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Environmental legislation may impose limitations on the quantity of nitrogen (N)
used in corn production on the basis of soil type and ground water flow. If N rates
are reduced, this might influence the relative competitiveness of weed species. There-
fore, the objectives of this research were to develop a surface response model to
provide estimations of the effect of differing N rates on threshold values of green
foxtail in corn and to use this model as a theoretical framework for hypothesis
testing. Field experiments were conducted from 1999 to 2001 to examine the in-
teraction of N rate and green foxtail density on corn grain yield. The experiment
was designed as a two-factor factorial with N levels ranging from 0 to 200 kg N
ha21 and targeted green foxtail densities ranging from 0 to 300 green foxtail plants
m22. The addition of up to 200 kg N ha21 increased corn grain yield in both weed-
free and weedy treatments. Corn yield loss attributed to green foxtail ranged from
35 to 40% at 0 kg N ha21 to 12 to 17% at 200 kg N ha21. Ridge analysis of the
response surfaces indicated that optimal corn grain yield could be achieved at derived
values of 131 to 138 kg N ha21 while maintaining a green foxtail density of 8 to 9
green foxtail plants m22 on a sandy soil with less than 2% organic matter. The
analyses of simulation results led to the generation of hypotheses of practical rele-
vance to N management. On the basis of the generated hypotheses, a legislated
reduction in N or an increase in the cost of N fertilizer would result in a lower
threshold value for green foxtail in corn. If legislation were to ban the use of all
herbicides in corn production, higher N rates or an increase in mechanical weed
control measures would be required to offset yield losses caused by green foxtail.
The human health and environmental consequences of such legislation would be
significant.

Nomenclature: Green foxtail, Setaria viridis (L.) Beauv., SETVI; corn, Zea mays
L. ‘Pioneer 3905’.

Key words: Ammonium nitrate, nitrogen fertilizer legislation, MERN, response
surface analysis, ridge estimate.

Fertilizer nitrogen (N) is a key nutrient in the production
of nonlegume crops (Below 1995; Kirkland and Beckie
1998; Novoa and Loomis 1981). It is a component in many
biological compounds that play a role in photosynthetic ac-
tivity and crop yield capacity (Anderson et al. 1984; Below
1995; Swank et al. 1982). Sales of N in Canada have dou-
bled since 1980 to 1.7 million tonnes per year, an amount
nearly three times that of phosphorus and five times that of
potassium (Agriculture and Agri-Food Canada 2001).

N fertilizer recommendations have been based partly on
inexpensive fertilizer, limited environmental concern (An-
draski et al. 2000; Rice et al. 1995), crop yield goals, ma-
nure application, and soil type (Magdoff et al. 1984; Oberle
and Keeney 1990; Schlegel et al. 1996). However, as N
prices have increased and grain prices declined, researchers
have developed an alternative method of estimating the N
requirements of corn (Beauchamp et al. 1987; Kachanoski
and Fairchild 1996; Kachanoski et al. 1996). This method,
known as the Most Economic Rate of N application
(MERN), estimates the yield response to applied N using
the cost of N fertilizer and the expected sale price of the
grain.

Despite this improvement in the estimation of the N rate
for optimizing crop yield, the risk of non–point source pol-
lution from N remains (Rejesus and Hornbaker 1999; Van-

otti and Bundy 1994). Nitrate contamination of ground-
water or surface water can lead to potential health concerns
(Hallberg 1986). Studies have shown that groundwater ni-
trate-N levels associated with corn growing regions of the
United States may be 12 to 44 ppm (Andraski et al. 2000),
which is above the current maximum concentration limit of
10 ppm for human consumption (Anonymous 1992; Re-
jesus and Hornbaker 1999). As such, rural residents who
depend on ground water for both human and livestock con-
sumption would benefit from reduced N use (Hallberg
1986). The human health and environmental costs resulting
from current N management practices may result in gov-
ernment action to reduce its use (Daberkow 1997; Neeteson
2000). Legislation might impose limitations on the quantity
of N allowed on the basis of soil type and groundwater flow.
Such legislation aimed at reducing the amount of N applied
into the environment may, however, have a secondary effect
on how weeds are managed.

An integrated weed management (IWM) program can be
used to manage weeds effectively. This IWM approach con-
sists of several components, including the use of weed
thresholds (Coble and Mortensen 1992; Lindquist et al.
1996; Swanton and Murphy 1996; Swanton and Weise
1991). Weed thresholds are used to identify the effect of
time of weed seedling emergence and the resulting weed
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density on crop yield. To date, most weed threshold studies
have been conducted providing the optimal nutrients rec-
ommended for the crop. It has also been assumed that what
is occurring competitively among one or more species in
competition with a crop remains constant over a wide nu-
trient range and that the currently predicted threshold values
are constant regardless of soil fertility. Several studies on the
role of N in weed competition have been published (Black-
man and Templeman 1938; Carlson and Hill 1986; Okafor
and De Datta 1976; Peterson and Nalewaja 1992; Stani-
forth 1957; Teyker et al. 1991; Tollenaar et al. 1994a; Wil-
liams 1963; Wilson and Tilman 1993). These studies sug-
gested that weeds are generally luxury feeders for N (Wil-
liams 1963) and that competition among weeds and the
crop can be offset by selective placement (Cochran et al.
1990; Kirkland and Beckie 1998), formulation (Davis and
Liebman 2001; Teyker et al. 1991) and timing of N appli-
cations (Ampong-Nyarko and De Datta 1993; Paolini et al.
1999). No reports, however, have been published that have
explored how the interaction of variable N rates will influ-
ence the utility of weed thresholds.

Green foxtail is a serious weed problem in southern On-
tario corn fields, with populations often exceeding 200
plants m22 (Frick and Thomas 1992). Uncontrolled popu-
lations of green foxtail will reduce crop yields, although the
extent of its competitiveness is dependent upon the crop,
weed densities, time of weed seedling emergence relative to
the crop, and the environmental conditions under which
competition occurs (Defelice 2002; Douglas et al. 1985).
For example, Blackshaw et al. (1981) found that green fox-
tail densities of 100 plants m22 resulted in yield losses of
wheat (Triticum aestivum L.) ranging from 21 to 44%. In
addition, Sibuga and Bandeen (1980a) found that green fox-
tail densities of 40 to 129 plants m22 reduced corn yields
5.6 to 17.6%.

The present study was designed to build on the work of
Nieto and Staniforth (1961) and Sibuga and Bandeen
(1980b), who examined the effects of both foxtail density
and N rate on corn grain yield. The first of these studies
(Nieto and Staniforth 1961) reported that corn grain yield
was reduced approximately 28% by mixed yellow [Setaria
glauca (L.) Beauv.] and green foxtail populations at densities
of , 200 to . 1,000 foxtail plants m22. The study identi-
fied that foxtail was most competitive under low N rates on
clay soils and that the associated corn grain yield loss could
be reduced by adding N. In a field study, Sibuga and Ban-
deen (1980b) explored the effect of varying green foxtail
densities under the recommended N rate for grain corn.
Their results indicated that final corn grain yields were not
affected by the weed densities used in their study. This was
possibly because of the late emergence of green foxtail rel-
ative to the crop, although this was not fully explored in
their research. Time of weed seedling emergence relative to
the crop has been found to influence weed threshold values
(Bosnic and Swanton 1997; Knezevic et al. 1994; Kropff et
al. 1992).

Weed thresholds and the estimation of MERN have not
been scientifically linked in the IWM literature. The goal
of this research was to develop a surface response model that
would generate hypotheses to simulate corn yield response
to potential changes in N fertilization under varying green
foxtail densities. This would expand the development of an

IWM program for corn production to include the manage-
ment implications of reduced N rates, particularly on coarse-
textured soils. Current evidence suggests that as N applica-
tion rates are reduced there is an increase in the relative
competitiveness of weed species (Bosnic and Swanton 1997;
Tollenaar et al. 1994b). This will be particularly important
if the decrease in applied N leads to a subsequent increase
in the level of weed control necessary to offset potential yield
losses. An increase in herbicide dose or frequency of appli-
cation may be necessary to achieve adequate control, leading
to both higher input costs and potential environmental
problems.

The hypothesis for this experiment was that the accept-
able weed threshold density for green foxtail in competition
with corn will be lowered as N rates are reduced. The ob-
jectives were to determine (1) the yield response of corn to
N in the absence and presence of various densities of green
foxtail, (2) the influence of increasing green foxtail density
and N rates on the estimation of both the maximum N rate
(NMAX) and MERN, and (3) whether there was an inter-
action between N and green foxtail density that could be
used in refining the estimation of the optimal N rate for
corn grown in southern Ontario.

Materials and Methods

Experimental Location

Field experiments were conducted from 1999 to 2001 at
the Cambridge Research Station, University of Guelph, On-
tario, Canada (438369N, 808319W). Soil texture was classi-
fied as Lisbon sandy loam (Orthic Melanic Brunisol; 84%
sand, 11% silt, 5% clay, , 2% organic matter, pH 7.4).
This soil type was chosen because it represents a soil texture
to which proposed nutrient legislation would first be tar-
geted on account of its high hydraulic conductivity and sus-
ceptibility to nitrate leaching (Appel and Mengel 1993).

Rainfall varied over the three years in both quantity and
distribution (Figure 1). Both 1999 and 2001 had wet
springs followed by dry conditions and high temperatures
throughout July and August. In comparison, 2000 was gen-
erally much cooler and wetter throughout the entire growing
season (Table 1).

Site Preparation and Experimental Design

The site chosen in 1999 had been sown with winter
wheat in the fall of 1997 and was fall moldboard plowed in
1998. Red clover (Trifolium pratense L.) was seeded in the
spring of 1999. At the unifoliate stage of growth, the red
clover seedlings were controlled with paraquat (1,19-dimeth-
yl-4-49-bypyridinium ion) before disking and corn planting.
In 2000, the site had been planted to winter wheat in the
previous fall and was fall moldboard plowed. The site was
disked in the spring of 2000. In 2001 the site had been
previously in corn and was fall moldboard plowed and
disked in the spring of 2001. The specific dates for the
yearly field operations throughout the duration of the ex-
periment are presented in Table 2.

Corn (var. ‘Pioneer 3905’) was planted using a John
Deere 7000 Conservation Planter1 equipped with a Trash
Master2 residue remover. In early May (Table 2) of each
year corn was planted to a depth of 4 cm at a seeding rate



Cathcart and Swanton: Nitrogen management in corn and green foxtail • 977

FIGURE 1. Distribution of precipitation (open bar) and irrigation (solid bar)
amounts from May 11 (day 131) through August 31 (day 243) in 1999,
2000, and 2001.

TABLE 1. Monthly average temperature (T, C), total rainfall (P, mm) and irrigation applied (I, mm) throughout the growing season in
1999, 2000, and 2001.

Year

May

T P I

June

T P I

July

T P I

August

T P I

September

T P I

1999
2000
2001

15.3
12.3
13.0

30.0
45.4
68.6

4.5
0.0
0.0

19.5
18.0
18.7

90.9
132.6

50.8

25.0
5.1
5.3

22.5
18.7
19.5

74.4
68.6
12.7

44.5
19.8
47.2

18.4
18.7
21.3

39.9
48.8
33.0

7.2
15.3
34.4

16.2
16.9
15.5

65.6
74.9
81.3

0.0
0.0
0.0

AVGa 12.5 76.3 N/A 17.0 79.5 N/A 19.9 90.4 N/A 18.7 93.3 N/A 14.3 89.6 N/A

a AVG represents the Canadian Climate Normals from 1961 to 1990 (Anonymous 1993).

of approximately 70,000 plants ha21. In-row soil was loos-
ened by a 5-cm wavy coulter positioned directly in front of
the seed disk opener, and a 2-cm fluted fertilizer coulter was
positioned 5 cm to the side. Fertilizer (0:10:40 kg ha21,
NPK) was applied at planting in a band 5 cm to the side
and 5 cm below planting depth.

N, as ammonium nitrate, was broadcast at rates of 0, 50,
100, 150, and 200 kg N ha21. Broadcast application of N
was chosen because it is a common practice in Ontario corn
production, with 70 to 80% of producers applying all their
N needs before crop planting (G. Stewart, personal com-
munication). Additionally, broadcast application of N has
been shown to elicit greater competitive effects in green fox-
tail than other methods of fertilizer placement (Blackshaw

et al. 2002; Kirkland and Beckie 1998). N and seed of green
foxtail were applied to the soil surface using a calibrated
Hegey fertilizer applicator3 and subsequently hand raked
into the top 5 cm of the soil. N was applied over the entire
experimental unit, whereas weed seed was concentrated in a
band 1.25 m wide centered over the two middle corn rows
of each experimental unit in which all growth measurements
and harvest data were recorded.

Green foxtail seed used in the experiments was collected
in 1995 from Elora, Ontario, Canada (438389N, 808209W),
and stored at room temperature. Germination tests were
performed to adjust the seeding rate to achieve target den-
sities. In each year, seed germination was approximately 50
to 60%. In 1999, green foxtail was seeded to establish target
densities of 0, 100, 200, and 300 plants m22. In both 2000
and 2001, green foxtail was seeded at densities of 0, 10, 50,
100, and 200 plants m22. Final green foxtail seedling den-
sities, however, differed from initial target densities because
of environmental differences among years, and self-thinning
was thought to occur at the higher seedling densities, there-
by affecting the final stand (Table 3). As a result, green
foxtail densities varied among years and were not a repli-
cated factor in this study (i.e., they were treated as a re-
gression variable). To address this, green foxtail densities
were classified into five distinct classes consisting of 0 (i.e.,
weed-free), 1–50, 51–100, 101–150, or 151–200 plants
m22. This classification system ensured that a minimum of
10 observations were available in each class for analysis. Fi-
nal densities were representative of green foxtail populations
found in Ontario cornfields (Frick and Thomas 1992).
Weed-free (i.e., control) plots were maintained manually
throughout the growing season. All broadleaf weeds were
controlled at the three– to four–fully expanded (i.e., collar
visible) leaf stage of corn using 2,4-D [(2,4-dichlorophen-
oxy) acetic acid]. Broadleaf weed escapes and other grass
species were removed manually throughout the growing sea-
son to maintain a homogeneous green foxtail population.

To minimize water stress, a streamline turbulent flow in-
tegral dripperline irrigation system4 (10-mil streamline, 23-
cm spacing on the emitters) was installed after field planting
and fertilizing operations. In 1999, the dripperline was in-
stalled into the header line on a 76-cm spacing, such that a
line was situated along each row of corn. In both 2000 and
2001, an additional dripperline was run down the middle
of the center two corn rows in each experimental unit to
ensure that the foxtail growing between the corn rows re-
ceived adequate moisture. The dripperline was calibrated to
deliver 4.53 mm h21. A total of 5 mm d21 was assumed to
minimize water stress experienced by the corn (M. Tollenaar,
personal communication). Irrigation scheduling and quan-
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TABLE 2. Calendar dates (and day of year) for field operations, seedling emergence dates of corn and green foxtail, and harvest dates
throughout the growing season for corn and green foxtail in 1999, 2000, and 2001.

Field operation 1999 2000 2001

Initial soil sample
Nitrogen application
Weed seeding
Corn seeding date
Corn emergence
Weed emergence
Broadleaf weed control
Harvest 1: presilking
Harvest 2: silking
Harvest 3: postsilking
Harvest 4: final grain

May 10 (130)
May 11 (131)
May 11 (131)
May 14 (134)
May 21 (141)
May 23 (143)
June 8 (159)
June 29 (180)
July 27 (208)
August 24 (236)
October 6 (279)

May 11 (131)
May 15 (135)
May 15 (135)
May 17 (137)
May 28 (148)
May 28 (148)
June 23 (174)
July 17 (198)
August 8 (220)
August 29 (241)
October 25 (298)

May 10 (130)
May 14 (134)
May 14 (134)
May 15 (135)
May 25 (145)
May 28 (148)
June 12 (163)
July 24 (205)
August 8 (220)
August 22 (234)
September 26 (269)

TABLE 3. Mean densities (plants m22) and their standard error for
the established green foxtail seedlings in 1999, 2000, and 2001.

Target
density

Established mean density (SEM)

1999 2000 2001

plants m22

0
10
50

100
200
300

0
N/Aa

N/A
107 (6.3)
145 (5.9)
173 (10.9)

0
8.3 (0.95)

38 (3.3)
76 (6.5)

116 (6.6)
N/A

0
18 (2.3)
49 (3.4)
97 (8.9)

142 (8.7)
N/A

a Abbreviation: N/A, target density not seeded in these years.

tity were on the basis of rainfall patterns, where the field
was irrigated every two to three days throughout the grow-
ing season unless a rainfall event of approximately 4 to 5
mm occurred (Figure 1). Supplemental irrigation was not
applied until 2 to 3 d after the rainfall event.

The experiment was designed as a two-factor factorial ar-
ranged in a randomized complete block design replicated
four times. Experimental units were 3.04 m wide by 15.5
m long, consisting of four corn rows spaced 0.76 m apart.
Within each experimental unit, the center two rows of corn
were subdivided into four quadrats. Quadrats measuring 1.5
m by 1.25 m were identified for destructive sampling of
corn and green foxtail at the corresponding corn growth
stages of presilking, silking, and postsilking (see below and
Table 2). These harvest quadrats were separated by a 1-m
buffer strip. Corn grain yield was determined from two rows
4 m in length centered over the fourth quadrat previously
established for the destructive sampling of green foxtail. A
1.5-m buffer was also included at each end of the experi-
mental unit.

Plant Destructive Harvests

Destructive harvests of green foxtail were timed according
to the presilk (i.e., 2 wk before 50% silking), silking (i.e.,
at approximately 50% silking), postsilking (i.e., at 2 wk after
50% silking), and physiological maturity (i.e., kernel black
layer) of corn growth (Table 2). At each harvest, green fox-
tail density was determined by removing the weeds from the
harvested quadrat and counting crown root systems. Weed
density for each experimental unit was then determined at
the end of each growing season as the mean density from

the four harvested quadrats. Final grain yield was deter-
mined at corn physiological maturity. All cobs were har-
vested from the 4 m of the center two rows at the fourth
quadrat, dried at 65 C for 1 wk, weighed, and shelled. Final
crop yield for the experimental unit was expressed as grain
dry weight (kg grain ha21).

Soil Measurements

Soil samples were taken randomly from each experimental
unit five times in 1999 and 2001 and six times in 2000 at
25- to 30-d intervals from May through to October. In each
year of the study, the first sample was taken before fertilizer
application in the spring, and the final sample was taken
after corn harvest. To determine soil nitrate levels, 10 to 12
soil cores measuring 2.5 cm in diam to a depth of 30 cm
were sampled from the two center corn rows (OMAFRA
1998). Samples within each experimental unit were com-
bined, and a composite subsample was collected and frozen
for nitrate analysis. Soil nitrate was extracted using 2.0 M
KCl and analyzed colorimetrically (Maynard and Kalra
1993) by the Laboratory Services Division of the University
of Guelph.

Derivation of MERN
MERN was derived from the quadratic polynomial de-

scribing the response of crop yield to N fertilizer (Schlegel
et al. 1996). A series of orthogonal polynomial contrasts
were constructed to test the significance of this model for
each year of the study, both in the weed-free and weedy
treatments. If yield increased with increasing N in a curvi-
linear manner, the N rate that maximized the yield response
(i.e., NMAX) was determined by setting the first derivative
of the quadratic equation to zero and then solving for the
corresponding N rate. This N rate was then substituted back
into the initial equation, and the maximum yield (YMAX)
was estimated. A linear response to increasing N prevented
this and further estimations. The MERN value and its cor-
responding yield (YMERN), were estimated by setting the
first derivative of the yield response equation to the price
ratio (PR) of the crop, as defined by PR 5 (dollar value per
kilogram of fertilizer N)/(dollar value per kilogram of grain),
such that MERN 5 b 2 (PR/2c). The PR employed in this
research was 8 to reflect current corn crop values of Can $
100 to 120 tonne21 of grain and elemental N costs of Can
$ 0.75 to 0.90 kg21.
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FIGURE 2. Soil nitrate level of the top 30 cm of soil in 1999 (May 10 to
October 14), 2000 (May 11 to September 25), and 2001 (May 10 to
September 27) for experimental units receiving N rates of 0 (—V—), 50
(–V–), 100 (—●—), 150 (—▫—), and 200 (—n—) kg N ha21.

Estimation of Corn Grain Yield Loss as Influenced
by Weed Density

The effect of weed density on corn grain yield at each N
rate was analyzed using the hyperbolic yield loss equation
(Equation 1, Cousens 1985)

 1 2 iD Y 5 Y · [1]wf
 iD
100· 1 1 1 2A 

where Y represents corn grain yield, Ywf is the weed-free corn
yield, i is the percent yield loss per unit weed as weed den-
sity (D) approaches zero, and A is the asymptotic yield loss
as weed density approaches infinity. This model assumes
that there is a random distribution of weeds and that other
factors associated with crop production (e.g., crop density)
are held constant.

Statistical Analysis
All statistical analyses were conducted using SAS ver. 8.05.

Analysis of variance (ANOVA) for single years was per-
formed using Proc Glm, whereas data combined over years
were analyzed using Proc Mixed. Using the Proc Mixed pro-
cedure, the log likelihood ratio was employed to test the
significance of the random effect of year and its interactions
with N and weed density (Littell et al. 1996).

Owing to a change in the treatment combinations (i.e.,
with respect to targeted green foxtail densities) applied to
experimental units in 1999 and in 2000 and 2001, only
data for 2000 and 2001 were assessed for commonality of
variance across years. This involved an examination of the
error mean squares (EMS) of the individual ANOVA. If the
EMS values of the individual ANOVA were homogeneous
(i.e., F 5 EMSlarge/EMSsmall , 3), then the data were
pooled across years (Gomez and Gomez 1984). If the year
by factor interaction was found to be significant, then data
for each year by that factor are presented separately.

To test the assumptions for the ANOVA, both the resid-
ual and predicted values for the models were computed.
Residuals were plotted against both the predicted values and
the factors of N rate and weed density and the distribution
inspected for trends. Data not meeting the ANOVA as-
sumptions of homogeneity of variance were transformed
(Bowley 1999). The hypothesis that an observation was an
outlier was tested by comparing Studentized residuals with
Lund’s critical value. Outliers were removed from the data
set, and the data were then reanalyzed to determine whether
the outlier significantly influenced the interpretation. The
probability of making a Type 1 error (a) was set at 0.10
(and 0.05 for residual analysis) to test the significance of the
main effects and their interactions.

To determine whether grain yield could be predicted by
an optimal combination of both N rate and weed density,
the data were analyzed as a response surface. Surface re-
sponse and canonical analysis provided a method of char-
acterizing the interaction visually and allowed an estimation
of an optimum combination of N rate and weed density to
maximize yield. Proc Rsreg (SAS) was used in these analyses
to perform model fitting, ANOVA, canonical analysis of the
surface shape, and ridge estimates for the region of optimum
response (Bowley 1999).

Results and Discussion

Soil Nitrate Analysis

The response of soil nitrate test levels to applied N fer-
tilizer was similar in all three years of the study (Figure 2).
Immediately after the application of N fertilizer (Table 2),
there was an increase (P 5 0.0001) in the index of available
N followed by a decline to pre–N application levels (i.e.,
26.8 [SEM 5 0.66], 18.3 [SEM 5 0.61], and 21.2 [SEM
5 0.60] kg N ha21 in 1999, 2000, and 2001, respectively)
in the top 30 cm. The duration of this pulse of available N
was estimated to be approximately 49 d after planting
(DAP) in both 1999 and 2001 and up to 83 DAP in 2000.
The loss of N caused by leaching was expected in this
coarse-textured soil. Soil texture is known to play a role in
maintaining residual N in the soil profile (Chancellor and
Goronea 1994; Schepers et al. 1986). The high rate of water
percolation in sandy soils has the potential to move nitrate
below the root zone, which for corn grown on sandy soils
may be as deep as 1 to 1.5 m (Ball-Coelho and Roy 1997,
1999) and for green foxtail as deep as 35 cm (Nadeau and
Morrison 1986). Nitrate that has passed through this zone
is thought to be lost to the crop or weed and to be the
major source of nitrate contamination of ground water (An-
derson et al. 1997). As soil N tests were taken to a depth
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FIGURE 3. Weed-free (—) and weedy (-–) corn grain yield response (Mg
grain ha21) to applied N (kg N ha21) in 1999 and 2000–2001. Regression
equations for weed-free yield response in 1999 and 2000–2001: 4,897 1
37N 2 0.12N2 (R2 5 0.72) and 3,081 1 20N 2 0.02N2 (R2 5 0.45),
respectively. Regression equations for weedy corn grain yield response in
1999 and 2000–2001: 3,116 1 35N 1 0.08N2 (R2 5 0.55) and 1,834 1
36N 1 0.10N2 (R2 5 0.43), respectively.

TABLE 4. Percent yield reduction of corn grain yield at each nitro-
gen (N) rate and yearly mean (SEM) reduction attributed to the
presence of variable green foxtail densities emerging with the corn
in 1999 and 2000–2001.

N rate

Corn yield reduction

1999 2000–2001

kg ha21 %

0
50

100
150
200

35
32
20
18
12

40
18
8
8

17
Mean (SEM) 23 (4.3) 18 (5.9)

TABLE 5. Derived estimates for nitrogen (N) rates (kg N ha21),
their corresponding corn grain yield (kg grain ha21), and the dif-
ference in weedy and weed-free MERNa values for 1999 and 2000–
2001.

1999

N Grain

2000–2001

N Grain

kg ha21

Weed-free
MERN 125 7,632 . 200 . 6,281

Weedy
MERN 161 6,677 146 4,958

Difference (weedy-weed-free)
MERN 36 2 955 (. 2 54) . 2 1,323

a Abbreviation: MERN, Most Economic Rate of N application.

of only 30 cm, these results indicated that N had leached
below the root zone of green foxtail but may have been
available to the corn at depths greater than 30 cm. In 2000,
which had high precipitation, soil tests taken to 60 cm (June
17, July 7, and August 21; data not shown) indicated that
soil N levels were either the same or slightly higher in the
upper 30 cm as compared with the 30 to 60 cm depth,
indicating that N availability did not increase with depth to
60 cm.

Corn Grain Yield—in the Absence of Green
Foxtail Competition

Corn grain yield in the absence of green foxtail compe-
tition increased with the addition of N in all years of the
study (P1999 5 0.0015 and P2000–2001 5 0.0001, Figure 3a).
Corn grain yield in 1999 increased from 4,897 kg ha21 at
0 kg N ha21, to a YMAX of 7,745 kg grain ha21 with the
addition of 160 kg N ha21. The MERN and YMERN val-
ues were estimated to be 125 kg N ha21 and 7,632 kg grain
ha21, respectively. Crop yield at MERN was 98% of that of
YMAX and was achieved with a 22% reduction in applied
N fertilizer. In 2000 and 2001, the corn grain yield response
to N in the absence of weeds was essentially linear over the
range of N rates tested. As such, it was not possible to
estimate NMAX or MERN.

Corn Grain Yield—in the Presence of Green
Foxtail Competition

In the presence of variable densities of green foxtail
emerging with the crop, corn grain yield decreased by an
average of 18 to 23% in all years of the study, despite in-
creasing rates of N (Table 4). The addition of N increased
corn grain yield in 1999 from 3,116 kg ha21 at 0 kg N
ha21 to an estimated YMAX of 6,937 kg grain ha21 at an
NMAX value of 209 kg N ha21 (Figure 3b). Caution must
be exercised when interpreting this YMAX value because it
is based on an N rate that is just outside the range of N
rates tested. The MERN value and its corresponding
YMERN were estimated to be 161 kg N ha21 and 6,677
kg grain ha21, respectively. A similar response to the addi-
tion of N in the presence of competition from green foxtail
was observed in 2000 and 2001. In 2000 and 2001, NMAX
was estimated to be approximately 188 kg N ha21, with an
associated MERN value of 146 kg N ha21. Grain yields at
NMAX and MERN were 5,067 and 4,958 kg grain ha21,
respectively. As with the weed-free treatments, YMERN was
98% of YMAX and was achieved with a 22 to 23% reduc-
tion in applied N fertilizer from that estimated to give
YMAX.

Differences in the estimated MERN values (i.e., weedy
MERN minus weed-free MERN) were observed among
years (Table 5). In 1999, corn grain yield reduction attri-
buted to the presence of green foxtail was 13% (955 kg
grain ha21), with a corresponding difference of 36 kg N
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TABLE 6. Estimates for Most Economic Rate of Nitrogen Appli-
cation (MERN) and yield corresponding to MERN (YMERN) at
each weed density class from Class 2 (1–50 green foxtail plants
m22) to Class 5 (151–200 green foxtail plants m22) in 1999 and
2000–2001.

Year Classa Density range MERN YMERN

plants m22 kg N ha21 kg grain ha21

1999 2
3
4
5

1–50
51–100

101–150
151–200

N/Ab

127
164
385

N/Ab

6,902
6,286
8,009

2000–2001 2
3
4
5

1–50
51–100

101–150
151–200

124
158
133
199

5,153
5,061
4,170
5,085

a Class 1 (weed-free) is not shown here because it was discussed earlier.
b Parameter estimates cannot be derived because there were no experi-

mental units within this class in 1999.

TABLE 7. Parameter estimates (standard error) for the hyperbolic yield loss equation (Equation 1) with increasing green foxtail densities
(Setaria viridis) (D) and at three levels of nitrogen (N) application (0, 100, and 200 kg N ha21) in 1999 and 2000–2001.

Parameter
Estimate (SEM)
(0 kg N ha21)

Estimate (SEM)
(100 kg N ha21)

Estimate (SEM)
(200 kg N ha21)

1999
A (%)
i (%)
YWF (kg grain ha21)

54 (35.5)
6 (43.7)

4,885 (408.2) aa

—
—
—

20 (14.0)
2 (12.2)

7,749 (249.8) b

2000–2001
A (%)
i (%)
YWF (kg grain ha21)

57 (13.0) a
10 (13.8)

3,013 (462.2) a

41 (38.1) b
0.5 (0.80)

5,404 (415.2) b

23 (8.8) b
8 (21.3)

6,278 (508.3) b

a Estimates with differing letters within a row are significantly different at P 5 0.10.

ha21. In this year, corn grown under weed-free conditions
required 36 kg ha21 less N than corn grown in competition
with green foxtail to achieve YMERN. A similar response
was found in an earlier study by Tollenaar et al. (1994a).
In 2000 and 2001, weed-free yield response to N was es-
sentially linear, thus predicting a recommended N rate great-
er than the 200 kg N ha21 applied in this study. As such,
the reduction in corn grain yield attributed to green foxtail
competition was at least 21% (. 1,323 kg grain ha21), with
a corresponding difference in MERN of . 54 kg N ha21

(Table 5). It is possible that the lower MERN required in
the weedy 2000 and 2001 data was the result of a reduced
yield potential in corn resulting from the competitive effects
of green foxtail on early seedling development of corn.
Schlegel et al. (1996) explained that any factor that limits
the yield potential of the crop would potentially lower the
quantity of N required for optimum yield.

Interaction between N Rate and Weed Density

The interaction of N rate and weed density on corn grain
yield was significant (P 5 0.1). N had a greater influence
on corn grain yield than did increasing weed densities. Be-
cause there was an interaction in both 1999 (P 5 0.0065)
and in the combined 2000–2001 data set (P 5 0.0927),
the nature of the interaction was explored. This required an
examination of both the effect of N rate on corn grain yield

within each weed density class and the effect of weed density
on corn grain yield at each N rate.

The Effect of N on Corn Grain Yield Within Each Weed
Density Class

The rate of N required to maintain or increase corn grain
yield varied among years (Table 6). As green foxtail densities
increased, more N was required to increase corn grain yields;
however, this relationship was not consistent (Table 6). For
example, in 1999 the MERN value increased from 127 kg
N ha21 in Class 3 (51 to 100 green foxtail m22) to 164 kg
N ha21 in Class 4 (101 to 150 green foxtail m22), repre-
senting a 29% increase in the estimated MERN. In contrast,
a 16% reduction in the estimated MERN was observed in
the 2000–2001 combined data set from Class 3 to Class 4
(101 to 150 green foxtail m22), followed by a subsequent
50% increase as weed density entered Class 5 (Table 6).
Tollenaar et al. (1994a) found that the effect of a mixed
weed population on corn grain yield was variable but was
generally greater under low soil N than high soil N. The
addition of up to 200 kg N ha21 was not sufficient to pro-
duce yields under weedy conditions that were similar to
weed-free corn grain yield.

The Effect of Weed Density on Yield at Each N Rate

Green foxtail exerted a similar effect on yield loss at all
N rates. In the 2000–2001 data set, the asymptotic yield
loss parameter (A) differed at both the 100 and 200 kg ha21

N rates when compared with the 0 kg N ha21 rate as green
foxtail density (D) increased (Table 7). Under no case did
the percent yield loss per unit weed parameter (i) differ as
a result of N fertilization. Applying this model to the other
N rates resulted in parameter estimates that were biologically
irrelevant. At these N rates, insufficient data at low weed
densities resulted in estimates that were either negative or
excessively large. Despite the variability in both the A and
i parameters, differences in the weed-free yield parameter
(Ywf) existed as a result of N rate in all three years of the
study (Table 7).

Surface Response and Canonical Analysis

A surface response analysis was done to further explore
the interaction of N, green foxtail density, and corn grain
yield. The generation of the response surface allowed the
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FIGURE 4. Surface response for corn grain yield as influenced by applied N fertilizer (kg N ha21) and green foxtail density (plants m22) in 1999 and 2000–
2001. Surface response regression for 1999: 4,892 1 32N 2 0.09N2 2 22W 1 0.03W2 1 0.04NW (R2 5 0.83). Surface response regression for 2000–
2001 (square root transformed): 47 1 0.4N 2 0.001N2 2 0.17W 1 0.0003W2 1 0.0003NW (R2 5 0.54). Point A in both 1999 and 2000–2001
represents a corn grain yield of 5,000 kg ha21 and its corresponding N rate and green foxtail density.

estimation of both inter- and intraspecific competition and
can be used to explain crop yield in terms of both ecological
and agronomic significance (Cousens 1991).

Canonical analysis of the surface response indicated that
the stationary points for all data sets were saddle points; i.e.,
there was no unique maximum or minimum point within
the range of factors used (Figure 4). Isolines were generated
by connecting equal yields at various N rates and weed den-
sities. From this, at any given yield a corresponding N rate

and weed density threshold were estimated. As an example,
to produce 5,000 kg grain ha21 with 100 kg N ha21 (point
A on Figure 4), approximately 167 green foxtail plants m22

could be tolerated in 1999, whereas only 6 green foxtail
plants m22 could be tolerated at the same N rate in the
2000–2001 data set. The large difference in weed density
that could be tolerated at 100 kg N ha21 while producing
a similar corn grain yield may be attributed to the difference
in grain yield between the two data sets.
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TABLE 8. Summary of the derived nitrogen (N) ratesa and the ridge
estimate with its corresponding green foxtail density derived from
the surface response analysis in 1999 and 2000–2001.

Recommendation
source

N rate

1999 2000–2001

kg N ha21

PPNT 140 162

Weed-free field
MERN 123 251

Weedy field
MERN
Ridge estimate

161
131

145
138

Green foxtail density

plants m22

Field average
MERN
Ridge estimate

106
96

8

54
46

9

a Abbreviations: PPNT, preplant N test; NMAX, maximum N rate;
MERN, Most Economical Rate of N application.

Ridge analyses of the surface response estimated the lo-
cation of the ‘‘region of optimal response’’ (Myers and
Montgomery 2002) to be 131 kg N ha21 at a density of 8
green foxtail plants m22 and 138 kg N ha21 at a density of
9 green foxtail plants m22 for the 1999 and 2000–2001
combined data, respectively. Estimated corn grain yield at
the optimum response was 7,500 (SEM 5 184.4) and 74
(SEM 5 1.5). Because 74 represents a transformed value, it
can be back-transformed to approximately 5,476 kg ha21

(Bowley 1999). Within the range of treatments tested in
this experiment, ridge analysis suggested that a low green
foxtail density could be tolerated at N rates ranging from
131 to 138 kg N ha21 on this particular soil type. Annual
grasses are thought to be less competitive than broadleaf
weeds at low densities in corn (Swanton et al. 1999), and
the use of ridge estimates appears to further support this
observation.

Comparison of the Derived N Rates

A comparison of the derived N rates revealed that the
ridge estimates for N rate and the estimated MERN values
for each data set were similar (Table 8). As such, the ridge
estimate may provide an alternative method for predicting
N rates when the range of green foxtail densities and the
expected yield response to N (based on historical data) are
known. When actual weed densities are considered, the rec-
ommended N rate to optimize yield would be lower than
that predicted under an unknown but variable weed density.
For example, in 1999 the MERN in weedy plots was pre-
dicted to be 161 kg N ha21 under unknown weed pressures
but was reduced to 131 kg N ha21 (i.e., the ridge estimate)
with a known weed density of 8 green foxtail plants m22.
The ridge estimate is also greater than the N rate recom-
mended under the weed-free conditions (123 kg N ha21),
suggesting that N is removed by green foxtail plants. Similar
results were observed in 2000 and 2001 (data not shown).

Green foxtail densities predicted from the weedy yield
responses (YMERN) to MERN estimates were similar to the

average green foxtail density found across the field. Applying
the response surface regression and solving for weed density
using the weedy MERN and YMERN parameter estimates
for 1999 and 2000–2001 revealed these densities to be 96
and 46 green foxtail plants m22, respectively (Table 8).
These green foxtail densities were similar to the average field
densities of 106 and 54 green foxtail m22. This observation
supports the use of the response surface to potentially pre-
dict N rates under expected weed densities and known yield
expectations.

Generation of Hypotheses
Several hypotheses were developed using the 2000–2001

response surface to simulate yield response to potential
changes in farm inputs such as N fertilizer and herbicides.
These changes could result from increasing N costs or gov-
ernment legislation to reduce the amount of either N or
herbicide applied to the environment. Using this model to
test hypotheses may provide insight for future research. An
arbitrary yield on coarse-textured soil of 5,000 kg grain ha21

was assumed for testing each hypothesis unless otherwise
stated.

Hypothesis 1: A legislated reduction in applied N fertilizer
will require a reduction in the acceptable weed threshold. As-
suming that a producer was applying 162 kg N ha21 (i.e.,
the preplant soil N test (PPNT) recommendation), a 25%
reduction to 122 kg N ha21 would require a 45% reduction
in the acceptable green foxtail density (54 to 30 plants m22).
If the legislated reduction were only 10%, then weed density
would only need be reduced by 13% to 47 green foxtail
plants m22 to maintain a yield of 5,000 kg grain ha21.
Therefore, a legislated reduction in N application rates
would decrease the acceptable green foxtail density threshold
in corn, and the extent of the reduction would be dependent
on the size of the legislated N rate.

Hypothesis 2: The extent of the required reduction in weed
density is dependent on how the optimum N rate for a prede-
termined yield is estimated. As discussed in Hypothesis 1, the
weed threshold density will need to be reduced if maximum
N rates are to be legislated. The extent of this threshold
reduction will not only depend on the extent of the legis-
lated N reduction but also on the N rate on which it will
be targeted. At issue is whether proposed legislation will
target N rates based on soil N tests (PPNT) or yield re-
sponse curves (NMAX, MERN). As illustrated above, a
25% reduction from the PPNT recommendation required
a 45% reduction in green foxtail density. However, if based
on the MERN value as determined from a weedy field (i.e.,
a reduction from 145 to 109 kg N ha21), the acceptable
weed threshold would need to be reduced by 62% (47 to
18 plants m22). This is 17% greater than that required from
the PPNT recommendation. It is unlikely that a legislated
reduction of this magnitude (25%) would target the MERN
because of the low inherent yields this could result in. In
the complete absence of stress, 5,320 kg grain ha21 could
be expected at 109 kg N ha21. This would be reduced 18
to 23% by the presence of green foxtail (i.e., a reduction of
958 to 1,224 kg grain ha21). Furthermore, assuming an
average N concentration in the aboveground biomass to be
1.05% (Rajcan and Tollenaar 1999a, 1999b) and a corn
harvest index of 0.5 (Tollenaar et al. 1997), approximately
105 kg N ha21 would be required to simply produce a crop
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yield of 5,000 kg grain ha21. This assumes that all N applied
to the crop is taken up, which does not occur, with fertilizer
uptake values of 30 to 70%, depending on crop species,
residual soil N, and field management (Schlegel and Havlin
1995; Schlegel et al. 1996). Alternatively, if a lower (10%)
reduction in N rate were legislated (i.e., to 131 kg N ha21),
a reduction in weed density of only 20% (47 to 38 plants
m22) would be required to maintain yields at 5,000 kg grain
ha21.

If the legislation targeted the reduction from NMAX as
determined by corn grain yield response data, a 25% re-
duction (from 186 to 139 kg N ha21) would require a re-
duction in weed density of only 17%. Owing to the shape
of the response, the 10% reduction in N (i.e., from 186 to
168 kg N ha21) under this scenario could support a 5%
higher weed density (53 to 56 green foxtail m22). Caution
is advised, however, in interpreting results from NMAX, as
this N rate is near the upper rate applied in this research
and as such is near the edge of the response surface. Values
along the edges of the response surface are likely to be less
reliable because of their estimation outside the region con-
taining the original observations and their lack of repeat-
ability. According to Myers and Montgomery (2002), a sur-
face response model that fits the original observations well
may no longer fit well outside this region despite the ability
to make reasonable estimates.

Hypothesis 3: A general ban on the use of herbicides may
require an increase in the level of N fertilization to maintain
yields at their current level. If the use of herbicides were
banned through legislation and weed densities increased,
then more N may need to be applied (in the absence of
other forms of weed control) to compensate for potential
corn grain yield loss. This also assumes that broadcast ap-
plication remains the dominant method of N placement in
corn production. Studies in cereal crops have shown that
the competitive effects of green foxtail can be reduced with
a more directed (i.e., banding) method of placement (Black-
shaw et al. 2002; Kirkland and Beckie 1998). In addition,
the environmental trade-offs of such a policy would have to
be considered. For example, on the basis of response surface
data for this soil type, a corn grain yield of 5,565 kg ha21

could be achieved with 125 kg N ha21 in a weed-free field.
At this same N rate but in the presence of 15 green foxtail
m22, corn grain yield would be decreased to 5,285 kg grain
ha21. To obtain yields equal to that achieved under weed-
free conditions, an additional 50 kg N ha21 would be re-
quired. This simulation supports the work of Nieto and
Staniforth (1961), who found that the addition of 157 kg
N ha21 to a mixed population of green and yellow foxtail
could reduce corn grain yield loss to . 10% when compared
with a 28% loss of yield in the absence of N fertilizer.
Therefore, there are trade-offs between herbicide and fertil-
izer usage that must be considered at the legislative level of
policy making. For example, a reduction in N application
will, as shown in this research, require greater herbicide us-
age if mechanical weed control is not an option.

Hypothesis 4: An increase in the cost of N fertilizer results
in a change in the acceptable level of weed density (i.e., assum-
ing that the price ratio increases). This hypothesis was tested
by estimating the MERN value under a range of N costs
from $0.40 to $1.40 kg21 (in $0.20 increments). The weed
density needed to maintain a yield of 5,000 kg grain ha21

was then estimated. As expected, the acceptable level of
green foxtail density was found to increase as N cost de-
creased because of the ability to apply greater amounts of
an inexpensive N fertilizer. When the cost of N was set at
$0.40 kg21, 55 green foxtail plants m22 could be supported
while maintaining a yield of 5,000 kg grain ha21. As the
cost of N increased to $1.40 kg21, the acceptable weed den-
sity threshold was found to decrease 58% (from 55 to 23
plants m22), reflecting the higher input cost of this element.

In summary, the addition of N fertilizer increased corn
grain yields under both weed-free and weedy conditions in
all years of this study. Green foxtail emerging with the crop
decreased corn grain yield by an average of 14 to 24% de-
spite the addition of N up to 200 kg ha21. N rates had a
greater influence on corn grain yield than did green foxtail
density. Also, green foxtail exerted a similar effect on yield
loss at all N rates. Response surface analyses revealed that
ridge estimates for N rate and estimated MERN values were
similar and could be used as a possible management tool.
Several working hypotheses were developed on the basis of
possible legislative outcomes, which may influence how fer-
tilizers such as N or herbicides are used in a cropping sys-
tem. If policy legislated a reduction in the maximum allow-
able N rate applied, then weed threshold values will need
to be reduced, resulting in an increase in herbicide dose or
frequency of application or intensified mechanical weed
control. The effort to improve the level of weed control may
itself have both environmental and economic consequences
to the producer and society as a whole. The extent of the
required reduction in weed density was dependent on how
the optimum N rate was estimated, based on anticipated
yield and soil type. If herbicides are banned from use in
corn, additional N or an increase in mechanical weed con-
trol will be required to compensate for higher green foxtail
densities for optimum corn grain yields to be maintained.
The environmental risks associated with increasing levels of
nitrates in groundwater and surface water will need to be
further explored. Finally, an inverse relationship was found
to exist between the price of N and the acceptable threshold
value of green foxtail in corn.
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