Plant Population and Hybrid Impacts on Corn Grain and Forage Yield and Nutrient Uptake

ABSTRACT
Corn (Zea mays L.) production recommendations must be periodically evaluated to ensure that production practices remain in step with hybrid genetic improvements.  Since most of the recent increases in corn grain yield are due to increased optimum plant density and not increased per plant yield, this study was undertaken to measure the effects of plant population and hybrid on corn forage and grain yield and nutrient uptake.  Plant population (4.9, 6.2, 7.4, and 8.6 seeds m-2) and corn hybrid relative maturity (RM) [early (108 day RM); medium (114 day RM); and late (118 day RM)] combinations were evaluated in five site years under irrigated and non-irrigated conditions.  The interaction of hybrid with plant density was minimal.  The latest RM hybrid outyielded the medium and early hybrids by 550 and 1864 kg ha-1, respectively.  Grain yield was highest at 8.5 plants m-2. Total stem yield was also greatest at the highest plant density but only 340 kg ha-1 more than at 7.4 seeds m-2.  Based on grain yield response over sites, the estimated optimum population was 7.6 seeds m-2 which is 0.7 seeds m-2 higher than the current recommendation at this average yield level (11.5 Mg ha-1).  Grain nitrogen (N), phosphorus (P), and potassium (K) uptake were highest for the medium hybrid and resulted from greater nutrient concentrations and not yield.  Nutrient uptake levels varied by population with the lowest levels observed at the lowest and highest plant densities.  At 4.9 seeds m-2 this is explained by lower biomass yield.  At the 8.6 seeds m-2 rate, N and K supply may have been limiting resulting in lower overall concentrations.  

INTRODUCTION
Plant Density
Recent increases in corn yields are attributed to greater stress tolerance of modern hybrids, especially stress from interplant competition (Tokatlidis and Koutroubas, 2004).  Most of the increase in yield per unit area has been the result of increased optimum plant population and not increased grain yield per plant.  This is the result of more efficient capture and use of resources such as water, sunlight and nutrients.  Modern hybrids have greater leaf longevity, more efficient root systems, and greater assimilate supply available for translocation to developing grain (Tollenaar and Wu, 1999).  

While relative corn grain yield levels have varied by environment, researchers have recently reported maximum yields at or near the highest studied populations in a number of locations (Nafziger, 1994; Staggenborg et al., 1999; Stanger and Lauer, 2006; Thomison and Jordan, 1995; Widdicombe and Thelen, 2002) and not the parabolic relationship previously reported (Alessi and Power, 1974; Karlen and Camp, 1985).  On sandy, coastal plain soils Karlen and Camp (1985) found that increasing plant density from 7 to approximately 10 plants m-2 resulted in yield decreases unless supplemental irrigation was applied.  Recent research in the mid-Atlantic evaluating the effect of row spacing and population found a significant interaction of these factors in only one of 28 instances (Kratochvil and Taylor, 2005).  However under relatively high-yielding environmental conditions (9.5 Mg ha-1), grain yields did not decrease in response to high plant densities until the threshold of 10 plants m-2 was passed.   
Total corn biomass, measured as silage yield, has been shown to be influenced by plant density in New York, USA, where maximum economic forage yield was calculated to occur at 9.8 plants m-2 (Cox et al., 1998).  These authors found no interaction of row spacing and plant population for forage yield.  
South Carolina research reported that at a plant density of approximately 7 plants m-2, leaf area index (LAI) averaged 4.3 and increased to 5.9 when population was increased to 10 plants m-2 (Karlen and Camp, 1985).  These authors concluded that there was no net advantage to the higher LAI at the higher population since the threshold level of 3.5 to 4.5 (Eik and Hanway, 1966) was reached with the lower population.   
Harvest index (HI) is known to decrease with increased plant density, especially when plant density is above that required for maximum yield (Center and Camper, 1973; DeLoughery and Crookston, 1979).  Recent research has found this to be the result of increasing barrenness at higher densities (Tollenaar et al., 2006).  Kiniry and Echarte (2005) report a general response of HI to plant density.  Reviewing four recently published studies, HI remained constant when plant density was less than 10 plants-2, but above this threshold, HI decreased at a rate of -0.012 units per plants m-2.  

Nutrient concentration is generally held to be independent on plant density whether for grain (Ottman and Welch, 1989; Overman et al., 2006) or forage (Hoff and Mederski, 1960).  However increasing plant density through narrower rows has decreased grain N concentration (Stickler, 1964).  In instances where plant populations are insufficient to use all applied nitrogen, N concentration in grain and forage rises with increased N rates, but at appropriate populations, higher N rates were used effectively (Jordan et al., 1950)
Hybrids
In a corn forage study, Cox et al. (1998) studied eight hybrids with a range in RM of 100 to 112 days across a range of plant populations and found that while there were yield differences among hybrids, interactions with population were uncommon.  Deloughery and Crookston (1979) report that HI decreased with RM (75 day to 130 days for ten hybrids) but only with environmental stress.  

Nutrient concentration is known to vary widely among corn hybrids and is highly dependent on environment (Ferguson et al., 1991; Heckman et al., 2003; Schenk and Barber, 1980).  Average reported values corn grain and 12.9, 3.8, and 4.8 g kg-1 of N, P, and K, respectively (Heckman et al., 2003).
In row spacing by plant density studies in Indiana, hybrid RM differences had little effect on grain yield, but greater stalk breakage was noted for one hybrid (Neilsen, 1988).  Nafziger (1994) also found no hybrid by plant density interactions for two hybrids.  In an eastern Corn Belt study of plant population and corn hybrid prolificacy it was concluded that environment, genetics, and plant population main effects were more important to optimum grain yield than the hybrid by population interaction (Thomison and Jordan, 1995).  In eastern Nebraska, a later RM hybrid was found to produce greater forage yield while the earlier hybrid had higher grain yield (Alessi and Power, 1974)).  Neither forage or grain yield by RM interacted significantly with plant density.  Conversely, recent Michigan research found significant interactions for plant density and hybrid for grain yield and moisture of six hybrids (Widdicombe and Thelen, 2002).  In spite of the fact that the majority of published studies report no, or occasional, RM by plant populations interactions, many growers and practitioners believe this to be the case.  The objectives of this research were to examine the effect of plant density and corn hybrids of different RM on corn biomass and grain yields and nutrient uptake.  
MATERIALS AND METHODS


Small plot field studies were conducted in 2005 near Blacksburg, VA (37( 12’ N, 80( 34’ W) on a Hayter loam (fine loamy, mixed, active, mesic Ultic Hapludalf) and Mt Holly, VA (38( 5’ N, 76( 43’ W) on a State fine sandy loam (fine loamy, mixed, semiactive, thermic, Typic Hapludalf) and in 2006 at Mt. Holly.  The Blacksburg site was non-irrigated while trials were conducted under both irrigated and non-irrigated conditions at Mt. Holly.  Experimental design was a randomized complete block with a split plot arrangement of treatments and four replications.  Main plots were plant population (4.9, 6.2, 7.4, and 8.6 seeds m-2) and subplots were corn hybrid relative maturity [early – Pioneer® Brand ‘34B97’ (108 day RM); medium – Pioneer® Brand ‘33M54’ (114 day RM); and late – Pioneer® Brand ‘31G66’ (118 day RM)].  Planting dates and agronomic information for the five site years are listed in Table 1.  Plots were planted with a Wintersteiger 2600 vacuum plot planter (Wintersteiger Inc., Salt Lake City, UT) and were four, 76-cm rows wide by 8 m long.  In all cases the previous crop was soybean at Mt. Holly trials and corn at the Blacksburg site.  Starter fertilizer at a rate of 43 kg N ha-1 and 5 kg P ha-1 was applied 5 cm below and 5 cm to the side of the seed at planting.  Total N rates in 2005 were 263, 190, and 170 kg N ha-1 at Mt. Holly irrigated, Mt. Holly non-irrigated, and Blacksburg, respectively.  Total N applied in 2006 was 252 kg ha-1 at the irrigated Mt. Holly site and 180 kg N ha-1 for the non-irrigated site.  Phosphorus and K were broadcast prior to planting at rates indicated by Virginia Tech soil test recommendations (Donohue and Heckendorn, 1994).  Planting, emergence, and harvest dates as well as weather information were collected at all locations (Table 1).  Weather information was gathered using Watchdog™ (Spectrum Technologies Inc. Plainfield, Illinois) weather stations at each site.  

Aboveground biomass was hand harvested from each plot at the R6 developmental stages (Ritchie et al., 1992).  A total of five consecutive plants in the outer two rows were harvested at soil level.  Total plant biomass as well as stem, leaf, and reproductive biomass dry matter were determined by separating the components and drying them to a constant weight in a forced-air oven at 60° C.  Biomass yield (kg ha-1) was calculated as the product of individual plant weight and measured plant population.  

Stem and leaf tissue and grain from the R6 sampling date were ground to pass a 1-mm screen.  Total carbon and N concentration for each sample was determined via a LECO Tru-Spec® CHN dry combustion analyzer (LECO Corporation, St. Joseph, MI).  Samples were digested using HNO3/HClO4 acid solution.  Phosphorus (P) concentration was determined colorimetrically (Kuo, 1996) and K concentration determined by atomic absorption spectroscopy (Helmke and Sparks, 1996).   Nitrogen, P, and K uptake for grain  and forage (stem and leaf ) was calculated as the product of biomass yield of the respective plant component and nutrient concentration (%) within each component.  


Grain was harvested from the center two rows from each plot using a Massey Ferguson 8XP plot combine.  Plot weight, grain moisture, and test weight were determined using a Graingage™ system (Juniper Systems, Logan, UT).  Grain yield from all trials is reported at 155 g kg-1 moisture.  Harvest index (HI) was calculated by dividing grain yield by total plant biomass. 

Statistical analysis was performed using the GLM procedure available from SAS (SAS Inst., 2004).  Due to interaction effects of treatments across years and locations, data from each site year were analyzed and presented separately.  Mean comparisons using a protected LSD test were made to separate RM and plant population effects where F-tests indicated that significant differences existed (P<0.10).  Regression was applied to evaluate plant density impacts on grain and forage yield and nutrient uptake across sites.  
RESULTS AND DISCUSSION

Blacksburg 2005
Leaf yield was influenced by both plant density and corn hybrid (Table 2).  As population increased from 4.9 to 8.6 seeds m-2 leaf weight increased in a linear manner (526 kg ha-1) but then decreased at the highest population.  The medium maturity hybrid had the greatest final leaf weight.  Grain yield was more than 2600 kg ha-1 lower for the early maturity hybrid than for the other two entries (Table 2).  This is a river bottom site typified by foggy, hazy mornings and relative cool nights.  Because of the relatively cooler night time temperatures, longer season hybrids typically offer a yield advantage.  Similar to the trends observed for leaf yield, increasing plant population up to 7.4 seeds m-2 resulted in increased grain N and P uptake but with the further increase in plant population to 8.6 seeds m-2 a decrease in uptake of 51 kg N and 12 kg P ha-1 was observed (Table 2).  Leaf+stem K uptake was higher at 7.4 seeds m-2 than at any other population.  
Mt. Holly Non-Irrigated 2005


Total stem, leaf, and grain yield was significantly lower for the early season hybrid at this site (Table 3).   Later maturing hybrids often accumulate more leaf and stem biomass and thus more nutrients and carbohydrates that can be translocated to the grain after anthesis.  This allows more total assimilate to be available for grain production in these longer season hybrids.  Total grain N uptake was 31 kg ha-1 greater for the medium maturity than for the early hybrid, again similar to the results observed for plant growth parameters (Table 3).  There was a significant interaction of population and relative maturity for leaf+stem N uptake at this site, however main effects are still presented for the sake of consistency.  This was the only instance that an interaction occurred for any of the investigated variables and in this case was due to low uptake levels associated with the lowest population.
Mt Holly Irrigated 2005

Stem yield again exhibited a quadratic response to plant population with the highest yield of 11,482 kg ha-1 reached at a population of 7.4 seeds m-2 (Table 4).  The early hybrid had approximately 700 kg ha-1 less stem dry weight than the medium or late hybrids.  Total leaf dry matter was higher at the two higher population treatments compared to the lower populations (average of 3611 versus 2689 kg ha-1) (Table 4).  Leaf mass was again lowest for the early hybrid.  Grain yield was lowest (13,713 kg ha-1) for the lowest population and was increased by 1,400 kg ha-1 by increasing population to 6.2 seeds m-2.  Grain P and K uptake were also lowest for the lowest population density at this site (Table 4).
Mt Holly Non-Irrigated 2006


Stem yield was lower at 6.2 seeds m-2 (6150 kg ha-1) than at the 4.9 or 8.6 seed m-2 rates but was not different from 7.4 seeds m-2 (Table 5).  The late maturity hybrid produced greater stem biomass yield than either of the others, probably due to the expected longer vegetative growth period.  A linear increase of leaf yield in response to plant density was observed at this site.  Leaf yield increased at a rate of nearly 300 kg ha-1 for each additional plant m-2 (Table 5).  A similar trend was observed in response to increasing relative maturity with the greatest leaf yield of 2961 kg ha-1 associated with the late hybrid.  This was the only site year in which HI was impacted by treatment.  Harvest index was significantly lower at 4.9 seeds m-2 than at other densities, probably due to the high relative stem yield (8135 kg ha-1) in this treatment (Table 5).  The late hybrid had the lowest HI of 0.301.  Significant differences are the result of greater leaf yield at similar a grain yield.  Grain P and K uptake were lowest at 6.2 seeds m-2 and highest at the 7.4 seeds m-2 density.  
Mt Holly Irrigated 2006


Stem yield was lower for the medium RM hybrid compared to the late hybrid but was similar to the early hybrid (Table 6).  Leaf yield was 874 kg ha-1 greater at the 8.6 seeds m-2 density than at 4.9 seeds m-2, but no differences were observed among the other treatments.  Leaf biomass yield increased by 429 kg ha-1 for the medium versus the early hybrid and 480 kg ha-1 for the late versus the medium hybrid (Table 6).  Grain N uptake was significantly lower at 8.6 seeds m-2 which might indicate a deficiency at this high plant density.  The lowest observed grain N uptake (135 kg ha-1) was associated with the late maturity hybrid while there were no other differences by maturity.  Conversely, stem+leaf N uptake was highest in the late hybrid and lowest (59 kg ha-1) for the medium hybrid.  Grain P uptake was least at 4.9 seeds m-2 and this corresponds to the numerically lowest grain yield.  The late RM hybrid also had slightly lower grain P uptake than the others.  Grain K uptake was lowest at 4.9 seeds m-2 (35 kg K ha-1) and again is explained mostly by the lower numerical yield for this treatment. Similar grain K uptake was noted between the early and late hybrids with significantly more (4 kg ha‑1) K taken up by the medium hybrid.

Plant population effects on yield and nutrient uptake


Overall, grain yield increased in a quadratic manner with increasing plant density (Figure 1) and while the rate of increase was declining, the yield was greatest at the highest plant density.  The impact of plant density in these studies is similar to that reported by Kratochvil and Taylor (2005) and Widdicombe and Thelen (2002) (approximately 300 kg ha-1 increase for each seed m-2) and more than that reported by others (Farnham, 2001; Karlen and Camp, 1985).  This may be due to the ability of the specific hybrids chosen to compensate with larger ears in response to less interplant competition.  The growing environment was also favorable in all years of this study and so plant to plant competition for water may have been less a factor than would be seen in many instances.  Stem and leaf yield also generally increased with increasing plant density (Figure 1).  Grain N uptake increased incrementally up to 7.4 seeds m-2 but decreased in the last increment (Figure 2).  This same trend was evident in forage N and K uptake (Figure 3) and may be the result of nutrient limitations at these high plant densities since yield was still increased.  Grain P and K uptake were similar across the range of densities at 38 and 42 kg ha-1, respectively.  Leaf+stem P uptake was also essentially the same (17 kg P ha-1) across plant densities (Figure 3).  
CONCLUSIONS


 Grain yield was highest at the highest plant density with a total advantage of 1141 kg ha-1 over the 4.9 seeds m-2 treatment.  The late hybrid outyielded the medium and early hybrids by 550 and 1864 kg ha-1, respectively.   Total stem yield was also greatest at the highest plant density but only 340 kg ha-1 more than at 7.4 seeds m-2.  Overall results for leaf yields were similar to those for stem yield.  Solving for the optimum population based on the quadratic model for grain yield results in an estimated optimum of 7.6 seeds m-2.  This is slightly higher than the current recommendation of 6.9 seeds m-2 that would be recommended for this average yield level (11.5 Mg ha-1).  
Harvest index was generally unaffected by treatment in these studies.  This is not surprising given the findings of  Kiniry et al. (2005) who report a basically constant HI with plant densities below 10 plants m-2, at which point HI begins to decrease at a rate of -0.012 units per plant m-2 increase.
Grain N, P, and K uptake was highest for the medium RM hybrid.  Since grain yield for this hybrid was not the highest, these uptake values result from greater nutrient concentrations in the grain.  Leaf+stem N uptake for this medium hybrid was the lowest of the three but K uptake was highest.  Nutrient uptake levels varied somewhat by population with the lowest levels observed at the lowest and highest plant densities.  At 4.9 seeds m-2 this is explained by generally lower biomass yield.  At the 8.6 seeds m-2 rate, N and K may have been limiting resulting in lower overall concentrations in tissue.  
While numerous studies over the years have investigated the effect of plant population and hybrid characteristics on yield, recent increases in corn hybrid stress tolerance and standability make revisiting these basic studies worthwhile.  Based on results from these studies, plant density recommendations at these high yield levels may need to be revised upwards.  Correspondingly, recommended N and K nutrient levels should be evaluated to ensure that adequate but not excessive supplies are available.  To meet the needs of plant densities this high, fertilizer rates may well need to increase concomitantly.  

Table 1.  Production practices, sampling dates, and environmental conditions, 2005-2006.

[image: image9.emf]y = -5.3935x

2

+ 80.539x - 109.72

R

2

= 0.7944

y = -1.9127x

2

+ 25.608x - 5.9771

R

2

= 0.3843

y = 0.002x

2

- 0.2181x + 18.334

R

2

= 0.3628

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10

Plant Density, plants m

-2

Leaf+stem

Nutrient Uptake, kg ha

-

1

N

P

K

y = -5.3935x

2

+ 80.539x - 109.72

R

2

= 0.7944

y = -1.9127x

2

+ 25.608x - 5.9771

R

2

= 0.3843

y = 0.002x

2

- 0.2181x + 18.334

R

2

= 0.3628

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10

Plant Density, plants m

-2

Leaf+stem

Nutrient Uptake, kg ha

-

1

N

P

K


Table 2. Analysis of variance and means for stem, leaf and grain yield, harvest index, and N, P and K uptake in response to plant population and relative maturity, Blacksburg, 2005
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Table 3. Analysis of variance and means for stem, leaf and grain yield, harvest index, and N, P and K uptake in response to plant population and relative maturity, Mt Holly Non-Irrigated, 2005
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Table 4. Analysis of variance and means for stem, leaf and grain yield, harvest index, and N, P and K uptake in response to plant population and relative maturity, Mt Holly Irrigated, 2005
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Table 5. Analysis of variance and means for stem, leaf and grain yield, harvest index, and N, P and K uptake in response to plant population and relative maturity, Mt Holly Non-Irrigated, 2006.
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Table 6. Analysis of variance and means for stem, leaf and grain yield, harvest index, and N, P and K uptake in response to plant population and relative maturity, Mt Holly Irrigated, 2006.
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Figure 1.  Average grain, stem, and leaf yield as affected by plant density.  
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Figure 2.  Grain N, P, and K uptake as affected by plant density.
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Figure 3.  Leaf+stem N, P, and K uptake as affected by plant density.
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