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Identifying the optimum resolution where differences in corn (Zea mays L.) grain yields
are detectable could theoretically improve nitrogen (N) management, thereby resulting
in economic and environmental benefits for producers and the public at large. The
objective of this study was to determine the optimum resolution for prediction of corn
grain yield using indirect sensor measurements. Corn rows, 15-30 m long, were
randomly selected at three locations where the exact location of each plant was
determined. In 2005 and 2006, four of eight rows at each location were fertilized with
150 kg N ha~! as urea ammonium nitrate (28% N). A GreenSeeker™ optical sensor
was used to determine average Normalized Difference Vegetation Index (NDVI) across
a range of plants and over fixed distances (20, 40, 45.7, 60, 80, 91.4, 100, 120, 140, 160,
180, 200, 220, and 240 cm). Individual corn plants were harvested and grain yield was
determined. Correlation of corn grain yield versus NDVI was evaluated over both
increasing distances and increasing number of corn plants. Then, the squared
correlation coefficients (ro.”) from each plot (used as data) were fitted to a linear
plateau model for each resolution treatment (fixed distance and number of corn plants).
The linear-plateau model coefficient of determination (rlpz) was maximized when
averaged over every four plants in 2004 and 2006, and over 11 plants in 2005. Likewise,
rlpz was maximized at a fixed distance of 95, 141, and 87 cm in 2004, 2005, and 2006,
respectively. Averaged over sites and years, results from this study suggest that in order
to treat spatial variability at the correct scale, the linear fixed distances should likely
be <87 cm or <4 plants as an optimum resolution for detecting early-season
differences in yield potential and making management decisions based on this
resolution.

Keywords: corn; resolution; nitrogen; Normalized Difference Vegetation Index (NDVI);
correlation coefficient; coefficient of determination

Introduction

In 2003, farmers in the United States grew 38% (US Grain Council 2003) of the
world’s corn (FAO [Food and Agriculture Organization of the United Nations] 2004).
Corn, being one of the most important crops used by man, should be produced efficiently
to supply the needs of the world’s increasing population, which is projected to reach
7.5 billion by 2020 (FAO 2004). One of the inputs that needs to be better managed to
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increase efficiency and reduce the risk to the environment is nitrogen (N), which is the
main nutrient needed for growth and development of plant tissues and yield (Chung et al.
1999; Washmon et al. 2002).

Farmers often apply large amounts of N fertilizer to avoid deficiencies. In the entire
world, about 85.0 million metric tons of N fertilizer was consumed in 2002 (FAO 2002),
and 84.0 million metric tons of N in 2005 (FAO 2005). Of this, approximately 60% of the
total is applied for cereal production. Some 67% of the N fertilizer applied for cereal
production is lost (Raun and Johnson 1999) which leads to increased production costs,
increased environmental and human risk (Sharpe et al. 1988), and poor N use efficiency
(NUE) (Sowers et al. 1994). Many researchers reported that excessive preplant fertilizer N
application has resulted in loss of N through several routes including immobilization,
volatilization, leaching, and denitirification, significantly affecting NUE (Olson and
Shallow 1984; Lutcher and Mahler 1988; Fowler and Brydon 1989; Wuest and Cassman
1992; Welch et al. 1996). Similarly, under N fertilization resulted in lower corn yields
(Derby et al. 2004). However, application of N fertilizer as per the corn crop requirement
in specific areas within a field resulted in increased yield and decreased contamination
(Dinnes et al. 2002; Doerge 2002).

Huggins and Pan (1993) noted that among the benefits of increasing NUE are
decreasing environmental degradation and human risk, and increasing profit in crop
production by reducing N fertilizer input. Researchers are developing N management
strategies that can replace or augment the conventional method of N fertilization. Remote
sensing, which is a low cost, non-destructive, light reflectance-based technology (Mulla
and Schepers 1997) can be used to estimate the N status of growing crops in the field
during the growing season (Osborne et al. 2002).

Light reflectance near 550 nm (green) can be used to monitor N deficiencies of corn
(Blackmer et al. 1994). Blackmer et al. (1996) found that N treatments in irrigated corn
canopies could be easily discriminated in the 550-900 nm band. Stone et al. (1996), on
the other hand, reported that the total N of winter wheat plants could be evaluated
between 671 nm and 780 nm wavelengths. Remote sensing has been used to evaluate
other nutrient deficiencies such as P concentrations of soybean [Glycine max (L.) Merr.]
(Milton et al. 1991), S, Mg, K, P and Ca of corn leaves (Al-Abbas et al. 1974), Fe, S,
Mg, and Mn in corn, wheat, barley (Hordeum vulgare L.), and sunflower (Helianthus
annuus L.) (Masoni et al. 1996) and P uptake of bermudagrass [Cynodon dactylon (L.)
Pers.] (Sembiring et al. 1998). Reflectance, the ratio of incoming to reflected radiance,
can be used to estimate total N and chlorophyll content of fresh plant samples (Yoder
and Pettigrew-Crosby 1995). Raun et al. (2001) showed that mid-season sensor
reflectance measurements could be used to predict yield potential of winter wheat
(measured between Feekes growth stages 4 and 6). One of the commonly used
reflectance indices, the Normalized Difference Vegetation Index (NDVI) which is the
ratio of red and near infrared reflectance (Knipling 1970) has been well researched for
site-specific N management in several crops including corn (Lukina et al. 2001; Raun
et al. 2002; Hong et al. 2006; Martin et al. 2007).

It is important to determine at which scale to sense and treat the variation existing in
the field that will result in a more precise yield prediction and improved NUE. Raun et al.
(1998) noted that misapplication for a specific field element size identified (where yield
potential differences exist) could pose a risk to the environment and revenues. In wheat,
Solie et al. (1996) stated that the optimum field element size provides the most
precise measure of the available nutrient where the level of that nutrient changes with
distance. They suggested that the field element size should have an 80-140 cm range.
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Nitrogen deficiency of wheat (Triticum aestivum L.) and bermudagrass (Cynodon dactylon
L.) was found to occur in areas less than 100 x 100 cm (Stone et al. 1996). Moreover,
Solie et al. (1996) suggested that N fertilizer needs to be placed in each 150 x 150 cm area.
In corn, few studies have attempted to assess the optimum resolution of N management
using optical sensing techniques. Using a remotely sensed vegetation index, Zhang et al.
(1999) found that a 9-12 m resolution optimized r*> between NDVI and corn grain yield.
The resolution set by Zhang et al. (1999) tended to ignore variability that can occur among
plants in a small area. Past research showed that plant-to-plant variability in corn grain
yield can be expected and averaged more than 2765 kg ha ' over sites and years (Martin
et al. 2005). To date, there is no research work on potential yield prediction of corn using
different resolutions. Therefore, this study was designed to accurately determine the
resolution where grain yield potential of corn could be predicted. The objective of this
study was to determine the optimum resolution for predicting corn grain yield using
optical sensor measurements.

Materials and methods

Three locations in Oklahoma were used for a three-year (2004-2006) study. The sites
included Efaw near Stillwater (Norge silt loam: fine silty, mixed, active, thermic Udic
Paleustolls), Lake Carl Blackwell (Pulaski fine sandy loam: coarse-loamy, mixed,
superactive, non-acid, thermic, Udic Ustifluvent) and Hennessey (Shellabarger fine
sandy loam: fine-loamy, mixed, superacitve, mesic, thermic Udic Argiustoll),
Oklahoma. Composite soil samples were taken from the entire site, 0-15 cm deep,
air-dried, processed and analyzed for pH, NH4-N, NO3-N, phosphorus and potassium,
and reported in Table 1. The Lake Carl Blackwell site has been irrigated since 2004.
The Efaw site is rainfed with custom made supplemental irrigation when rainfall was
not available for extended periods while the Hennessey site was purely rainfed where
rainfall is generally the limiting factor for optimum corn growth. Due to this
limitation, the experiment was conducted at this site only in 2004. The experimental
plots were conventionally tilled in the fall and harrowed before planting in early spring.
The corn hybrid ‘33B51” (Pioneer Hi-Bred International Inc., Johnston, IA, USA) was
planted at all sites in late March or early April using a John Deere ‘MaxEmerge’
planter. Plant populations were 79,000 plants ha ~'at Lake Carl Blackwell and 54,000
plants ha~! at Efaw and Hennessey.

In 2004, four rows, 30 m in length were randomly selected at each of the three locations.
In 2005 and 2006, eight rows, 15 m in length were selected at Efaw and Lake Carl
Blackwell. Four of the eight rows were fertilized at the V6 growth stage with 150 kg N ha ™'
as urea ammonium nitrate (28% N) while the other half received no fertilizer.

Table 1. Soil chemical properties determined prior to experiment from initial surface soil samples
(0—15 cm) at three locations, Oklahoma, USA.

NH4-N NO;-N P K
Site pH mg kg ™!
Efaw 5.9 13.9 3.7 20 90
LCB 5.6 28.4 4.4 45 144
Hennessey 4.8 24 5 100 -
LCB: Lake Carl Blackwell pH - 1:1 soil:water; K and P - Mehlich III; NH4-N and NOs-N - 2M KCI # critical

plant number exceeded data boundary.
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The distance from the beginning of the row to the center of each plant was measured
and recorded along with the row number and plant number for identification. The area
that each plant occupied was determined by knowing the distance to and from its nearest
neighbor (Equation (1), Martin et al 2005).

Area (cm?) = R * [(0.5 % AB) + (0.5  BC)] (1)

where: A is the plant before the plant in question; B is the plant in question; C is the plant
following the plant in question; AB is the distance from A to B in cm; BC is the distance
from B to C in cm; and R is fixed row spacing in cm.

Normalized difference vegetation index measurements were collected using a Green-
Seeker ™ Optical Sensor Unit (NTech Industries, Inc.). However, for this research, the
sensor was developed to collect NDVI as a function of distance with a conventional bicycle
as the building framework. An adjustable pole was installed on the bicycle that extended
vertically up to 200 cm. The sensor was installed on a horizontal bar protruding 38.1 cm
from the adjustable pole (Figure 1). The sensor height, which was adjustable, was held
constant at 92 cm from the top of the crop canopy when measuring NDVI in each row
(Figure 1). A shaft encoder installed on the back tire of the bicycle was used to collect a
consistent number of pulses for each revolution of the wheel. This allowed calculating the
distance traveled between each pulse and determine the exact position of each sensor
reading.

When the sensor began to measure NDVI with distance, a dull white cardboard strip
was placed on the ground at the exact beginning and end of each row. The NDVI value
measured by the sensor when it looked at this cardboard was close to ‘0’. The NDVI
values over the soil surface or plant material were all greater than 0.20. Thus, the dull

Figure 1. Framework for the bicycle and the adjustable pole that holds the sensor parallel and
directly above the corn row. The shaft encoder is used to determine the distance at which NDVTI is
recorded is shown on the rear tyre of the bicycle.
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white cardboard strip was used to identify the exact beginning and ending point in
each row. Subsequently, NDVI measurements were averaged for each plant using
half the distance to and from the neighboring plants within the row as described in
Equation (1).

Normalized Difference Vegetation Index was measured over pre-determined distances
of 20 (0.66), 40 (1.31), 45.7 (1), 60 (1.97), 80 (2.63), 91.4 (3), 100 (3.28), 120 (3.97), 140
(4.59), 160 (5.25), 180 (5.91), 200 (6.56), and 240 (7.87) cm (ft) within each row (Table 2).
Simultaneously, the number of corn plants within the set distances was recorded. The
number of corn plants and distances measured were used to determine the resolution
required for treating spatial variability, and to estimate yield potential.

At physiological maturity of corn, each plant was cut just above the soil surface and
weighed. Then, the ear from each plant was shucked and weighed. The wet ears and stalks
were dried in a forced air oven at 66°C for 48 h and passed through a hand turned
‘NeverFail’ (Root-Health MFG. CO., Plymouth, USA) corn sheller. The grain from each
ear was weighed for dry weight to calculate grain yield. Preliminary data analysis was
performed using SAS (SAS 2003) statistical software. Normalized Difference Vegetation
Index recorded over each of the fixed distances and the number of corn plants within the
set distances was plotted against corresponding grain yield of each row (n = 24 for each
plot). Then r..> from each plot (used as data) were fitted to a linear plateau model (Nelson

Table 2. Planting dates, harvest dates, and growth stages for resolution determination study at
Efaw, Hennessey and Lake Carl Blackwell, OK, USA, from 2004-2006.

Location Growth Stage Planting Date Sensing Date Harvest Date
2004
Efaw V8 7/4/04 26/5/04 25/8/04
Hennessy V8 27/4/04 16/6/04 13/9/04
LCB V8 3/4/04 28/5/04 2/8/04
2005
Efaw Vo6 7/4/05 19/5/05 1/8/05 (rows 1-3)
26/8/05 (rows 4-8)
LCB V6 12/4/05 23/5/05 8/9/05 (rows 1-2)
20/9/05 (rows 3-8)
Efaw V8 7/4/05 27/5/05 1/8/05 (rows 1-3)
26/8/05 (rows 4-8)
LCB V8 12/4/05 27/5/05 8/9/05 (rows 1-2)
20/9/05 (rows 3-8)
Efaw V10 7/4/05 2/6/05 1/8/05 (rows 1-3)
26/8/05 (rows 4-8)
LCB V10 12/4/05 2/6/05 8/9/05 (rows 1-2)
20/9/05 (rows 3-8)
2006
Efaw Vo6 30/3/06 19/5/06 24/8/06
LCB V6 31/3/06 (rows 5-8) 22/5/06 (rows 1-4) 14/8/06
11/4/06 (rows 1-4) 17/5/06 (rows 5-8)
Efaw V8 30/3/06 24/5/06 24/8/06
LCB V8 31/3/06 (rows 5-8) 29/5/06 (rows 1-4) 14/8/06
11/4/06 (rows 1-4) 22/5/06 (rows 5-8)
Efaw V10 30/3/06 2/6/06 24/8/06
LCB V10 31/3/06 (rows 5-8) 5/6/06 (rows 1-4) 14/8/06
11/4/06 (rows 1-4) 29/5/06 (rows 5-8) 14/8/06
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et al. 1985) for each resolution treatment (fixed distance and number of corn plants) using
the non-linear (NLIN) procedure in SAS. The linear plateau model was:

Y =B, + BiX if X < Xo[2]
Y=p if X> X3

where: Y is re.”, fo is the intercept (r.. when X = 0); f; is the coefficient of the linear plateau
phase of the model; X is the number of corn plants or fixed distance (cm); X, denotes the
critical number of corn plants or fixed distance at which the maximum r..> was achieved (p).

Results and discussion

The variation in optimum resolution determined from the number of corn plants was very
high across years, locations and corn growth stages. The linear-plateau model (the number
of corn plants as a predictor) captured a significant (p < 0.05) portion of the variability in
r..’s (dependent variable) for most (85%) of the year-location-stage models with rlpz
values ranging 0.40-0.95 (Table 3). Some 62% of the year-location-stage models had
rp° > 0.65.

Averaged over years, locations and stages, the number of corn plants where r1p2 values
were maximized (NDVI versus yield) was every 7 plants (Table 3). The median value (6-
plant) was also close to the average. It is important to note that the range in the number of
plants that represented the optimum resolution was wide (from 2—15 plants), suggesting a
highly variable joint (critical number of corn plants) using the r..> data.

In 2004, a higher resolution (four plants) was observed (small number of plants) when
averaged over locations. The lowest resolution was five plants while the highest resolution
was two plants. In this year, measurements were taken only at the V8 corn growth stage at
the three locations (Table 3). The difference in the number of corn plants set as critical (the
joint of each model) for this year were not different partly attributed to collecting data
only at one stage. A lower resolution was obtained in 2005 (715 plants) with an average
of 11 plants. In general, results from 2004 and 2006 were lower, averaging four plants. The
best resolution was two plants while the worst was six plants, less than the smallest
resolution of seven plants in 2005. It could be that the resolution where yield potential
could best be predicted when stress was less, and more plants were present (2005), whereas
less plants when increased stress was present (2004 and 2006). The differences between
individual plants will likely be exacerbated when moisture stress occurs, and less
pronounced under non-limiting conditions, possibly explaining these results.

A closer examination of the joint by year, location and corn growth stage showed that
in 2005 at Efaw a higher resolution was obtained for r.°s derived from NDVI
measurements taken at V6 growth stage while at the V8 and V10 growth stages a relatively
lower resolution was determined from each model. In 2006, almost the same resolution (2—
2.5 plants) was determined across growth stages although the resolution was slightly lower
at V10. At Lake Carl Blackwell at V6 in 2005 and at V8 in 2006, the linear-plateau model
failed to converge. For the other stages, resolution did not change as the growth stages in
which the r..> of NDVI measurements were taken progressed. In general, the variability of
the resolution determined using corn plants in a row was more pronounced across years
and locations but not growth stages. This suggests that the number of corn plants that
could theoretically be used for making management decisions based on yield potential
could be implemented between V8 to V10 corn growth stages. Linear-plateau models were
best when fitted for each year and location. It should however, be noted that management
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decisions at resolutions greater than 15 plants will likely ignore detectable differences in
grain yield. In general, when plant populations were low, the resolution at which yield
potential was best recognized included less plants, especially at early stages of growth.
Alternatively, when plant populations were high, the resolution where yield potential
could be best predicted required more plants.

The use of distance to determine resolution was better than when using the number of
corn plants when looking at the r1p2 (0.5-0.95) in Table 4 (except Lake Carl Blackwell in
2006 at V6). The coefficient of determination would have improved at Lake Carl Blackwell
if a linear model instead of linear-plateau model was used although it is impossible to
delineate a critical resolution distance with the use of a linear model. Averaged over the
three years, all locations and growth stages, a distance of 110 cm was determined as the
optimum resolution. The highest resolution was 66 cm (in 2006 at Efaw at the V8 and V10
growth stages) while the lowest resolution was 171 cm (at Lake Carl Blackwell in 2005 at
the V8 growth stage) with a range of 105 cm. Across years, 95, 141 and 87 cm were set as
the optimum resolutions in 2004, 2005 and 2006, respectively. Across locations, resolution
distance was 107, 100 and 115 cm at Efaw, Hennessey and Lake Carl Blackwell,
respectively. In both 2005 and 2006 at Efaw, resolution decreased as NDVI measurements
progressed from the V6 to V10 growth stages. A similar trend was observed in 2005 at
Lake Carl Blackwell. At this site in 2006, no trend was observed although the resolution at
V6 was higher than the resolution at V8 and V10 (Table 4). The coefficient of
determination at Efaw was maximized at the V8 growth stage in 2005 and at the V6
growth stage in 2006.

The optimum resolution was variable in each year suggesting that this too was
influenced by temporal variability, and how temporal qualities influence growth. The rlpz
of each linear-plateau model in each of the two approaches used to determine optimum
resolution revealed that the fixed distance approach would be better. However, with all
ranges of resolutions (i.e. high, medium or low), the number of corn plants and the
distance generally coincided based on average distance from neighboring corn plants.
Martin et al. (2005) established a critical sensing distance of 50 cm or less for treating
factors that affect corn yield. Compared with his results, we found a lower resolution
distance in all models (the best resolution was 66 cm, at Efaw in 2006 at both V6 and V).
Compared to a 900-1200 m spatial resolution recommended by Zhang et al. (1999) based
on r°, the distance we set can be considered as high resolution.

The wide variation in optimum resolution at the Lake Carl Blackwell site in 2005 and
2006 could be due to differences in the planting dates. The planting dates for four of the
eight rows on the south-east side in 2005 and on the west side in 2006 were April 11 and
March 31, respectively. Alternatively, planting dates for the other four rows on the north-
west side in 2005 and east side in 2006 were April 18 and 11, respectively. This delay, given
the warm temperature in both years since late March, means active growth of corn and can
influence the resolution at which yield potential is recognized. Some of the differences in
the optimum resolution within a season and across locations could be due to plant
biomass. In addition, post-sensing plant stress (such as drought, high temperatures,
nutrient deficiency, insect damage, hail damage, poor pollination, and animal damage) can
result in a poor relationship between grain yield and NDVI in the linear-plateau model
resulting in a poor rlpz. Uneven emergence was reported as a possible cause of increased or
decreased grain yield when soils were dry at the time of planting (Nafziger et al. 1991). In
2006, severe heat stress was encountered throughout the growing season at all sites. This
severe heat had daily maximums that exceeded 38°C from mid-July to early August in
2006 at Lake Carl Blackwell and Efaw.
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Conclusions

The use of distance to determine resolution was better than when using specific numbers of
corn plants when looking at the rlpz. Looking at the linear-plateau models generated from
the rlpzs (grain yield versus NDVI for different numbers of corn plants), the resolution
where yield differences were best recognized was when averaged over every four plants in
2004 and 2006 and over 11 plants in 2005. Likewise, the rj,> was maximized at a fixed
distance of 95, 141, and 87 cm in 2004, 2005 and 2006, respectively. Identifying the
optimum resolution where spatial variability should be treated is a complicated task.
Averaged over sites and years, this study suggests that in order to treat spatial variability
at the correct scale, the linear fixed distances should likely be <87 cm or <4 plants as an
optimum resolution for detecting early-season differences in yield potential and making
management decisions based on this resolution.
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