combined effects of plant population and N rate, 

suggesting optimal management of both aspects is critical. Excessive plant populations create high 

levels of resource competition resulting in yield reductions. A result of rapid maturation of corn in this 

system is reduced biomass where less time is spent in vegetative growth stages. These factors alter the 

capability of corn to utilize N resources.
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CHAPTER I 

INTRODUCTION AND REVIEW OF LITERATURE 

Origin and History of Corn Production  

Corn (Zea mays) is a warm season grass crop theorized to have origins in production stemming 

from southwestern or south-central Mexico around 8000 to 5000 BC (Troyer, 1999). Before evolving 

into the sizable bright yellow cobs of today, it is suspected to have begun as a humble wild grain known 

as teosinte (Zea). It is the closest undomesticated relative of maize; this discovery by geneticists is 

largely responsible for the idea of the center of origin (Chen, 2020). A testament to the selective 

breeding practices of ancient farmers, these two crops are almost unrecognizable as relatives from a 

morphological standpoint. Teosinte has many lateral leaves capable of producing tassels and two-ranked 

ears boasting very few kernels.  After centuries of natural selection, selective breeding, and more recent 

genetic modification, modern corn produces one or two primary lateral leaves and cobs that can surpass 

hundreds of kernels. (Chen, 2020) These crop-based improvements are not the only factor contributing 

to the yield potential of corn production today.  

In current systems, corn is primarily grown for grain and is the third most produced grain crop in 

the United States. Across the globe, average corn production surpasses 1 billion metric tons annually 

(Garcia-Lara and Saldivar, 2019; Ma and Biswas 2015). Corn is grown for biofuel production, animal 

feed, and grain with products ranging from cooking oil to industrial alcohol available worldwide. Cereal 

grains are the food group responsible for meeting almost half of the caloric requirement for humans 

(Awika, 2020). Ninety-four percent of all cereal consumption is comprised of wheat, rice, and corn 
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(Ranum et al., 2014). As one of the most widely utilized commodities, extensive work 

has been done to improve corn varieties and the agronomic practices used to produce it. Despite 

the current production of record-breaking yields, research into corn genetics and systems remains 

necessary as the population and concern for climate change continue to increase. To compensate 

for these factors, it has been estimated that global corn production needs to increase by 15% over 

the next 20 years (Amanullah and Shah Fahad, 2018). 

United States 

The United States history with corn dates to the founding of the nation when the first 

settlers were taught to cultivate open-pollinated varieties by the indigenous people of the area. 

The first corn yield estimates were recorded and published by the USDA in 1866, largely 

maintaining yields at approximately 1,600 kg ha-1 until the late 1930’s (Nielsen, 2022). Rapid, 

notable yield improvements were seen after this point with the introduction of hybrid technology. 

The hybrid varieties were adopted quickly by producers just coming out of the dust bowl as news 

of their drought tolerance spread (Nielsen, 2022). A historical review of crop yields conducted in 

three low yield (Kentucky, Missouri, and Tennessee) and three high yield (Indiana, Illinois, 

Iowa) states noted after hybrid technology was adopted, another significant jump in average 

yield began in the 1950’s (Egli, 2008). The introduction of high-input agriculture specifically in 

the form of synthetic N fertilizers, pesticides, and higher seeding rates drove up the mean yield 

of corn 3.3% per year in the first few decades following (Egli, 2008). Yield increases did not 

sustain at this rate but still increased an approximately 1.8% per year in the years following. In 

2005, the USDA reported an average corn grain yield of 9116 kg ha-1, (Egli, 2008), nearly 1.2% 

increase on average per year since the 1930’s. In 2020, the United States harvested 
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approximately 34.2 million hectares of corn for grain, a 2% increase from the 2019 season 

(NASS-USDA, 2021).  

Corn Production in Oklahoma 

Like the rest of the United States, Oklahoma corn production history also begins with 

Indigenous Americans and the forced relocation of their people to Oklahoma territory in the 

early-mid 1800s (Drass, 2008). After negotiating land allotment with the Cherokee nation in 

1891, the federal government opened the northern portion of Oklahoma known as the Cherokee 

Outlet for non-native homesteaders to settle and farm. This event kickstarted the rapid 

proliferation of corn production across the modern boundaries of Oklahoma as settlers from the 

eastern half of the United States established their production practices in the area (Kidwell, n.d.) 

Once corn production and communication between producers in the two areas was established, 

the comparatively limited yield potential of the semiarid Cherokee Outlet became obvious 

(Travis and Robb, 2009). The same year, the first Agricultural Experiment Station in Oklahoma 

was established in Stillwater alongside the Agricultural and Mechanical College following the 

enactment of the Hatch Act in March of 1887 (Gilmore, 1967).  The first research in corn was 

performed at the station occurred a year after its establishment in 1892, including a corn trial 

with 44 varieties (Glimore, 1967). Producers in the west (encompassing the land area of modern-

day Greer, Harmon, Jackson, and a portion of Beckham counties) alone harvested approximately 

1,004,000 kg total in 1890 (Travis and Robb, 2009). By 1915 corn had reached all corners of 

Oklahoma territory, increasing total state production significantly to 6,358,600 kg (Travis and 

Robb, 2009). This period of success was halted when the Midwest entered devastating drought 

conditions during the Dust Bowl. As reference, the state yield total for 1924 and 1929 

respectively were 2,990,000,000 kg ha-1 and 2,820,000,000 kg ha-1 (Census of Agriculture, 
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1940). In this five year period, yields fluctuated by approximately 13.4%. After the Dust Bowl 

began production dropped by 58.4% down to 543,7000,000 kg ha-1 in 1934 (Census of 

Agriculture, 1940). Yields had nearly made a full recovery by 1939 increasing by 56.4% to 

1,593,000,000 kg ha-1, placing the state at 22 in corn production for the United States (Census of 

Agriculture, 1940). Though the Midwest experienced an exodus of settlers during and after the 

Dust Bowl, many chose to stay. After surviving another drought in the 50s, the need for corn 

production was bolstered by the introduction of feedlots by the 1970’s (Travis and Robb, 2009). 

Today Oklahoma is ranked 28 in the nation for corn production, and the state total production in 

2021 was reported at 2,782,000,000 kg ha-1 (NASS/USDA, 2021).  

Nitrogen Management in Corn  

 Agriculturalists today are planting at higher populations and applying more nitrogen 

fertilizer than any point in history. The trend can be partially explained by human population 

growth driving increased commodity demand and better yielding corn hybrids (Cao, Lu, and Yu, 

2018). As the yield potential of the hybrids are increasing, so is the need for N (Noor 2017). As 

N is considered one of the most yield limiting factors in corn, it has become one of the most 

expensive inputs encountered by producers (Sawyer and Nafziger, 2006). Between 2002 and 

2008 the cost of N increased by 10% every year (Williamson, 2011). By 2008, the price of N 

exceeded that of corn (Williamson, 2011). The decade since has seen several oscillations in the 

market, none more significant than between 2020 and 2021. Anhydrous ammonia was listed at 

$487 per ton in 2020; by October 2021, the price exceeded $1,000 (Schnitkey, et al., 2022). 

Farmer-paid prices in Illinois continued to rise over the next four months to $1,516 per ton in 

March 2022 (Schnitkey, et al., 2022). Besides staggering input costs, the environmental 

implications of excess N application necessitate further research into nutrient management 
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optimization. The century post-introduction of the Haber-Bosch method of synthetic fertilizer 

production in 1908 allowed humans to produce reactive N at double the rate of naturally 

occurring N fixation (Sutton, et al., 2011). Meeting consumer needs without this process would 

have been impossible, but it is also ground zero for the trends in overapplication. Direct 

consequences to human health like eutrophication, nitrous oxide emissions, and potable water 

pollution are only a few products of excess N in the environment (Erisman, et al., 2013). The 

volatile state of the market coupled with these environmental concerns drive the importance of N 

management. 

Nitrogen is an important essential nutrient for plant growth and plays several important 

roles throughout their life cycle. It is a constituent of chlorophyll, making it necessary for 

photosynthetic processes (Buchholz, 2022). N is also involved in protein production, extending 

to the consumable grain and enzymes in the roots that assist with nutrient uptake (Buchholz, 

2022). Limited N availability is often indicated by chlorosis of older leaf tissue along the margin, 

with lower biomass and leaf size relative to plants in more favorable conditions (Ciampitti and 

Vyn, 2010). Chlorophyll reduction and smaller leaf surface area serve to inhibit the efficacy of 

light capture during photosynthesis. This interferes with ATP production, lowering the amount of 

energy available for dry matter accumulation that translates to grain yield (Ciampitti and Vyn, 

2010). In maize specifically, dry matter accumulation improves with consistent leaf carbon 

exchange and chlorophyll content (Ding, et al., 2005). The carbon exchange rate is related to leaf 

N concentration as it is partitioned for various uses within the plant (Echarte, Rothstein, and 

Tollenaar, 2008). The use of leaf N is dictated by available light, the ratio of red to far red light, 

and N content in the soil (Echarte, Rothstein, and Tollenaar, 2008).  
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Though the total N available for uptake is ultimately important, it is also crucial to 

manage the timing of application to ensure adequate N at critical points. By the time corn has 

produced a quarter of its final biomass, approximately 50% of the total N uptake process will 

have been completed (Davies, Coulter, and Pagliari, 2020). Another critical time comes at 

silking when the number of kernels is determined. Stress during this stage (nutrient or otherwise) 

may result in kernel abortion and a reduction in final grain yield (Adrade, et al., 1999). One 

approach suggested to improve NUE and ensure adequate nutrient availability at critical stages is 

a split application of fertilizer. Varying results (mostly site specific) are found in literature with 

respect to the effect of split application on grain yield. In Iowa, Jaynes (2013) reported no 

considerable difference in grain yield between a single application at the beginning of the season 

and the split method at V2 and V6 or V12. Corroborated by an earlier study conducted in 

Canada, no significant gain was seen over a three-year period due to timing alone (Drury, et al., 

2012). Oppositely, Randall, Vetsh, and Huffman (2003) found split application increased grain 

yield up to 10% on a poorly drained Mollisol. Similarly, N deficiency during critical stages in 

soil with low residual N was mitigated by 40/60 application at planting and V8, minimizing early 

season losses (Randall, Vetsch, and Huffman, 2003). Maximizing the efficiency of N use is case-

specific. Nitrogen availability and losses from the system are controlled by multiple factors, from 

rainfall accumulation/event frequency, soil type, rate, and timing (Davies, Coulter, and Pagliari, 

2020). Bennet, et al. (1989) evaluated how water and N interact to affect grain yield, biomass 

accumulation, and N uptake in corn. Observing no response from any of these parameters in high 

or low N environments where severe water stress was imposed, they concluded elevated water 

stress reduced the efficiency of N uptake and minimized yield response to N. Keeping that in 

mind, there is no single answer for the best N management practice for corn. The overall goal 



 

7 
 

producers are looking to achieve are reduced losses and optimized crop uptake (Davies, Coulter, 

and Pagliari, 2020).  

Plant Population for Full Season Corn 

 Like N application rates, seeding rates and plant populations for corn have increased over 

time (Bernhard and Below, 2020). Plant population is defined differently from seeding rate. The 

former refers to the number of whole plants in a given area, while the latter refers to the actual 

number of seeds planted in the area (Collins, 2016). The seeding rate will always be higher than 

the plant population, but the relationship is proportional in that as the seeding rate increases, so 

will the plant population. However, the degree to which the plant population increases is 

dependent on the conditions provided by the field and the live seed percentage of the variety 

(Collins, 2016). This caveat is critical for producers to keep in mind when making planting 

decisions, as the optimum achievable yield will be different depending on the location and 

abiotic/biotic factors (rainfall/temperature/pest pressure). Rising production costs extending to 

seed price leave little room for error to ensure a positive return from the system. Fluctuations in 

seed cost over time in the U.S. include an average increase of $0.46 ha-1 year-1 between 1975 and 

2005 (Schnitkey, Swanson, and Paulson, 2021). After 2006, the average rate of seed cost growth 

increased to $2.60 hectares-1 year-1 resulting in a peak at $41 hectare-1 in 2015 (Schnitkey, 

Swanson, and Paulson, 2021). Though a marginal decline to $37 was recorded from 2015 to 

2020, the trend reversed again and is expected to continue to increase through 2022 (Schnitkey, 

Swanson, and Paulson, 2021). 

Corn yields today are achievable for multiple reasons, not the least of which being 

historically high planting populations. The upward trend originates in the 1930’s with the 

introduction of hybrid corn varieties produced via traditional breeding practices. Higher seeding 
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rates at planting have been further correlated with the integration of genetically engineered seed 

(Saavos, et al., 2021). The first genetically modified corn seed hit the market in 1996. These 

varieties could exhibit up to three targeted traits within a single plant (Saavos, et al., 2021). 

Targeted traits may include but are not limited to herbicide and drought tolerance, and insect or 

disease resistance (Saavos, et al., 2021). In the years leading up to 2000, corn yields in the 

United States were improving by an average of 115 kg ha-1 year-1 (Troyer, 2000). Duvick (2005) 

contributes the increase to the interaction of an elevated understanding of management practices 

(nutrient management/plant population/tillage) and genetic improvements. Lending to the current 

success of high populations, modern corn hybrids boast lodging resistance, drought/pest 

tolerance, and better NUE (Duvick, 2005). 

Higher populations reduce spacing between plants and can result in resource competition. 

Recent research conducted in Illinois compared grain yield of four populations: 94,000, 109,000, 

124,000, and 139,000 plants ha−1. (Bernhard and, Below 2020).   For each population there were 

subplots evaluating the effect of 51 cm versus 76 cm row spacing. The researchers recorded the 

highest yield (18.5 Mg ha−1) from the treatment planted on 51 cm rows at 109,000 plants ha−1 

(Bernhard and, Below 2020).  It was noted that plots with narrower row spacing exhibited more 

shoot biomass reducing crowding stress. This observation led to the conclusion that the 

phenotypic alterations that occurred in response to the closer row spacing allowed the crop to 

thrive at higher populations (Bernhard and, Below 2020).   

Double-Crop Management and Considerations 

As the demand for agricultural commodities increases, the conversation surrounding the 

integration of double-crop systems has been gaining traction. In the past, agriculturalists have 

relied heavily on cropland expansion to increase productivity (Borchers et al., 2014). Between 
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2000 and 2009, the amount of land dedicated to corn production rose by approximately 10% 

(Wallander et al., 2011). One third of the increase came from shifts in land-use from grazing, 

USDA Conservation Reserve property, and hay production (Wallander et al., 2011). Though 

farm operators have been able to successfully keep up with production needs with this method, 

the destruction of wildlife habitats and areas with high carbon reduction capacity calls its 

sustainability into question. Beyond environmental considerations, the highly unstable fertilizer 

market and unpredictability of overall input costs have farmers searching for lower input systems 

(Borchers et al., 2014). To achieve more optimized agronomic practices, a variety of 

multicropping systems have come up for consideration, including double cropping. This method 

can help to diversify producer income by allowing them to grow and harvest two crops 

successively in the same field and year (Lofton et al., 2021). Generally, summer crops are 

planted immediately following harvest of the winter crop and has been primarily achieved with 

winter wheat and soybean (Lofton et al., 2021). 

This system has not yet been widely adopted by producers in the United States. The 

contingency of increased input cost and risk with limited crop protection plans from insurance 

entities are cause for hesitation from growers (Borchers et al., 2014). As of 2012, just 2% of the 

total reported crop land is dedicated to double cropping (Borchers et al., 2014). Much of the 

existing double crop acres are concentrated in the Southeast, Midwest, and Southern Plains. This 

locational trend can be partially explained by the climate dependent nature of the system 

(Borchers and Wallander, 2014). The success of double cropping begins with a sufficient length 

of suitable growing season; this factor also dictates which crops should be included in the 

rotation. Areas where the warm season is shorter due to location are at elevated risk of yield loss 

and crop failure from the lack of growing degree days (Li et al., 2013). Another important yield 
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limiting factor in a double crop system is water availability (Lofton et al., 2021). Planting dates 

for the second crop are generally later than full season production, often approaching the hottest 

point of the season where rainfall can be limited. The field may also be depleted of existing 

water reserves in the process of finishing the first crop (Wells, Reberg-Horton, and Mirsky, 

2016). For these reasons, non-irrigated acres especially are at risk of low germination rates and 

yield loss from water stress at critical points in the life cycle of the crop (Lofton et al., 2021). 

An environmental factor that makes this system attractive is the reduction of erosion 

potential. As the soil’s exposure to the elements is limited, both water and soil volume losses can 

be reduced (Borchers et al., 2014). A study in nutrient dynamics in double crop systems revealed 

the possibility for reduced NO3–N leaching compared to full season, provided the elevated 

extraction rate of N could indicate difficulty in ensuring proper soil fertility without increased 

fertilizer application (Heggenstaller et al., 2008). Producers in Oklahoma have a climatic 

advantage to integrate crops beyond soybeans and wheat into this rotation. On average, the 

southern and eastern portions of the state experience the first freeze of the season between 

November 1 - November 11, with the latest recorded well December (Oklahoma Climatological 

Survey, 2012). These weather patterns allow for an extension of the suitable production season 

for most summer crops, allowing them to be planted later and fully reach maturity with limited to 

no impact from frost (Lofton et al., 2021). One crop that has gained much interest in the region 

for double-crop systems is corn. However, as opposed to soybean or grain sorghum in this later 

planted system, corn is planted several months after traditional full-season planting periods 

(Lofton et al., 2021). 
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Corn Management in a Double-Crop System: 

 Soybean, the most common summer crop in double-crop systems, maturity is primarily 

controlled through photoperiodism. As night-length increases, past the summer solstice, the 

transition from vegetative to reproductive growth occurs more rapidly in soybean (McWilliams 

et al, 1999) With late-June and early-July planting, which is common for double-crop systems, 

this results in a very abbreviated vegetative period compared to the reproductive period. It is 

during this vegetative period that leaves are developed that provide photosynthates to the 

developing pods (Zhang et al, 2001). When this period is shortened, a lower amount of 

reproductive structures will survive to completion and ultimately be harvested. This is a major 

contributing factor to the decreased yield potential for double-crop soybean systems compared to 

those planted during early planting periods (Hoogenboom et al, 1987) Conversely, corn 

development depends less on photoperiodism but more on heat units being accumulated 

(Daynard, 1972). Corn transitions from vegetative (V-stages) to tassel production (VT) at just 

over 1100 GDU (Coulter, 2021). From this stage corn will spend the next 28-45 days pollinating 

and developing kernels, which is the most sensitive stage for stress conditions. While most 

double-crop systems are planted as soon as the winter crop is harvested, corn double-crop 

systems will typically (in Oklahoma) postpone planting until into July (Lofton et al, 2022). This 

is due to the development of heat units and the timing of critical growth stages in the region. 

When planted earlier in the season, corn may require 50-60 days to acquire enough heat units to 

transition from vegetative to reproductive growth (Nielsen, et al., 2002) However, later planted 

corn may only require 30-35 days (Hanway, 1966). Planting immediately behind winter crop 

harvest could put this critical heat and moisture period during the hottest and typically driest time 

of year, July. However, if planting is delayed until early to mid-July, this critical stage may not 
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occur until mid-August into September July (Lofton et al, 2022). Conditions during this period 

are typically associated with cooler temperatures and more consistent rainfall patterns. However, 

because of the further delay in planting, other planting practices need to be optimized to 

minimize stress that could lead to decreased yield potential. 

Justification 

 A consistent theme among literature regarding agronomic management is the driving 

need to increase production to compensate for an exponential rate of population growth. Beyond 

the surge in mouths to feed, access to land resources suitable for crop production continues to 

diminish while input prices trend oppositely. Though input cost is expected to rise over time with 

inflation and fluctuations in demand, the last two years have seen unprecedented growth for N 

fertilizer prices especially. Even prior to the last two years, extensive work was being done with 

different cropping systems, rotations, and management practices to find ways to increase 

production. One proposed solution that has been well established across the Great Plains and 

southeastern US is double-cropping. While research in Oklahoma has proved the systems 

viability for success in this region, information regarding best management practices is mostly 

concentrated within wheat and soybean rotations. Oklahoma’s climate fosters an environment 

suitable for crops outside of the traditional rotation, extending to corn. Existing literature dictates 

that N application and seed compose the largest percentage of input cost for full season corn 

production. Though the response to these factors has been well documented for full season, little 

information is available regarding the impact of N rate and plant population on grain yield for 

double-crop. This trial has been conducted to discern any potential interactions between these 

factors for better understanding that may help determine best management practices for this 

system in Oklahoma. 
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CHAPTER II 

METHODOLOGY 

Field Experiment 

To evaluate the impact of plant population and N management on full-season and double-

crop corn systems, one field trial was established in 2020 and two in 2021. The first corn field 

trials was established at EFAW Agronomy Research Station (36°07’59”N 97°06’20”W) in 

Stillwater, Oklahoma in 2020. The corn trials were repeated at the Mingo Valley Research 

Station (35°57'49"N 95°51'44"W) in Bixby, Oklahoma, and at the Cimarron Valley Research 

Center (35°59'12"N 97°02'48"W) in Perkins, Oklahoma in 2021. Site descriptions and soil series 

by location are described in Table 1. While both the Bixby and Perkins locations had both full-

season and double-crop systems in 2021, flood conditions (Bixby) and wild hog damage 

(Perkins) resulted in the destruction of full season trials. Therefore, only double-crop system 

information is available for 2021. 

Table 1. Trial location, soil series and description.

Location Soil Series Description

Stillwater, OK Easpur

Fine-loamy, mixed, 

active, thermic Udic 

Argiustolls

Bixby, OK Wynona

Fine-silty, mixed, 

active, thermic 

Cumulic Epiaquolls

Perkins, OK Teller

Fine-loamy, mixed, 

superactive, thermic 

Fluventic Haplustolls
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Nitrogen rate (kg ha
-1

)

Plant population (plants ha
-1

)

110.0

165.0

Table 2. Plant population treatments and Nitrogen rates 

applied across all site years. 

Treatment Rate

55.0

82.0

21,000

30,000

44,000

57,000

70,000

Experimental Design 

The full-season and double-crop systems were considered two separate trials and planted 

in individual blocks, therefore data will not be statistically compared between the two systems. 

The trial was conducted with randomized complete block design. Trial plots were 7.62 m by 3.05 

m. The trial evaluated five different plant populations and four different N rates as a complete 

factorial arranged in a randomized complete block design. Each treatment was replicated four 

times at each location. Nitrogen rates and planting population are described in Table 2. 

 

Wheat was planted across both the full-season and double-crop systems. Wheat was 

planted using a FLEXII Series Grain Drill from Truax (Truax Company, Inc. New Hope, MN, 

USA). For the full-season production system, wheat was terminated in early March using 946 

mL of glyphosate (Roundup PowerMax, Bayer CropScience LLC, Netherlands) in early March. 

The corn was planted at a depth of 3.81 cm with a NG Plus 4 Series Monosem planter 

(Monosem Inc.; Edwardsville, Kansas, USA) on a T5040 New Holland Tractor (New Holland 
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Agriculture; New Holland, Pennsylvania, USA). The planter was set at 32,000 plants ha-1 on 75 

cm rows. Plant population treatments were achieved by thinning a specific number of plants row-

1 after the stand was established. The number of plants row-1 necessary to meet each treatment 

requirement was first calculated by converting plants ha-1 into plants m2-1, then divided by 

number of rows. After visually evaluating the initial spacing, plants were removed such that the 

remaining interrow stand was approximately equidistant.  The source of N fertilizer was urea, 

applied by hand at V2 once initial stands were established. Three corn cobs were collected at 

maturity from each plot to record the number of rows of kernels per cob, average number of 

kernels per row on the cob, and kernel and cob weights. The average number of kernels per row 

was calculated by visually determining the longest and shortest row of kernels and dividing by 

two. Trials were harvested mechanically using an XP9 Kincaid plot combine (Kincaid 

Equipment Manufacturing; Haven, KS, USA). Yield and moisture data was collected at harvest, 

and samples of grain were retained to grind and evaluate for seed N content using LECO 

compositional analysis. After grinding the grain and collecting the samples, wearing gloves to 

minimize the risk of contaminating the specimen with oil from skin, 0.50 g of starch was 

weighed into tin foil trays and rolled tightly into balls. Then, the samples are arranged in trays 

incorporating a rotation of corn flour and starch every ten samples for a check. The samples are 

then loaded into the LECO analysis machine, where they are subjected to dry combustion to 

ascertain grain N (%). 

Full season (FS) Trial 

 Management practices for the full season production system for corn at EFAW in 2020 is 

highlighted in Table 4.  The full season trial planted at EFAW in 2020 received a tank-mixed 

preemergent application of 17.35 kg ha-1 glyphosate (Roundup PowerMAX; Monsanto; St. 
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Louis, Missouri), 11 kg ha-1 atrazine + S-metolachlor (Charger Max ATZ; Winfield United; 

Arden Hills, MI, USA) and 0.584 kg ha-1 nonionic surfactant using an Enduraplas Land Champ 

sprayer (Enduraplas; Neche, ND, USA) on a John Deere 3320 tractor (Deere & Company; 

Moline, IA, USA). Weeds were managed chemically preseason and physically in-season. No 

other pesticides were applied, the first replication was slightly damaged shortly after silking by 

paraquat drift from a neighboring field. Three corn cobs were collected at physiological maturity 

from the two outermost rows of each plot. The middle two rows were mechanically harvested 

using an XP9 Kincaid plot combine (Kincaid Equipment Manufacturing; Haven, KS, USA). 

Yield on a per hectare basis was calculated using plot weight.  

 

Double Crop (DC) Trials 

 All DC trials were planted at 32,000 plants ha-1 with the same equipment as the FS. The 

2020 EFAW location was sprayed preemergent with an Enduraplas Land Champ Sprayer 

(Enduraplas; Neche, ND, USA) attached to a John Deere 3320 tractor (Deere & Company; 

Moline, IA, USA) at a rate of 17.35 kg ha-1 glyphosate (Roundup PowerMAX; Monsanto; St. 

Louis, Missouri, USA). Another in-season application of 11.83 kg ha-1 glyphosate (Roundup 

PowerMAX; Monsanto; St. Louis, Missouri) was made with a customized high clearance sprayer 

Table 3. Agronomic management dates for full 

season corn in Stillwater 

Date Activity 

4/7/2020 Planted full season 

4/8/2020 Preemergent applicationt 

4/21/2020 N application 

7/24/2020 Paraquat drift on replicate 1 of the trial 

8/19/2020 Collected cobs from each plot 

8/29/2020 Harvested 
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on a Case 55A tractor (Case IH; Racine, WI, USA). Both sites for 2021 were sprayed 

preemergent using the Enduraplas sprayer and John Deer 3320, with no in-season herbicide 

application. The Mingo Valley Research Station was treated with 17.35 kg ha-1 glyphosate 

(Roundup PowerMAX; Monsanto; St. Louis, Missouri), 11 kg ha-1 atrazine + S-metolachlor 

(Charger Max ATZ; Winfield United; Arden Hills, MI, USA) and 0.584 kg ha-1 nonionic 

surfactant. Research plots in Perkins were sprayed with 0.56 kg ha-1 dicamba (FeXapan; 

Winfield United; Arden hills, MI, USA).   Pesticide application was determined based on field 

monitoring with Oklahoma Cooperative Extension Services guidelines and in accordance with 

the herbicide label. Before fertilizer application, the stand was thinned to meet each plant 

population criteria. Once the corn was at physiological maturity, three cobs were taken from the 

outside rows of the plots. The two center rows were harvested using an XP9 Kincaid plot 

combine (Kincaid Equipment Manufacturing; Haven, KS, USA). Important management dates 

for the double-crop trials are found in Tables 5-7.  

 

 

 

   

 Table 4. Important DC management 

dates for 2020 Stillwater trial 

Date Activity 

6/26/2020 Planted DC corn 

6/27/2020 Herbicide application 

7/6/2020 Applied fertilizer 

7/16/2020 Thinned plants 

8/3/2020 Herbicide application 

9/30/2020 
Collected cobs from each 

plot 

11/6/2020 Harvest 
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Statistical analysis 

All analysis to determine the significant impact of N rate and plant populations on corn 

grain production was conducted using SAS 9.4 (SAS Institute Inc., Cary, North Carolina). A lack 

of significant interaction between treatments and either year or site resulted in the individual 

locations and years all being analyzed separately.  Fixed effects for the trial included plant 

population and N rate, while replication and its interactions were considered random.  Analysis 

of variance was conducted using Proc Mixed with a Tukey adjustment for means separation.  An 

 = 0.05 were used for all analysis.  

 

  

 

Table 5. Agronomic management dates for Perkins 

double-crop 

Table 6. Agronomic management dates for Perkins 

double-crop 
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CHAPTER III 

RESULTS AND DISCUSSION 

Weather and Environment 

2020 

Of interest in this study is the impact of plant population and N rate on grain yield and 

yield characteristics in double-crop corn following wheat. The intention was to have a full season 

and double-crop trial for each site year and location, though 2020 was the only year the full 

season was completed. In 2021, the trial in Perkins was decimated by wild hog damage while 

excessive rainfall in Bixby drowned out the full season test. Temperatures across locations and 

site years are consistent when considering each summer overall, especially with respect to the 

double-crop trials. However, in 2020 the daily average temperature was higher throughout the 

full season than the double-crop trial (Figure 1). Milder temperatures came during critical stages 

(VT-grain fill) for double-crop corn, but in the week prior to harvest in November it dropped 

below freezing. A rain event occurring in tandem with freezing temperatures encased the corn 

plants in thin layer of ice. Rainfall across years and locations had more variation than 

temperature. The Stillwater (dryland) location in 2020 had the most rainfall of any location and 

year with 60.4 cm accumulated from April-November (Figure 1). The double crop trial at this 

location received approximately 22% more rain than the full season. Despite that, the highest 

yield still came from the highest population in the full season. This may be a result of the 

distribution of rainfall events during critical growth stages. In the 10 days after silk emergence 
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(period which corn uses the most water), the full season accumulated 19.03 cm to 11.4 cm. 

Figure 1. Average daily temperature (TAVG) and rainfall (RAIN) in EFAW in Stillwater, OK in 

2020. 
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Figure 2. Average daily temperature (TAVG) and rainfall (RAIN) in Perkins, OK in 2021. 

(The Oklahoma Mesonet, PERK, Daily TAVG and RAIN, April 1 – November 30, 2021). 
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Figure 3. Average daily temperature (TAVG) and rainfall (RAIN) in Bixby, OK in 2021. (The 

Oklahoma Mesonet, STIL, Daily TAVG and RAIN, April 1 – November 30, 2021). 

2021 

  For 2021 data, it is important to note that the Bixby station was irrigated while Perkins 

was not. Though Perkins received more rainfall (57.25 and 44.4 cm), Bixby remained 

competitive with water amendments (Figure 2, Figure 3). The trial in Bixby outperformed 

Perkins at all populations except 30,000 and 44,000. The yields of the two high populations in 

Bixby double-crop were substantially higher than the same treatments at Perkins and Stillwater. 

This may be attributed again to the amount and timing of rainfall at tassel/silk, where Bixby and 

Perkins received 29.9 and 23.5 cm respectively. There was more water available during the 

transition from vegetative to tassel, and less time passed between silk establishment and 

substantial rain events. 

Yield Response to Plant Population 

Full-season                                                                                                                                         

In 2020, full season grain yield at EFAW increased as target plant population increased, with the 

highest yielding treatment being 70,000. However, yields of the 44,000, 57,000, and 70,000 were 
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not significantly different (Figure 4.). The 21,000 planting population achieved the lowest yield; 

however, yields were only different from 44,000 plant population and higher treatments (Figure 

4.). Similar results were produced in the High Plains by Marsalis, Angandi, and Contreras-Govea 

(2009), where yields at 56,000 plants ha-1 did not significantly differ from 70,000 and 74,000 

plants ha-1. Lower plant populations may not always be successful however, as research in 

Louisiana indicated an optimum plant population as high as 85,900 plants ha-1 (Fromme, Spivey, 

and Grichar, 2019).  This continual increase in yield with increasing temperatures would not be 

uncommon for areas or locations with high to non-limiting moisture status.  This could be shown 

in the Marsalis, Angandi, and Contreras-Govea (2010) document which had irrigation but 

watered for water limited conditions. These conditions would be more comparable to the 

environment the current trials experienced throughout the growing season.  
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Figure 4. Full season corn grain yield response as influenced by plant population in 

Stillwater, OK in 2020. 
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Like the full season at EFAW in 2020, double-crop yield significantly increased between 

21,000 and 30,000, 44,000 plant populations. However, unlike the full-season, yield did decrease 

at the highest plant population (70,000). Although not significantly different from other 

treatments, yields did decrease enough to observe no significant differences between 21,000 and 

70,000 plant populations (Figure 5). 

A similar trend to EFAW location was found at the Bixby in 2021 (Figure 6). A 

significant yield increase is observed between 21,000, 30,000, and 57,000 plants ha-1. The 

highest yield achieved at this location was 4,457 kg ha-1 at 57,000 plants ha-1.  In addition, trends 

reinforced the observation of reduced yield potential at above optimal plant populations (70,000) 

in double crop systems.  Yield at 70,000 plants ha-1was approximately 9% lower than 57,000 

plants ha-1, though there is no statistical significance associated with the difference between these 

treatments or 44,000.  

The results at Perkins in 2021 test varied from the previous tests almost entirely. Only 

one point of significance was found in the lowest population (21,000) yielding significantly 

lower than all other treatments, with no significant differences between the other treatments 

(Figure 7). The highest yielding treated was at 44,000 plants ha-1 which yielded 3,215 kg ha-1. 

This location yielded approximately 12% less than Bixby at the same treatment level. The 

highest yield recorded in Bixby (57,000) was also 39% higher than Perkins. 

At two site years, the highest plant population’s yield decreased and was not significantly 

different from the lowest plant population.  In semi-arid, dryland conditions this would not be 

unexpected and was the hypothesis for this experiment.  However, the authors do not know why 

this occurred in the double-crop but not the full-season system.  In most double-crop systems, 

higher plant populations are frequently recommended to compensate for limited biomass 
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accumulation (Lee, Egli, and TeKrony, 2008; Lofton et al., 2022).  However, the reason for this 

decrease in corn could be associated with higher stress typically associated with double-crop 

systems (Lofton et al., 2022). Therefore, this decrease, while not significant from the optimum 

planting population but also not significant from the lowest plant populations could be due to 

added or accumulated stress associated with higher populations in double-crop systems.  
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Figure 5. Double-crop corn grain yield response as influenced by plant population in 

Stillwater, OK in 2020 

 

Figure 6. Double-crop corn grain yield response as influenced by plant population in Bixby, 

OK in 2021. 
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Figure 7. Double-crop corn grain yield response as influenced by plant population in Perkins, 

OK in 2021. 

Yield Response to N Rate 

Full Season 

When considering N rate, the most significant response was observed in 2020 for both 

full-season and double-crop trials (Figure 8). In the full-season trial, a significant linear 

relationship between yield and N rate was detected when averaged across plant populations. 

Nitrogen rate accounted for nearly 33% of variation in corn grain yield and the model indicated 

in increase of approximately 225 kg ha-1 in grain yield was achieve for every additional 10 kg N 

ha-1 applied.  The linear relationship without a plateau indicated that N was limiting in this 

system and the highest N rate applied did not definitively optimize yields.  While higher N rates 

could have been applied, these N rate levels are at or above what would currently be 

recommended given the yield potential and achieved yield at this location.   
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Double-crop 

The double-crop trial in EFAW in 2020 produced similar yields as the full-season with a 

significant N rate effect.  However, a linear plateau model was able to be fit to the double-crop N 

rate effect indicating that an optimal N rate was achieved, and additional N did not further 

increase yields (Figure 9). This model indicated that below 90 kg ha-1, a 309 kg ha-1 increase in 

grain yield was achieved with every 10 kg N ha-1 applied. Above the 90 kg ha-1 critical limit, 

which corresponded to 5,744 kg ha-1 corn grain yield, no additional significant changes were 

noted.  While no statistical analysis was conducted between the full-season and double-crop 

trials, it is interesting to note the lower N rate requirement for the double-crop compared to the 

full-season trial.  Even more so, yields for the full-season and double-crop trial at 90 kg ha-1 level 

were similar, 5,597 and 5,744 kg ha-1 for the full-season and double-crop, respectively.  Similar 

findings were observed in terms of double-crop yield response in China, where an LPM was fit 

for N rate and yield data. Grain yield increased linearly with N rate until 100 kg ha-1 N was 

applied, at which point a plateau was observed and no significant yield gain occurred (Fang et 

y = 22.594x + 3563.7
r² = 0.3326
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Figure 8. Full season corn grain yield response as influenced by N rate in Stillwater, OK in 2020. 
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al., 2008). They found that reducing fertilizer rates from 300.0 to between 100.0 and 200.0 kg ha-

1 was a viable option while maintaining yield (Fang et al., 2008). Higher yield potential for full 

season corn dictated by time available for maturation and biomass accumulation could explain 

the positive linear N rate response in the full-season compared to the double crop (Harper et al., 

1997). On average, the number of days to tasseling for biomass accumulation in these systems 

are 50-80 and 30-50 days respectively (Lofton et al, 2022 and Anandhi 2016). This suggests that 

double-crop corn spends between 20-50 fewer days developing photosynthetically active stalk 

and leaf tissue. Heggenstaller, Liebman, and Anex (2009) analyzed growth rate and 

characteristics of full season and double-crop corn following triticale. The study was conducted 

by measuring aboveground dry matter and leaf area weekly and net dry matter production at 

harvest. Supporting the visual observations in this study, they recorded consistently lower LAI in 

the double-crop. Additionally, the full season spent 2-3 weeks longer with higher maximum LAI; 

further statistical analysis showed a positive relationship between duration of time at max LAI 

and total harvested dry matter (Heggenstaller, Liebman, and Anex, 2009).  

Neither Bixby (Figure 10) or Perkins (Figure 11) in 2021 revealed a significant response 

to N rate, though a mild decrease in yield as N rate increases is observed. The reduced N 

response may be a function of crop rotation history per location. At EFAW, three grass crops 

were grown successively - wheat harvested from the double-crop field was planted after grain 

sorghum. Conversely, Bixby and Perkins double-crop trials were planted after soybeans. Due to 

the overall lower yield potential of the double-crop system, having soybean in the rotation could 

have minimized the impact that the N rate treatment had on the corn yield (Lauer, Porter, and 

Oplinger, 1997). However, since the full-season trials of these two locations were either 

terminated or destroyed, the authors do not know if a higher yielding full-season trial would have 
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responded to additional N. Furthermore, excessively hot, dry conditions during a majority of the 

double-crop season decrease corn grain potential of these two locations compared to even the 

double-crop trial in 2020.  These conditions could have resulted in N not being the most limiting 

factor for production and, therefore, no significant response was observed. 
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Figure 9. Double-crop corn grain yield response as influenced by N rate in Stillwater, OK in 

2020. 

 

Figure 10. Double-crop corn grain yield response as influenced by N rate in Bixby, OK in 2021. 
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Yield Characteristics 

Full Season 

Only a single significant effect was noted for the full-season trial in 2020. The P-values 

associated with this test are listed in Table 9. For the full-season trial, kernel count significantly 

increased linearly from 21,000 through 70,000.  However, kernel count beyond 44,000 did not 

significantly increase compared to 57,000 or 70,000.   

Double-Crop 

Information regarding P-values for all double-crop trials are found in Tables 10-12. Both 

kernels row-1 and grain N were significantly influenced by plant population in the double-crop 

trial at EFAW. This location had the lowest overall average kernels row-1 of all double-crop 

trials. The best performance was observed in 30,000 plants ha-1, where the result was not 

significantly different from treatments with 44,000 or 57,000 plants. Cobs pulled from plots with 

70,000 plants had the least number of kernels row-1, though not significantly less than 21,000 and 

44,000. A negative relationship was observed between grain N (%) and plant population until 

NS

0

1,000

2,000

3,000

4,000

5,000

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0

C
o
rn

 g
ra

in
 y

ie
ld

 (
k

g
 h

a
-1

)

N Rate (kg ha-1)

Figure 11. Full season corn grain yield response as influenced by N rate in Perkins, OK in 2021. 
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57,000 plants was surpassed, though the increase at 70,000 was not significant. The highest 

concentration of N in the grain was recorded in 21,000, significantly better than all populations 

except 30,000. This treatment was significantly higher than 57,000 and 70,000 plants ha-1. 

Limited interactions were recorded for the trial in Perkins. Like other double-crop 

locations, plant population had a significant effect on kernels row-1. However, the results from 

Perkins were opposite in the performance of the highest and lowest populations. The most 

kernels were established among 70,000 plants, and the least generated from 21,000. On the high 

end, there were no significant differences recorded between 70,000, 30,000, and 44,000. 

Additionally, no statistical increase was found between 21,000, 44,000, and 57,000. 

 The Bixby double-crop in 2021 produced the most significant results as well as having 

impacts of both plant population and N rate.  For plant population, kernels row-1, cob weight, 

kernel count, and kernel weight were all significantly influenced. Nitrogen rate had fewer 

significant response with only kernel row-1 being significantly influenced. As kernel row-1 was a 

common theme throughout double-crop trials with respect to population, and again in N rate for 

Bixby, it will remain the focus of the discussion. It could also be argued that the rest of the yield 

characteristics affected at this location are determined by kernel row-1. Linear regression analysis 

of this data showed a negative, linear relationship across all populations. The model suggests a 

loss of 0.2 kernel row-1 occurred for each additional plant in the plots. This translates to 

approximately 26% less kernels row-1 at 70,000 when compared to the initial performance at 

21,000. The regression also accounts for 36% of variability in kernel number came from the 

interaction with plant population. With respect to N rate, the response was unexpected in some 

aspects. The general upward trend in kernel number as N rate increased makes sense, but there 

was an exception for 82.5 kg ha-1. This rate produced the lowest average number of kernels row-
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1.  It is also interesting that N rate had a significant impact on yield parameters but did not have a 

significant impact on yield.  Therefore, these differences could indicate just high amount of 

variability. 

 

 

 

 

Yield Component P-value (N) P-value (population)

Row cob
-1 0.673 0.126

Kernel row
-1 0.15 0.2

Cob weight (g) 0.1128 0.0552

Kernel count 0.9238 0.0181

Kernel weight (g) 0.0697 0.1621

Grain N (%) 0.234 0.239

Table 9. P-values of yield characteristics for full season  

Yield Component P-value (N) P-value (population)

Row cob
-1 0.0836 0.4093

Kernel row
-1 0.2794 0.0436

Cob weight (g) 0.514 0.756

Kernel count 0.5942 0.0857

Kernel weight (g) 0.649 0.505

Grain N (%) 0.7833 0.0138

Table 10. P-values of yield characteristics for Efaw double-

crop  

Table 7. P-values of yield characteristics for Stillwater, OK full 

season trial in 2020 

Table 8. P-values of yield characteristics for Stillwater, OK 

double-crop trial in 2020 
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Yield Component P-value (N) P-value (population)

Row cob
-1 0.626 0.474

Kernel row
-1 0.2794 0.0436

Cob weight (g) 0.221 0.526

Kernel count 0.577 0.911

Kernel weight (g) 0.307 0.136

Grain N (%) 0.458 0.952

Table 11. P-values of yield characteristics for Perkins double-

crop  

Yield Component P-value (N) P-value (population)

Row cob
-1 0.0271 0.5475

Kernel row
-1 0.0179 9.48E-10

Cob weight (g) 0.072 6.26E-12

Kernel count 0.195 4.74E-08

Kernel weight (g) 0.0864 3.42E-09

Grain N (%) 0.317 0.746

Table 12. P-values of yield characteristics for Bixby double-

crop  

Table 9. P-values of yield characteristics for Perkins, OK double-

crop trial in 2021 

Table 10. P-values of yield characteristics for Bixby, OK double-crop 

trial in 2021 
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CHAPTER IV 

CONCLUSION 

 Corn grain yield is highly susceptible to losses from water, nutrient and heat stress during 

critical growth stages. The availability of resources during this period determines the number of 

kernels per cob, which has a significant correlation with grain yield. A way to mitigate the heat 

stress risk associated with double-crop corn systems in Oklahoma is to plant as soon as 

conditions allow in July. This pushes the window of time during critical stages into milder 

temperatures and better chance of adequate rain. Focusing input application in relation to 

physiological need at critical points is one way to minimize resource losses while working to 

provide some level of return.  

 Playing a large part in the crop use efficiency of water and N, plant population provides 

further considerations for overall input management. The linear relationship found between plant 

population and grain yield only continues when resources are not limiting crop growth. There is 

no universal recommendation in terms of plant population regardless of the production system. 

Optimum achievable yield will be different on a site-by-site basis. This data supports optimum 

yield for the three sites is within a range of 44,000-57,000 plants ha-1. Exceeding this population 

reduced interrow space between plants, creating high levels of competition in a system where 

time to utilize resources is already limited.  

Like plant population, N rate application is a site-specific practice dependent on 

environmental conditions. Yield and N responses observed between the double-crop trials of
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2020 and 2021 indicate no less. Yields in Bixby and Perkins were substantially lower than 

Stillwater, declining by 1900 and 3080 kg ha-1 respectively. The authors contribute the yield 

decline to severe water stress limiting yield potential and interfering with N uptake. The field 

was planted as soon as moisture was available in July and approximately 10 cm of rain 

accumulated over the course of the vegetative cycle. Visual indicators of water stress were 

apparent early on in Perkins as leaves rolled up on young plants. This was not unexpected, and 

the harsh environmental conditions during vegetative growth reiterated the benefit of delaying 

planting in favor of critical stages. However, after the field transitioned into VT there was no 

respite from extreme heat and drought in the critical two weeks after tassel emergence, 

accumulating only 1 cm of rainfall. Despite precautions with the planting date, the high-risk 

nature of this system is revealed once more when it comes to dryland production of double-crop 

corn. Further, where corn could not assimilate N at its usual efficiency, there was more available 

for persistent weeds to utilize and compete for. This may explain the decrease in yield at high N 

rates for Bixby and Perkins. 

The overall difference in N response between the double-crop and full season trials may 

be further explained by the rapid maturation of late planted corn. Between emergence and CT, 

corn uses N to increase biomass to a larger surface area for photosynthesis. Though no leaf 

measurements were taken throughout this study, we were able to visually observe smaller leaves 

in double-crop corn compared to the full season. These findings suggest it would not be 

economical to apply N to a double-crop corn system at full season rates due to the limitations to 

biomass and yield potential with the time constraint. The N rate that performed the best among 

these tests ranged between 82.5 and 110.0 kg ha-1. 



 

35 
 

Despite rapid advancements in precision agriculture and crop technology, the threat of 

climate catastrophe, overpopulation, and volatile input markets drive the need for continual 

research into input optimization and production expansion. That effort includes understanding 

how the mechanisms behind stress factors like water and nutrient deficiency, pest pressure, and 

competition interact to effect end-of-season yield goals. Keeping these things in mind can help 

make more sound agronomic decisions, especially in the frame of a high-risk system like double-

cropping. As water and N availability are the two most limiting factors for corn grain yield, 

dryland production can be especially risky. Double-crop systems perform the best in regions 

where the growing season is extended and water is plentiful.  
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