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Abstract With tighter environmental regulations
and increasing energy costs over time, approaches to
minimize losses from commercially available nitrogen
(N) fertilizers have become more critical in recent
times. An organically enhanced N fertilizer (OENF),
manufactured from organic additives extracted from
sterilized biosolids plus ammonium sulfate, was eval-
uated as an alternative N source relative to commer-
cially available N sources, namely, ammonium sulfate
and urea. The formulation was tested on corn in 2012
and 2013 at Jackson and Ames, Tennessee, under no-
till and plow lands, respectively. Chemically OENF
contains 14.9% N, 4.3% P,0s, 18.1% S, 0.6% Fe, and
3.3% OC. The N fertilizer sources were applied at N
rates of 0, 85, 128, and 170 kg ha~!. The P, K, and Zn
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nutrients were adequately supplied. The OENF and
ammonium sulfate produced plant biomass signifi-
cantly greater than that of urea at N rates of
>85 kg ha™'. Despite the fact that less P was supplied
to the OENF treatments (36% less P), grain yields from
the OENF were similar to those from both ammonium
sulfate and urea at N rate of <128 kg N ha™!, but
significantly greater than those from urea at
170 kg N ha™'. The fertilizer type used did not have
any significant effects on disease and physical damage
to the corn ears at any application rate tested. The
OENF could be an alternative N source for crop
production and may provide all or some of the P needs
for corn production. Therefore, with additional envi-
ronment benefits of encouraging recycling of munic-
ipal and domestic waste and as sources of N, P, S, Fe
and organic matter, the use of OENF should be
incorporated in various corn production systems.

Keywords Biosolids - Municipal waste - No-till
farming - Plant biomass - Yield components - Corn

Introduction

Nitrogen is one of the most essential plant nutrients
because it plays numerous important biochemical and
physiological roles in the growth and development of
all plants. As a result, N needs to be supplied
adequately to ensure proper growth and development
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of crops. Furthermore, in contrast to most other plant
nutrients, soil N is subject to many transformations
and losses thereby limiting crop production (Robert-
son and Vitosek 2009). This dynamic nature of N has
made its management one of the most difficult
challenges in modern agriculture (Binder et al.
2002). Since no farm can be reasonably expected to
raise high yielding crops without providing the
necessary amounts of plant nutrients, particularly N,
fertilizer expenses are one of the greatest variable
costs to any successful farm operation (Economic
Research Service 2013).

Increasing amounts of N application to agricultural
land has historically been done with inorganic fertil-
izers since the inception of the Green Revolution
(Jenkinson 2001) and has continued till present.
However, with tighter environmental regulations and
increasing energy costs over time, approaches to
minimize soil N losses have become more critical in
recent times. Urea and ammonium sulfate are two
most commonly used N fertilizers globally. A new and
alternative N fertilizer that is under development is an
organically enhanced N fertilizer (OENF), which is
manufactured by using sterilized and chemically
converted organic materials extracted from municipal
wastewater biosolids. The OENF was manufactured
using a patented and proprietary process that uses
sterilized organic material extracted from municipal
wastewater sludge and/or manures to form additives
(NSF 2010). This formulation holds a lot of promise in
terms of minimizing losses associated with the con-
ventional N fertilizers (NSF 2010; Singh et al. 2012).
Thus, OENF has the potential to increase agronomic
effectiveness of applied N, and consequently make an
important contribution toward environmental sustain-
ability. Singh et al. (2012) showed through incubation
studies that there was a slower nitrate formation in
soils amended with OENF s compared to urea, due to
significantly longer lag phase duration. The delayed
nitrification rate could result in better matching
between N supply and N demand by crops and
reduced nitrate N losses. Further, the authors showed
that OENF had significantly lower NH3—N volatiliza-
tion losses and NO3; N leaching losses (Singh et al.
2012). These attributes of OENF could potentially
lead to increased N use efficiency, resulting in
increased N savings, and less negative environmental
emissions.
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In spite of these observations, to date, no field
studies have been conducted to validate the conclu-
sions from the laboratory studies of Singh et al. (2012).
Thus, based on the results of the studies from Singh
etal. (2012), we hypothesized that OENF will improve
corn growth and yields relative to the conventional
fertilizers. The overall objective of this investigation
was therefore to evaluate the agronomic effectiveness
of OENF. Specific objectives were to compare the
effectiveness of OENF to the commonly used com-
mercial N fertilizers, urea and ammonium sulfate, in
terms of improving plant growth, grain yield, and ear
health of corn with a systems approach.

Materials and methods

Prior to the commencement of the experiments,
composite surface soil samples were collected from
each plot to characterize the initial soil conditions, and
to guide fertilizer application rates. Each field was
divided into 64 subunits, from which a composite soil
sample (formed by mixing 20 2.5 cm diam. core
samples) was collected from the top 15 cm of each
subunit to characterize the initial soil conditions.
Selected soil chemical characteristics of each site is
presented in Table 1.

Table 1 Selected chemical characteristics of the soil at the
two locations for the field study

Chemical characteristics Location
Ames Jackson

pH 6.50 £+ 0.02* 6.78 &+ 0.02
Organic C (g kg™h 12.6 £+ 0.31 10.6 + 0.26
Bray-1 P (mg kg™") 239 £3.69 274 +422
NO;-N (mg kg™") 141 £0.13  2.05+£0.19
NH,-N (mg kg™ 244 £0.15 3.09 £0.20
S04-S (mg kg™h) 3.04 £058 3.85+0.73
Exchangeable K (cmol kg™") 813 +£392 924 %446
Exchangeable Ca (cmol kg™") 734 =+ 41.5 693 + 39.2
Exchangeable Mg (cmol kg™")  65.8 +3.19  68.7 & 3.33
Zn (mg kg™ ") 0.60 £0.03 3.05+0.17

* Numbers are mean values of 64 replicates + SE
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Field layout and treatment application

The field experiments were conducted in 2012 and
2013 at two sites: one at the West Tennessee Research
and Education Center (WTREC) at Jackson, TN and
the other at the Ames Plantation at Grand Junction,
TN. The soil the Jackson is classified as Memphis silt
loam soil (fine-silty, mixed, active, thermic Typic
Hapludalfs), and the one at Ames Plantation is
Lexington silt loam soil (fine-silty, mixed, active,
thermic Ultic Hapludalfs) (Soil Service Staff 2009).
The two sites had different land management prac-
tices. Whereas the land at the Jackson experimental
site was under no till conservation system, the site at
Ames was under the conventional plow system.

The study was a 3 x 4 factorial experiment (three
N sources and four application rates) with an individ-
ual plot size of 9.1 x 6.1 m, in Jackson and
9.1 x 4.6 m in Ames. Each treatment was replicated
four times in a randomized complete block design.
Thus, 48 plots (12 plots/block and 4 blocks) were
established in total. The treatments were arranged in a
split-plot randomized complete block design with
fertilizer types as main plots and N application rates as
subplots. The N fertilizer types utilized for the
experiments were: OENF (14.9% N, 4.3% P,0s,
18.1% S, 0.6% Fe, 3.3% OC), ammonium sulfate
(21% N, 24% S), and urea (46% N).

In 2011, a preliminary study was conducted at the
Jackson site to ascertain the fertilizer application rates
for the various treatments. In that study, N rates used
were: 0, 85, 170, and 255 kg N ha™'. Results from
that study showed no yield benefits resulting from the
additional N supplied in the highest N application rate
(Table 2), therefore the actual experiments were
designed with modified N rates of 0, 85, 128, and
170 kg N ha™".

The entire OENF and ammonium sulfate were
applied basally after corn planting, but before emer-
gence of the seedlings. For the urea treatment, one third
of each N rate was applied basally; the other two thirds
were applied as two equal splits at the six leaf-collar
growth stage (V6) and at tasseling (VT) to avoid
excessive N losses. The basal application of ammonium
sulfate and three split applications of urea mimicked the
common N management practices used in many
African countries. Overall, a systems approach was
used to compare the three N sources in this study, where
the actual treatment effects included the effects of not

only N source, but also the S nutrient and N application
timing. All three N fertilizer sources were surface
applied. Phosphorus, K, and Zn were all applied at the
following uniform rates across all treatments:
45 kg P ha',85kg K ha~' and 5 kg Zn ha™'. Phos-
phorus was applied as triple super phosphate (TSP,
0-45-0). The OENF contained P (4.3% P,0s) so at the
85, 128, and 170 kg N ha™! rates, it supplied 23.8,
35.8, 47.6, and 71.4% of the uniform P rate, respec-
tively. Therefore, only the additional TSP to meet the
uniform P rate was applied in those treatments. Since
the OENF and the ammonium sulfate fertilizer sources
contained S (18 and 24% respectively), adequate
quantities of S was applied to the urea treatments to
eliminate the confounding effects of S on the fertilizer
sources.

Planting of corn

Corn cv Dekalb 6483 (YieldGardVT Triple) hybrid
was planted across all locations and years in this study.
The experiment at Jackson was planted under no-
tillage condition with eight rows per plot and the one at
Ames was planted under plowed conditions with six
rows per plot. The recommended row spacing fol-
lowed at each location was 76.2 cm, resulting in a

seeding rate of 79,000 plants ha™"'.

Plant measurements, harvesting, and analyses

Plant measurements included plant height at V6 and
R1; above-ground plant dry weight at R1 and R6; grain
yield; ear length and weight; ear and kernel count; ear
grain weight; kernel weight; physiological defects,
disease infestation, and pest attack and health ratings
of corn ears.

Plant height was measured by randomly selecting
and averaging the heights of 10 plants from the four
central rows in each plot at the V6 and R1 growth
stages. Plant height at V6 was determined from the
highest fully extended leaf at the point on the leaf
where it had leveled-off such that it was parallel to the
ground, and at R1, it was determined from the base of
the tassel. Plant biomass samples at R1 and R6 were
collected by hand harvesting 12 corn plants randomly
selected from the four center rows. The 12 plants were
weighed using a Cardinal Detecto weighing scale
model HSDC-40 (Webb City, MO) to obtain a fresh
weight. From those 12 plants, a two-plant subsample
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Table 2 Means of plant height, plant biomass, grain yield, and yield components of maize from fertilizer types and N rates for the

preliminary study at Jackson in 2011

V6 plant  Anthesis plant R6 dry Grain Ear Ear Ear Kernel  Kernel Grain
height height weight yield count® length  weight mass count® weight
(cm) Mg hafl) Ear (cm) (2) Kernel (g carfl)
stalk™! cob™!
Fertilizer
Urea 47.80b 226.98a 17.87a 6.68b 0.99a 17.11a  152.88a 0.27a 453.06a  122.56a
Ammonium  48.10b 232.82a 18.03a 6.22ab  0.97a 16.92a  14091a 0.26a 44437a  118.13a
sulfate
Organic 48.47b 233.57a 18.53a 6.09a 0.97a 16.89a  139.19a 0.26a 432.23a  116.19a
enhanced
N rate (kg ha™")
0 42.88a 209.76a 13.59a 4.35a 0.96a 15.00a  106.93a 0.23a 362.48a 83.65a
85 47.01b 233.73b 19.14b 6.68b 0.99a 17.17b  151.45b 0.27b 459.270  124.78b
170 48.01b 236.57b 20.16b 7.09b 0.96a 17.93¢  165.58b 0.29b 478.76b  139.04c
255 48.05b 238.55b 20.04b 6.97b 0.98a 17.82bc  157.64b 0.28b 472.34b  132.06bc

Means joined by the same letter are not significantly different using Fisher’s protected LSD at 0.05 level

? Analysis of counts was done modeling with a Poisson distribution and data transformed as y’ = In(y + 1). Means shown in

original units

at R1 and a three-plant subsample at R6 were weighed
and oven-dried at 65 °C (until the weights became
stable), for the calculation of dry weights for the entire
biomass harvest.

At physiological maturity, the four center rows of
each plot were harvested using small plot combines
with automatic weighing scales and moisture meters,
for the determination of grain yield. All grain yields
were adjusted to a moisture content of 15.5%. After
taking three ears at harvest from each plot for moisture
content determination, the remaining corn ears were
utilized for corn ear analysis. Kernel counts were done
using an International Marketing and Design Co. (San
Antonio, TX) seed counter model 850-3. For the ear
health ratings, three types of ear abnormalities were
measured: physiological defects, disease infestation,
and insect attack. A scale of four degrees was
developed and used to describe the magnitude of each
abnormality type qualitatively as: no damage (0), low
damage (1), medium damage (2), and severe damage

3.
Statistical analyses
Analysis of variance (ANOVA) was conducted sepa-

rately per location following a split plot randomized
complete block design using a generalized linear mixed
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model (PROC GLIMMIX, SAS 9.4), (SAS Institute Inc.
2013) continuous variables such as grain yield, plant
height, ear length, etc. were modeled with the normal
distribution while the count related variables number of
ears per stalk and number of kernels per cob were
modeled with the Poisson distribution and a natural log
transformation. Fertilizer type, N rate, and year were
used as fixed effects in the model, while the blocks and
block*fertilizer (year) were used as random effects.

The response variable in the ear health analysis was
the number of ears damaged classified by four degrees
of damage: none = 0, low = 1, medium = 2 and
high = 3. Data was analyzed with an ANOVA model
fitted to the Poisson distribution and a log transfor-
mation (Stokes et al. 2012).

Results and discussion
Weather conditions during the experimental period

Weather conditions throughout the duration of this
study varied considerably. In general, 2013 was a
cooler year compared to 2011 and 2012 particularly
during the spring months of March, April, and May
(Fig. 1). Temperatures in 2012 were as much as
5.6-8.3 °C warmer than average temperatures during
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that same time period. On the other hand, 2011 and
2012 were both approximately 3.3 °C warmer than
2013 during the whole month of July. Temperatures
from August to the end of the growing season,
however, were relatively similar to each other across
location-years. Monthly precipitation averages were
even more variable (Fig. 2). Jackson had a particularly
wet spring in 2011 and 2013 with approximately 494.3
and 479.5 mm of rainfall, respectively, between April
and May. At Ames in 2013, the average monthly
precipitation was moderate at 369.3 mm within the
same time period. In sharp contrast, in 2012 both
Jackson and Ames were much drier with only 74.2 and
128.5 mm of rainfall, respectively, between the spring
months of April and May. Between June and August,

Month

precipitation trends were fairly similar across location-
years, but towards the end of the growing season the
precipitation trends reversed from what they had been
during the spring: Jackson and Ames in 2012 had
considerably more precipitation (288.0 and 315.2 mm,
respectively) between the months of September and
October, whereas Jackson in 2011 and 2013 and Ames
in 2013 were much drier (111.0, 170.2, and 166.4 mm,
respectively) during the same time period.

Effects of OENF on plant height and dry matter
yield at anthesis

The plant height at V6 stage was significantly higher
with the application OENF than urea because OENF

@ Springer



Nutr Cycl Agroecosyst

plants had received all their N fertilizers while only a
third of urea was applied up to V6 stage (data not
shown). During the 2012 growing season, due to the
unfavorable weather conditions, there was no effect of
the fertilizer types and N rates on plant height at
anthesis. However, during the 2013 growing season in
Jackson, the OENF and the ammonium sulfate treat-
ments produced significantly taller plant at anthesis
than urea when N rates >85 kg ha™' (Fig. 3). The
plant height at anthesis for the urea treatment reached
a peak at N application rate of 128 kg N ha~' and
declined at the higher N rate. The plant height at
anthesis for the OENF and ammonium sulfate treat-
ments, on the other hand, reached a maximum plant
height of ~220 cm at N application rate of
170 kg N ha™" (Fig. 3). Contrary to the observation
at Jackson, the plant height at anthesis at the Ames
location did not show any significant effects of
fertilizer type and N application rate (Fig. 3).

In Ames, there was a significant fertilizer type*N
rate*Year interaction (p < 0.05) on plant biomass at
anthesis. During the 2012 growing season, fertilizer
types did not show significant effects on plant biomass
at anthesis at any of the N rates tested in the range
0-170 kg ha~'. Conversely in the 2013 growing
season, the OENF and ammonium sulfate treatments
produced significantly greater plant biomass at anthe-
sis than the urea treatment at N rates >85 kg ha™!
(Fig. 4). TIrrespective of the fertilizer type, plant

biomass increased with increasing N rate, achieving
the greatest values at 170 kg N ha™' (Fig. 4). Simi-
larly to the results obtained in Ames, there were
fertilizer type*N rate*Year interactions in the results
obtained from Jackson. In 2012, the treatments with
OENF and ammonium sulfate produced greater plant
biomass than those of the treatment with urea at N
rates of 85 and 128 kg N ha™'(Fig. 5) At
170 kg N ha_l, however, there was no difference in
plant biomass among the fertilizer types. This is
because, whereas the plant biomass of the OENF and
ammonium sulfate treatments peaked at N rate of
128 kg ha™!, that of urea treatment increased with
increasing N rate, reaching a maximum weight at N
rate of 170 kg ha~!. In 2013, similar trends were
observed, with the OENF and ammonium sulfate
fertilizer treatments producing significantly larger
plants than that of the urea treatment. Unlike the
observation in 2012, plant biomass of the urea
treatment peaked at N rate of 128 kg ha_l, whereas
that of the ammonium sulfate treatment continued to
increase with increasing N application rate (Fig. 5).
The marked differences in plant biomass observed
between the two locations are likely due to differences
in land management between the two locations.
Whereas the Jackson experiment was conducted on a
no-till land, the Ames experiment was conducted on a
plowed land. Studies have shown that no till practices
minimize soil disturbance and increase soil residue

Fig. 3 Effects of fertilizer
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Fig. 4 Effects of fertilizer
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cover (Hobbs et al. 2008). These practices tend to help
mitigate the environmental impact of corn production
by reducing soil loss and nutrient runoff (Angle et al.
1984; Wendt and Burwell 1985; Shipitalo et al. 2013).
No till improves soil physical properties such as
infiltration, bulk density, water retention, structure,
and water-stable aggregates (Karlen et al. 1994; Cassel

et al. 1995; Kumar et al. 2012a, b). Conversely, Pierce
et al. (1994) reported that intensive cropping systems
based on mechanical soil movement induced fertility
loss along with the reduction of soil water holding
capacity in most agricultural areas of the world. Also,
the marked differences in plant biomass between years
could be attributed the differences in rainfall amounts
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and distribution. The 2012 growing season was
generally drier, compared to 2013 growing season
(Figs. 1, 2). The effect of lower rainfall on biomass
production was more evident at Ames under conven-
tional tillage.

The fact that the OENF did not out-yield ammo-
nium sulfate in our study is in contrast to the finding of
Magdoff and Amadon (1980) who observed that silage
yields from biosolids amended fields were greater than
mineral N-fertilization alone. However, in this study
additional P was added to ammonium sulfate and urea
treatments to compensate for P supplied by OENF.
The data from this study demonstrates that the N-rate
related variability is higher than the fertilizer type
related variability (Figs. 4, 5).

Effects of OENF on grain yield and yield
components

There were significant Year*Fertilizer type*N rate
interactions (p < 0.05) on grain yield (Figs. 6, 7).
Consistent with the plant biomass at anthesis, in both
locations, grain yields were lower during the 2012
growing season than the 2013 growing season, due to
the drier conditions during the 2012 growing season
(Figs. 1, 2). Using the grain and biomass yields,
harvest index (HI) was calculated as ratio of grain

Fig. 6 Effects of fertilizer

yield to total biomass yield (Pagani et al. 2012).
Consistent with the observation from other studies
(Moser et al. 2006; Azizi and Soleymani 2012), the
weather conditions had a significant effect on the HI.
During the drier weather (2012 growing season), HI
across all three N sources were generally low with
highest values ranging between 0.3 and 0.4, not
significantly impacted at N application rated
>85 kg N ha™!, and for both the Ames field (Fig. 8)
and Jackson Field (data not presented). However
during the 2013 growing season, HI increased with
increasing rate of N application across all N sources,
reaching a maximum value of 0.65 for the OENF and
urea treatments and 0.6 for the ammonium sulfate
treatment in the Ames field (Fig. 8). Similar trends
were observed for the Jackson field (data not pre-
sented). Several studies have shown that, among other
factors, drought and soil moisture conditions signifi-
cantly affect HI of most crops (Moser et al. 2006;
Azizi and Soleymani 2012; Pagani et al. 2012).

The effect of the weather conditions was reflected
in the measured yield components of ear length, ear
count, ear weight, and grain weight. Whereas in 2012
in Jackson, a maximum ear length was 14 cm, and
average grain weight per ear was 90 g, in 2013, the
maximum ear length was 18 cm, and average grain
weight per ear was 130 g (data not presented). In 2012,
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Fig. 7 Effects of fertilizer
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at both locations, grain yields showed greater vari-
ability with significantly lower yields occurring in the
ammonium sulfate treatment in Ames (Fig. 6). In
Jackson, there was no significant difference in grain
yield among the fertilizer types at N rates of 85 and
170 kg ha™'. However, at 128 kg N ha™', grain yield
from the OENF treatment was significantly greater
than those of the urea and ammonium sulfate

treatments. The OENF contained 4.3% P,Os, therefore
applying that fertilizer required 24-48% less P, than
that was applied to the urea and ammonium sulfate
treatments. Thus, supplying less P and yet not having
any reduction in grain yield could be a savings to the
farmer. The variability in grain yield during the 2012
growing season could be attributed to a short rainfall
that occurred during the grain filling stage. Thus, the
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Fig. 9 Effects of rate of N
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grain yields obtained were greatly confounded by soil
moisture conditions. During the 2013 growing season,
grain yield from the Ames location increased with N
rate, irrespective of the fertilizer type, with no
significant differences among the fertilizer types
(Fig. 6). At the Jackson location, similar trends were
obtained at N rates <128 kg N ha~!. However,
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similarly to the biomass yields, grain yields of the
urea treatment peaked and did not increase when N
rate was increased to 170 kg N ha™' (Fig. 7). Several
studies have shown yield plateaus occurring in corn at
N rates between 85 and 128 kg N ha™' (Ayoola and
Makinde 2009; Crozier et al. 2014; Sindelar et al.
2012; Halvorson and Reule 2007; Miao et al. 2006;
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Fig. 10 Effects of fertilizer
types and rate of application
on (a) physical damage
during the 2012 growing
season at Jackson, TN,

(b) disease damage during
the 2012 growing season at
Jackson, TN, and (¢) disease
damage during the 2013
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Shapiro and Wortmann 2006; Durieux et al. 1995)
similar to the ones shown by the urea treatment in
Jackson.

Effects of OENF on ear health

For a fertilizer type or group of fertilizers to be
associated with a particular type of ear health condi-
tion, the number of ears associated with that fertilizer
or group of fertilizers must be significantly higher than
the other fertilizers in categories 2 and 3 severity level.
In Ames, none of the effects in the analysis of variance
was significant to suggest relationships between
disease- and physical-damaged ears and fertilizer
types. However, the effect of Years x N
rate x Severity was significant at both Ames and
Jackson (Fig. 9). Although 2012 was a drier year, the
rainfall distribution was greater during grain-filling
period (Fig. 2) leading to greater disease and physical
damage of the highest severity level (Fig. 9). At
Jackson, at the highest severity, urea application
resulted in greater physical damage than OENF and
ammonium sulfate (Fig. 10). Similar trend was also
observed with disease damage in 2012 (Fig. 10). In the
more favorable year (2013), fertilizer type had no
significant impact on disease damage at either
location.

At the highest severity level, both physical- and
disease-damage declined with increasing rate of N
application (Figs. 9, 10). Possibly, the fertilizer
application, which produced robust corn stalks,
enabled the plants to resist disease incidence much
better. Although several studies have shown that over
application of N fertilizer increases the incidence of
corn smut disease (Aydogdu and Boyraz 2011;
Kostandi and Soliman 1997), other studies have also
shown that adequate nutrient supply enable plant to
withstand numerous plant disease damage (Ghorbani
et al. 2009; Johnston 2000). Thus, based on the above
results, the occurrence and severity of disease and
physical damage of corn will not increase on appli-
cation of OENF.

Summary and conclusions
Dry conditions during critical stages of the corn crop

in 2012 did not allow the expression of fertilizer
characteristics either in crop growth or grain yield,

@ Springer

dominance of random variability over the expected
variability due to the fertilizers did not permit the
performance comparison of the OENF with the other
two conventional fertilizers. Environmental condi-
tions conducive for corn production in 2013, however,
allowed to express the effects of the fertilizers on crop
growth and grain yield. The combined results from the
two locations with contrasting soil management
strategies show that the OENF and ammonium sulfate
produced plant biomass significantly greater than that
of urea at N rates of >85 kg ha™'. Although less P was
applied to the OENF treatments, grain yields from the
OENF were similar to those from both ammonium
sulfate and urea at N rate of <128 kg N ha~!, but
significantly greater than those from urea at
170 kg N ha™"'. The fertilizer types used did not have
any significant effects on disease and physical damage
to the corn ears. The combined data suggest that that
the OENF could be an alternative N source for crop
production. It also provides S, Fe, and some or all of P
requirements for crop production. Therefore, with
additional environment benefits of encouraging recy-
cling of municipal and domestic waste, we conclude
that the use of OENF should be incorporated in various
corn production systems.
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