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Biosolids as Nitrogen Source for Irrigated Maize and Rainfed Sorghum

Darren L. Binder, Achim Dobermann,* Donald H. Sander, and Kenneth G. Cassman

ABSTRACT

We quantified effects of anaerobically digested sewage sludge (bio-
solids) on yield, N use efficiency, and soil NO; over a period of 4
yr. Field experiments with five biosolids rates and six N rates were
conducted at two sites on a silty clay loam soil: one with irrigated
maize (Zea mays L.) and another site with rainfed sorghum (Sorghum
bicolor L.). Biosolids rates for achieving maximum yields in the year
of application were 62 Mg ha! (441 kg organic N ha™!) on irrigated
maize and 36 Mg ha' (257 kg organic N ha™') on rainfed sorghum.
At those rates, the increase in relative yield (RY) was 33% in the
year of application, 21% in the second year, 14% in the third year,
and 9% in the fourth year. Approximately 40, 20, 10, and 5% of the
total biosolids-N was recovered by the crops in the first, second, third,
and fourth year, respectively. In irrigated maize, use efficiency of
biosolids-N decreased with increasing biosolids rate, but was similar
to that of fertilizer-N. In rainfed sorghum, use efficiency of biosolids-
N was lower than that of fertilizer-N. Little NO; accumulated in soil
when biosolids were applied at the recommended rate, but application
in excess of that required for maximum yield increased NO; accumula-
tion in soil. The cumulative N fertilizer value of a biosolids application
at the optimal rate was $136 ha! for maize and $68 ha ' for sorghum.
Biosolids had a total fertilizer-N replacement value of $1.9 to 2.2
Mg ! biosolids. Recommendations for biosolids use should be based
on the total N input and its cumulative plant recovery and leaching
potential across a 4-yr period.

IN NEBRASKA, 90% of anaerobically digested sewage
sludge (biosolids) is land-applied (Goldstein, 1997).
The potential benefits of land-applying biosolids in ag-
ricultural production are well documented (Kelling et
al., 1977a; Lerch et al., 1990; Pierzynski, 1994; Sullivan
et al., 1997). However, the economic costs and benefits
to farmers utilizing biosolids as well as the long-term
nutrient availability, plant response, and environmental
impact of using biosolids on agricultural lands were
identified as areas that needed more research (Oberle
and Keeney, 1994). The potential environmental hazard
most frequently associated with biosolids nutrients is
excessive movement of NO; from soil to groundwater
(Keeney, 1989) or excessive accumulation of P or other
elements. More reliable predictions, especially for local
soil and climatic conditions, of the overall nutrient value,
the N-supplying capacity, and crop yield response of
biosolids, are required.

On average, =80% of the total N in biosolids is found
in organic forms and 20% in mineral forms (Sommers,
1977). Previous studies have demonstrated that large
rates of biosolids application to agricultural land can
rapidly increase soil NOj; leaching (Hinesly et al., 1972;
Stewart et al., 1975; Kelling et al., 1977b) and influence

D.L. Binder, A. Dobermann, D.H. Sander, and K.G. Cassman, Dep.
of Agronomy and Horticulture, Univ. of Nebraska, P.O. Box 830915,
Lincoln, NE 68583-0915. Contribution of the Nebraska Agric. Exp.
Stn. Scientific Journal Series Paper no. 13145. *Corresponding author
(adobermann2@unl.edu).

Published in Soil Sci. Soc. Am. J. 66:531-543 (2002).

531

soil N supply and crop yields for several years after
application (Kelling et al., 1977a; Boyle and Paul, 1989).
Therefore, the proper management of cropland receiv-
ing biosolids by either high-rate single applications or
repeated lower rate applications depends on the initial
mineral N concentration, the rate at which biosolids
organic matter is decomposed, the type of crop grown,
and the target crop yield.

Mineralization of biosolids-N has been widely stud-
ied, especially in laboratory incubations. There are
fewer studies that determined the residual value of bio-
solids under field conditions. Laboratory incubations
have shown that mineralization of organic N from bio-
solids applied to soil follows first order kinetics (Parker
and Sommers, 1983; Lindemann and Cardenas, 1984;
Chae and Tabatabai, 1986). Although decay series mea-
surements have been adapted by many states as a means
to predict N mineralization from animal manure (Math-
ers and Goss, 1979; Nelson and Shapiro, 1989; Klausner
et al., 1994), there is no entirely satisfactory procedure
for this. As a rule of thumb, it was proposed that =20,
10, and 5% of the biosolids organic N is mineralized in
the first, second, and third year, respectively (USEPA,
1995). However, actual field mineralization rates are
much more variable, particularly depending on biosolids
composition, soil type, soil temperature, and moisture
content (Gilmour and Gilmour, 1980; Sims and Boswell,
1980; Artiola and Pepper, 1992; Barbarick et al., 1996).
For example, in Wisconsin, 15 to 20, 6, and 4%, of the
biosolids organic N was mineralized in the first, second,
and third year after application (Keeney et al., 1975).
Another study found a decay series of 45, 25 to 30, and
10 to 15% of biosolids N mineralization in the 3-yr
period following application (Kelling et al., 1977b).
Therefore, the differences in soil, climate, biosolids com-
position, and management factors require more specific
estimates for different climatic regions or different crop-
ping systems.

In this paper we address the issue of how to manage
biosolids in two different arable cropping systems to
sustain high yields and profits and minimize negative
environmental effects. The specific objectives of our
study were to quantify the yield response to biosolids-
N for irrigated maize and rainfed sorghum in eastern
Nebraska, to assess N use efficiency of biosolids-N, and
to evaluate effects of biosolids application on soil NO;
dynamics.

MATERIALS AND METHODS
Site Characteristics and Experimental Design

This study was conducted from 1996 to 1999 at two on-
farm locations close to Lincoln, NE. Although the two sites
were =8 km apart, the soil at both sites was a Sharpsburg silty

Abbreviations: AEy, agronomic efficiency of applied N; REy, apparent
recovery efficiency of applied N; RY, relative yield.
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Table 1. Initial soil properties at the irrigated maize and rainfed
sorghum locations.t

Irrigated maize Rainfed sorghum

site site

CEC, cmol, kg™! 370 =3 350 =2
EC,dS m™! 0.2 = 0.01 0.2 = 0.01
pH 59 = 0.1 57 = 0.1
Soil organic C, g kg™ 15.1 = 0.9 12.2 + 1.0
NO;-N, mg kg!

0-15 cm 8.7 = 2.0 10.5 = 0.4

15-30 cm 5.6 = 2.0 1.4 = 0.2

30-60 cm 1.9 = 0.4 1.1 0.1

60-90 cm 1.3 £ 0.2 1.2 £ 0.1

90-120 cm 1.9 = 0.2 1.0 = 0.1

120-150 cm 2.7 = 0.2 1.3 0.1
P—Bray 1, mg kg! 12+6 18 =2
K—NH,0Ac,mgkg "' 306 + 8 394 + 14
Zn—DTPA¥, mgkg™! 0.9 + 0.2 0.5 £ 0.1

T Values shown are means and standard deviations of four (maize site)
or three (sorghum site) replicate plots of the control treatment. Unless
stated otherwise, they refer to the 0- to 15-cm depth.

# DTPA = diethylenetrinitrilopentaacetic acid.

clay loam, (fine, smectitic, mesic Typic Argiudolls). Initial soil
properties were similar at both sites (Table 1), except for
slightly less organic matter content at the rainfed site. Continu-
ous irrigated maize (Zea mays L.) and continuous rainfed
sorghum (Sorghum bicolor L.) were grown for the duration
of the experiment, one cropping system per site. Maize had
been continuously grown at the irrigated location for the pre-
vious 15 yr. The rainfed sorghum site had previously been
cropped to a sorghum-sorghum-soybean [Glycine max (L.)
Merr.] cropping system until 1992. It then underwent a 3-yr
fallow period until soybeans were grown in 1995, the year
before the study took place.

Two experiments were established at each location, one
with different rates of anaerobically digested biosolids as the
sole N source and one with different fertilizer-N rates. Treat-
ments in all experiments were arranged in a randomized com-
plete block design with a plot consisting of four replicate
blocks at the irrigated maize site and three replicate blocks
at the rainfed sorghum site.

In the biosolids experiments, treatments included a control
without biosolids and four rates of biosolids application. Each

Biosolids applied in

1996 1997

[Fertiizer N: 1996-98
1 Sampling: 1999

Fertilizer N: 1996-98
Sampling: 1999

| Fertilizer N: 1996-97
:1  Sampling: 1998

Fertilizer N: 1996-97
Sampling: 1998

Fertilizer N: 1996
Sampling: 1997

Fertilizer N: none
Sampling: 199

1998 1999

Fertilizer N: 1996-98]
Sampling: 1999 |

Fig. 1. Schematic display of the experimental design used to study the response of maize and sorghum to a single biosolids application. The
graph only shows 4.5- by 12-m treatment plots for one replicate of one biosolids rate. In the actual design, the layout of all plots was
randomized. Fertilizer-N was only applied in the years before biosolids application.
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year, biosolids were applied to new sets of treatment plots so
there were no repeat applications in any treatment at either
location (Fig. 1). Moreover, to study residual effects of a one-
time biosolids application, each biosolids rate was applied
to the same number of plots as the number of remaining
measurement years. For example, in 1996, the same rate of
biosolids was applied to four plots with one plot designated
for being sampled in each year of the study (1996-1999). This
was repeated in subsequent years at other locations in the
field with each biosolids rate being applied to three plots in
1997, two plots in 1998, and one plot in 1999 (Fig. 1). The
experiment included multiple control treatments, one per rep-
licate block per year. All control plots not harvested in a
particular year to assess biosolids response received a moder-
ate rate of 90 kg N ha™! as NH,NO; broadcast in spring. This
was done to maintain the production from these plots so that
the crop response to biosolids measured across a period of 4 yr
would not be exaggerated. Had the comparisons been made
to a control that was continuously cropped for 4 yr with no
N additions, soil N depletion would have occurred so that the
response to biosolids-N would have been artificially magnified.

In the mineral fertilizer experiments, six rates of NH,NO;
were applied from 0 to 225 kg N ha™! in 45-kg intervals at
the irrigated maize site and from 0 to 150 kg N ha~! in 30-kg
intervals at the rainfed sorghum site. Plot locations changed
every year within the field. All plots used for the N response
experiments received 90 kg N ha™! in years preceding the
actual N rate treatments to minimize variation in residual N
effects that would affect estimates of N response curves and
N efficiency in the subsequent crop grown. For example, plots
used for N response studies in 1998 had received 90 kg N
ha™!in 1996 and 1997. Data of the fertilizer experiment were
analyzed separately from the biosolids treatments.
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Biosolids Application

Anaerobically digested biosolids applied in both experi-
ments came from the City of Lincoln’s Theresa Street waste-
water treatment plant. The biosolids rates were intended to
range from 0 to 100 Mg ha~' of biosolids in 25-Mg intervals
at each location (fresh weight, equivalent to 0-18.2 Mg dry
weight ha™'). A John Deere 465 hydra-push manure spreader
was used to apply the biosolids. The beater was run with
ground speed power take off so that the biosolids were spread
at a 2.1- to 2.3-m width. Two passes were made on each of
the 12.2- by 4.6-m plots for each application rate. The different
biosolids rates were achieved by restricting the hydraulic fluid
flow that regulated the speed at which the plunger panel
moved. Each spreader load was struck level in an effort to
achieve reproducible rates. In 1996, the biosolids rates were
determined by catching the amount applied on two tarps at
each end of the plot. Calibration of the spreader was improved
in subsequent years such that the rates were applied as origi-
nally intended in 1997 through 1999. The amount of N applied
with each biosolids rate varied between years because the
biosolids composition was not consistent even though it was
from the same source (Table 2). Biosolids were incorporated
by disking to a 10-cm depth within 24 h of application.

Biosolids samples were taken from each site the day the
biosolids were applied. Four 500 mL plastic bottles were filled
with biosolids from each location. Each bottle represented a
separate pile (truck load), with each bottle containing biosolids
taken from six to eight sites on each pile. Samples were frozen
until analysis. Methods for analysis included automated com-
bustion for total C, total Kjeldahl N, steam distillation of a
wet sample for NH;-N, ion chromatography for NOs-N, and
HNO;-H,SO, method for total P. On average, biosolids ap-

Table 2. Nitrogen use efficiencies of biosolids-N in irrigated maize and rainfed sorghum, as affected by biosolids rate and year of
biosolids application. Data shown refer to a single biosolids application and its immediate and residual effect on maize or sorghum
over a sequence of one to four crops. Within each row, values of AEy and REy refer to the year of biosolids application (first number)

followed by years with residual response to biosolids.

Biosolids Rate 1

Biosolids Rate 2

Biosolids Rate 3 Biosolids Rate 4

Year 1996 1997 1998 1999 1996 1997 1998 1999 1996 1997 1998 1999 1996 1997 1998 1999
Irrigated maize
Biosolids amount, Mg ha™! 33 25 25 25 79 50 50 50 92 75 75 75 106 100 100 100
Organic-N, kg ha™! 250 141 144 177 600 282 288 353 698 424 431 530 804 565 575 706
NHN, kg ha™! 55 30 34 49 131 61 68 98 153 91 102 147 176 122 136 196
Agronomic efficiency of
biosolids-N, kg kg ! Ist 38 189 184 172 3 1.3 10 114 24 68 75 74 32 54 5 6.3
2nd 69 95 89 - 49 58 87 - 27 39 83 - 42 43 718 -
3rd 54 16 - - 2 7.7 - - 1.5 54 - - 2 4.5 - -
4th  14.5 - - - 1.8 - - - 2.8 - - - 4.7 - - -
Apparent recovery efficiency
of biosolids-N, kg kg™ '§ Ist 006 045 039 043 0.08 034 023 031 007 022 019 031 0.08 016 015 0.2
2nd  0.09 0.09 022 - 0.09 0.09 018 - 0.06 0.06 019 - 011 0.08 017 -
3rd 008 023 - - 0.02 014 - - 0.02 012 - - 0.02 007 - -
4h 017 - - - 0.03 - - - 0.06 - - - 0.07 - - -
Rainfed sorghum
Biosolids amount, Mg ha ™'} 23 25 25 25 45 50 50 50 66 75 75 75 90 100 100 100
Organic-N, kg ha™! 156 164 122 185 297 329 244 371 438 493 366 556 603 657 488 742
NH,-N, kg ha™! 32 33 36 48 61 65 73 97 89 98 109 145 123 131 146 193
Agronomic efficiency of
biosolids-N, kg kg % Ist 79 91 121 7.6 44 91 118 6.6 01 54 88 67 14 44 64 55
2nd 05 5 14.5 - 72 85 81 - 44 52 96 - 54 39 67 -
3rd 95 103 - 6 4.2 - - 49 8.0 - - 42 43 - -
4th 28 - - - 5 - - - 21 - - - 2.0 - - -
Apparent recovery efficiency
of biosolids-N, kg kg~ '§ Ist 025 021 030 010 018 024 018 011 009 019 024 014 0.08 017 021 0.14
2nd 0 0.07 019 - 023 016 010 - 014 015 017 - 017 015 014 -
3rd 007 013 - - 0.08 0.04 - - 010 012 - - 0.07 0.04 - -
4th 014 - - - 0.07 - - - 0.04 - - - 0.02 - - -

 Fresh weight of biosolids. Average dry matter content was 182 g kg™'.
i AEy = kg yield increase per kg organic + inorganic biosolids-N applied.

§ REy = kg increase in N uptake per kg organic + inorganic biosolids-N applied.
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plied in both experiments from 1996 to 1999 contained 185 g
solids kg ! fresh weight. The average dry matter composition
was 271 g C kg™!' (SD = 31), 38 g organic N kg~! (SD = 5),
8.4 g NH,-Nkg ' (SD = 1.5),0.02 g NO:-N kg~ ! (SD = 0.02),
27.8 gP kg ' (SD = 45),38 g Kkg™(SD = 1.8),and 37 g
Fe kg=! (SD = 11). Weekly analysis of biosolids samples in
1998 indicated that concentrations of other elements were
below hazardous levels (USEPA, 1993). Biosolids on average
contained 11 mg As kg™', 18 mg Cd kg™ !, 122 mg Cr kg,
770 mg Cu kg~', 87 mg Pb kg~!, 0.005 mg Hg kg~!, 22 mg Mo
kg™', 98 mg Ni kg™', 6.1 mg Se kg~!, and 797 mg Zn kg™!
(American Public Health Association, 1995).

Field Management

In 1996, a blanket dose of 60 kg P ha™! was broadcast on
all plots at both sites as triple superphosphate and 6 kg Zn
ha~! was broadcast as ZnSO, at the irrigated maize site. Be-
cause yields in the fertilizer experiment in 1996 suggested
insufficient P supply, another 80 kg P ha™' as triple superphos-
phate was broadcast and incorporated in the spring of 1997
to the irrigated maize site to ensure that P was not a limiting
factor for studying crop response to biosolids and fertilizer-
N. The cooperators performed all other farm operations such

as tillage, planting, pest management, and irrigation. The soil
was typically disked at a 6- to 10-cm depth or field cultivated
two times before planting for weed control, fertilizer and bio-
solids incorporation, and seed bed preparation at both sites.

At the irrigated site, maize hybrid Pioneer 3489 was planted
in 1996 and 1997 at 65000 plants ha~' in rows spaced 76
cm apart. In 1998 and 1999, maize hybrids were chosen for
herbicide resistance rather than yield potential in order to
control Shattercane (S. bicolor). A NC+ IR hybrid was
planted in 1998 and Asgrow 686RR (Roundup ready) maize
in 1999. The harvested population densities were 61, 54, 55,
and 50 thousand plants ha™!in 1996 through 1999, respectively.
Year-to-year variations in maize yields were largely due to
variation in climate. Malfunction of the irrigation system along
with higher than normal air temperature during maize pollina-
tion was a major cause of lower yields in 1999.

Sorghum hybrid NC+ 7R37E was planted at 5.6 kg ha™!
during all 4 yr of the study in 76-cm rows. Crop emergence
was uniform for all years. However, the lack of a killing frost
until late in the season resulted in many tillers producing grain
in 1996. Approximately 150 000 heads ha~! were harvested in
1996, compared with =125 000 in 1997 through 1999. Note that
sorghum yields in unfertilized plots in 1999 were very low,
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probably due to smaller soil N mineralization resulting from
a cool spring and dry summer period (Fig. 2).

Soil and Plant Sampling

All soil and plant samples were collected from 4.6- by 12.2-
m sampling plots. Grain and stover samples at physiological
maturity and all soil samples were taken from the middle two
rows of each six-row plot. Soil samples were collected at the
beginning of the experiment to determine the general soil
properties. This was done by collecting four soil cores (40-
mm diameter) from each replication to a depth of 1.50 m in
increments of 0 to 0.15, 0.15 to 0.30, 0.30 to 0.60, 0.60 to 0.90,
0.90 to 1.20, and 1.20 to 1.50 m to obtain one composite sample
per depth and replicate plot. Soils were air-dried and ground to
pass through a 2-mm sieve. Measurements followed standard
methods and included electrical conductivity and pH (1:1

s0il:H,0), organic C (Walkley, 1947), 2 M KCl-extractable
NH,-N and NO;-N (Mulvaney, 1996), 0.03 M NH,F + 0.025
M HCI extractable P (Bray and Kurtz, 1945), 1 M NH,O-
acetate-extractable K (Brown and Warncke, 1988), and dieth-
ylenetrinitrilopentaacetic-extractable Zn (Lindsay and Nor-
vell, 1978). Soil samples were also collected in the spring of
1997, the fall of 1997, and the fall of 1999 to determine the
residual N. Two soil cores were taken per plot to a depth of
1.50 m and divided by depth intervals as previously described.
The soil cores were combined, air-dried at room temperature
(26 °C) and ground to pass through a 2-mm sieve. Samples
were analyzed for 2 M KCl-extractable NH,-N and NO;-N
(Mulvaney, 1996) and total N (Yeomans and Bremner, 1991).

Grain was hand picked from two 3-m sections of the center
two rows at physiological maturity. Stalks were then cut at
soil surface from one of the 3-m sections for determination
of dry matter and nutrient concentrations. The whole plant
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Fig. 3. Grain yield of irrigated maize and rainfed sorghum, as affected by the rate of applied biosolids in the year of application in 1996 to 1999
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sample was weighed, chopped, a 700- to 1000-g subsample
taken and dried at 70 °C, reweighed for moisture calculation,
and ground. Maize grain was shelled, a 300- to 600-g subsample
taken and dried at 70 °C. Grain yields were reported on a
0.155 g kg ™! moisture basis. Total N content in plant samples
was analyzed using an automated combustion method (McGee-
han and Naylor, 1988).

Calculations and Statistical Analysis

Analysis of variance was conducted using PROC GLM of
SAS (SAS Institute, 1988) to assess differences among the
biosolids treatments. Data were analyzed as if each year of
biosolids application was a separate experiment because the
biosolids rates and the biosolids composition were not the
same between years. In 1996, the experiments were analyzed
as arandomized complete block with the five rates of biosolids
and three to four replications, depending on the site. In 1997,
the data were analyzed as if the biosolids applied in 1996 was
a separate experiment from the biosolids applied in 1997.
There was an analysis of variance for the 1996 applied biosolids
and the 1997 applied biosolids for each site. In 1998, there were
three ANOV As, and in 1999 four ANOV As, with comparisons
only being made between biosolids applied in the same year.

Linear- and quadratic-plateau regression models were fitted
to the experimental data to describe the relationship between
RY and the amount of N applied from biosolids or fertilizer.
For each data set, the model with the highest adjusted r?> was
identified and used in further data analysis. Nitrogen use effi-
ciencies were estimated using the differences between N-fer-
tilized treatments and the unfertilized control. Terms used are
AEy, agronomic efficiency of applied N (kg grain yield in-
crease kg ™! N applied); and REy, apparent recovery efficiency
of applied N (kg N taken up kg™' N applied):

AEN = (GY+N - GYON/N) [1]

SOIL SCI. SOC. AM. J., VOL. 66, MARCH-APRIL 2002

REN = (UN+N - UN()N)/N [2]

where GY is the grain yield (kg ha™'), UN is the plant N
accumulation in aboveground biomass (kg ha™'), N is the
amount of fertilizer or biosolids-N applied (kg ha™') and ,y
and (y refer to treatments with and without N application,
respectively. For biosolids treatments, N includes both or-
ganic-N and NH,-N contained in the biosolids.

RESULTS AND DISCUSSION

Grain Yield, N uptake, and N Use Efficiency
in the Year of Application

From 1996 to 1999, the average maize yield in all
+biosolids treatments was 11 Mg ha~'. Depending on
the year and application rate, maize grain yields after
biosolids application in spring increased by 1.2 to 5.7
Mg ha™!, compared with the control without biosolids of
fertilizer application (Fig. 3). Maize yields with biosolids
application were similar to or exceeded those in fertil-
izer-N treatments in all 4 yr (Fig. 3, Table 3), suggesting
that large amounts of biosolids-N were plant available
in the first year. A more consistent maize yield response
to applied biosolids across the 4 yr was observed when
yield was expressed on a relative basis (Fig. 4) and
plotted against the rate of organic-N applied with biosol-
ids. On average, 441 kg organic N ha™! in the applied
biosolids was required to achieve the maximum relative
grain yield of maize in the year of biosolids application
(Table 4, Fig. 4). On the basis of an average biosolids
content of 38 g organic N kg ™! dry matter, this translates
into an optimal rate for irrigated maize of =62 Mg ha™!
fresh biosolids (or 11.5 Mg ha~! on dry weight basis).

Table 3. Grain yield and nitrogen use efficiencies of mineral fertilizer N in irrigated maize and rainfed sorghum as affected by N rate.
Data shown refer to annual fertilizer-N applications on maize or sorghum grown in the year of application.

Agronomic efficiency of
fertilizer-N+

Grain yield

Apparent recovery
efficiency of fertilizer-N:

N rate 1996 1997 1998 1999 1996 1997 1998 1999 1996 1997 1998 1999
kg ha™! Mg ha™! kg kg™!
Irrigated maize
0 11.7 7.7 51 5.6
45 12.2 9.6 5.6 7.9 12 43 12 50 0.00 0.40 0.31 0.67
90 12.7 9.7 6.8 8.9 12 22 18 36 0.24 0.37 0.29 0.49
135 12.7 10.4 8.7 8.7 8 20 27 23 0.30 0.32 0.53 0.41
180 124 10.9 8.3 9.1 4 18 18 19 0.18 0.38 0.37 0.39
225 124 11.0 8.4 10.6 3 15 15 22 0.12 0.32 0.36 0.51
ANOVA P > F for N rate

ns§ ¥ seksk sk

CV% 7 14 7 16
Rainfed sorghum
0 9.4 5.0 5.6 2.5
30 10.1 6.2 7.3 31 24 40 56 18 1.23 0.97 0.90 0.07
60 9.0 5.6 7.4 4.7 0 10 29 37 0.12 0.25 0.78 0.45
90 9.9 6.7 8.2 5.7 6 19 28 35 0.30 0.33 0.66 0.38
120 9.7 7.7 8.6 5.2 2 23 25 22 0.27 0.43 0.48 0.24
150 10.2 7.8 9.4 5.5 5 19 25 20 0.54 0.56 0.48 0.27
ANOVA P > F for N rate

ns * ns *

CV% 8 11 20 18

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

*#* Significant at the 0.001 probability level.

T AEy = kg yield increase per kg fertilizer-N applied.

i REyx = kg increase in N uptake per kg fertilizer-N applied.
§ ns = not significant.
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Organic biosolids-N was used for estimating the optimal
rate to eliminate variation caused by seasonal differ- 100 |- o M ®
ences in biosolids-N content and rate of application and v O - °
to also account for residual N resulting from mineraliza- 90 b §
tion of organic-N across time. Although there was a
negative correlation between inorganic and organic N 80® -
concentrations in the biosolids (NH,-N = 3883 — 0.061 Year applied
organic-N, r = 0.72, both expressed as mg kg™ '), using 70 ® 199 7
total biosolids-N instead of organic-N resulted in a simi- ¢ O 1997
lar optimal biosolids rate (data not shown). 60 - v 1998 |
Sorghum grain yield increases due to biosolids appli- 32 4 v 1999

cation ranged from 0 to 5.2 Mg ha~!, as compared with 3 50 , Maize
the unfertilized control. At rates of 50 to 100 Mg biosol- G—T Y | | | , | | ‘ \
ids ha™! (Fig. 3), sorghum yields were similar to or ex- = 100 | ' ' ' I ' ' o
ceeded those measured in treatments receiving 120 to 3 Aﬁef@%%“”
150 kg fertilizer-N ha~! (Table 3). However, at the low- ® 90 o) -
est rate, 25 Mg biosolids ha™!, sorghum yields were =1.0 Typical year

- . . . . 80 | 1997, 1998 N
Mg ha~! below the maximum yields achieved with 120
to 150 kg fertilizer-N ha™'. Without irrigation, relative 70 L i
rainfed sorghum yield response to biosolids was less Cool@rggyear
consistent than that of irrigated maize (Fig. 4). In 1996, 60 =
neither biosolids nor mineral fertilizer had a significant .
effect on sorghum grain yield. The lack of sorghum 50 7
response in 1996 was likely due to the high residual soil 40
NOj; and N mineralization resulting from the previous Sorghum
soybean crop, and the 3-yr fallow period before. Sor- 30 : : ; . . . ; .
ghum yield responses in 1997 and 1998 were similar and 0 100 200 300 400 500 600 700 800

considered representative of more common rotations

. . o Organic N in applied biosolids, kg ha™
and climatic conditions for southeast Nebraska. In 1999,

Fig. 4. Relative irrigated maize and rainfed sorghum yield response

a year with low soil N supply due to cool weather,
sorghum responded to much higher rates of biosolids
up to the maximum of 100 Mg ha ! (Fig. 4). For a typical
sorghum crop, the optimal biosolids rate to maximize
RY in the year of application was 257 kg organic N ha™!
or =36 Mg ha™! of fresh biosolids (Table 4). Sorghum
did not respond to biosolids in 1996 due to reasons
already discussed, but this was not considered typical
since most fields do not undergo a 3-yr fallow period.

Plant N accumulation in the first year increased up
to =75 Mg biosolids ha™! in maize (except in 1997) and
through the whole range of biosolids rates in sorghum
(Fig. 5). Climatic factors explain why the extra N taken

to the amount of organic N applied with biosolids in the year of
biosolids application.

up by maize was not always translated into higher grain
yield. For example, in 1999, total N uptake of maize
was nearly 100 kg N ha™! greater than the average of
the other 3 yr (Fig. 5), but all data points were below
the average relationship between grain yield and N accu-
mulation (Fig. 6). This indicates a situation of nutrient
accumulation in the plant but restricted movement to
the grain due to one or more other limiting factors
such as climate, water stress, pests, or other nutrients
(Janssen et al., 1990; Witt et al., 1999). In this case, the

Table 4. Regression models for predicting relative irrigated maize and rainfed sorghum response to biosolids for the year of biosolids
application and the 3 yr after application.

Yearf Crop RY: Organic-N range$ r?
% kg ha!
1 Maize RY = 67 + 0.13 N, — 0.00015 N2 for N, < 441 0.97
RY = 95 for N, > 441
Sorghum{[ RY =56 + 0.15 N, for N, < 257 0.98
RY = 95 for N, > 257
2 Maize RY = 60 + 0.054 N, for N, < 744 0.76
Sorghum RY = 49 + 0.081 N, for N, < 634 0.82
3 Maize RY = 55 + 0.025 N, for N, < 1803 0.85
Sorghum RY =43 + 0.059 N, for N, < 962 0.67
4 Maize RY =52 + 0.021 N, for N, < 2249 0.74
Sorghum RY = 34 + 0.029 N, for N, < 2307 0.45

T Year 1 refers to a crop grown in the year of biosolids application whereas years 2 to 4 refer to the number of years after a single biosolids application.
Use the amount of organic N applied the first year to determine the response 1, 2, and 3 years after application.

i RY = relative yield; N, = organic N input from biosolids (kg N ha'). To predict the quantity of grain, multiply the expected absolute yield by RN/100.

§ Valid range of the empirical models fitted. A plateau model described the typical yield response in Year 1, whereas no RY plateau was reached within
the range of biosolids rates tested for residual years.

1l Response function fitted to the 1997 and 1998 data. Sorghum yield response to biosolids in 1996 (after soybean) was not significant. In the dry and cool
year 1999, the response function was RY = 32 + 0.14 N, — 0.00006 N3 for N, < 689 (R? = 0.98) and had no plateau within the range of measured data.
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Fig. 5. Plant N accumulation at maturity of irrigated maize and rainfed
sorghum as affected by the rate of applied biosolids in the year
of application in 1996 to 1999 (Treatment means and standard
deviation; P = probability of significant yield response). Biosolids
rates shown in the legend refer to 1997 to 1999. In 1996, rates were
0, 33,79, 92, and 106 Mg ha! for maize and 0, 23, 45, 66, and 90
Mg ha! for sorghum.

lack of precipitation and irrigation during the critical
pollination stage explained the lower grain yield with
high N accumulation. Except for irrigated maize in 1999,
however, the relationship between grain yield and N
uptake by maize and sorghum was remarkably consis-
tent and generally similar in biosolids-N and fertilizer-
N treatments (Fig. 6).

In irrigated maize, first-year N use efficiencies of bio-
solids-N decreased with increasing biosolids rate, but
were similar to those of mineral N fertilizer applied at
comparable N input levels (Tables 2 and 3). The average
first-year AEy of biosolids-N applied in 1997 to 1999
was 18.3, 10.9, 7.2, and 5.6 kg kg~! for biosolids rates
of 25, 50, 75, and 100 Mg ha™!, respectively. Approxi-
mately 180 kg N ha™! was applied in the 25 Mg ha™!
biosolids treatment in 1997 to 1999 and AEy ranged
from 17 to 19 kg kg~ (Table 2). A similar range of AEy,
18 to 19 kg kg~ !, was found from 1997 to 1999 in the
180 kg N ha™! mineral N treatment (Table 3). From
1997 to 1999, average REy in irrigated maize for the
year of application was 0.42, 0.29, 0.24, and 0.17 kg
kg~! for biosolids rates of 25, 50, 75, and 100 Mg ha™!,
respectively (Table 2). At similar N rates (i.e., 25 Mg
biosolids ha™! in 1997 and 1998 vs 180 kg fertilizer-N

16 1) Biosolids: y=2.80+ 0.041 x; *=0.87 4
2) N Fertilizer: y = 1.99 + 0.049 x; r*=0.84 L4
hd »
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¥ 1997 Biosolids
[ ® 1998 Biosolids
121 o 1909 Biosolics oo M
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Fig. 6. Relationship between maize or sorghum grain yield and N
accumulation in the total aboveground plant dry matter at physio-
logical maturity, as affected by biosolids applied in the year of
application or N fertilizer applied. Note that 1999 maize data were
not included in the regression.

ha™! in the same years) the REy of biosolids-N was
similar to that of N fertilizer (0.37-0.45 kg kg™!, Tables
2 and 3). In rainfed sorghum, N use efficiencies of biosol-
ids-N were lower than those of mineral N fertilizer ap-
plied at comparable input levels (Tables 2 and 3). For
example, in 1998, the AEy from 25 Mg biosolids ha™!
was 12 kg kg~! compared with 25 kg kg™! from 150 kg
fertilizer-N ha~'. In the same treatments, the REy of
biosolids-N was 0.30 kg kg~!, whereas that of inorganic
N fertilizer was 0.48 kg kg~'. Excluding the nonrespon-
sive initial year (1996), the first-year AEy of sorghum
was 8t012,7t012,5t09, and 4 to 6 kg kg ! for biosolids
rates of 25, 50, 75, and 100 Mg ha™!, respectively. The
REy for the year of application ranged from 0.10 to
0.30, 0.11 to 0.24, 0.09 to 0.24, and 0.08 to 0.21 kg kg™!
for the first, second, third, and fourth biosolids rates,
respectively. Across all treatments and years, the aver-
age REy of first year biosolids was 0.18 kg kg~!, whereas
that of fertilizer-N was 0.41 kg kg~!. The AEy and REy
values estimated using the difference method (Eq. 1
and 2) mainly reflect the efficiency of biosolids NH,-N
(=20% of total biosolids-N) plus a fraction of the or-
ganic-N mineralized during the first year. Irrigation
likely increased N mineralization from biosolids as well
as crop uptake, explaining the greater efficiency of bio-
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Fig. 7. Relative grain yield increase of irrigated maize and rainfed
sorghum in comparison with an untreated control, as affected by
the number of years after biosolids application. The biosolids rates
used to generate this relationship were the optimal rates required
to maximize yield in the year of application (Table 4).

solids-N in irrigated maize as compared with rainfed
sorghum.

Residual Effects of Biosolids on Yield, N uptake,
and Soil Nitrate

The residual response to applied biosolids was similar
for both irrigated maize and rainfed sorghum when eval-
uated in terms of RY (Fig. 7). On average, the RY
increase due to a one-time application of biosolids was
33% in the year of application, 21 % in the second year,
14% in the third year, and 9% in the fourth year. Resid-
ual effects on yield would probably drop below detect-
able levels after =5 yr. The equations shown in Table 4
can be used to assess the decline in yield response as a
function of the biosolids-N rate and year after applica-
tion. For example, the predicted relative maize yield
was 84, 66, and 61% of the maximum for the first, sec-
ond, and third years after application when the optimal
rate of 441 kg organic N ha™! was applied. The predicted
relative sorghum grain yield was 70, 58, and 41% of the
maximum for the first, second and third years after
application when 257 kg organic N ha~! was applied.
Despite the residual effect of biosolids, supplementary
application of N fertilizer would also be required to
maximize yield in the residual years.

In the subsequent years after biosolids application,
additional N was recovered by the crops due to mineral-
ization of organic biosolids-N, but the relative cumula-
tive N recovery depended on the biosolids rate (Table
2). For example, in the 25 Mg ha~! biosolids rate applied
in 1997, 1998, or 1999, maize recovered a total of 43%
of the N applied in the first year, 58% after 2yr, and
76% after 3 yr of cropping. This compares with cumula-
tive REy of 30 (1 yr), 42 (2 yr), and 56% (3 yr) at a
rate of 50 Mg biosolids ha™!. The decrease in REy with
greater biosolids rates probably resulted from greater
N losses from denitrification and leaching. Nitrogen re-
covery of fresh and residual biosolids-N was highest in
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Fig. 8. Effect of a large biosolids application in spring 1996 on the
increase in soil nitrate content above the untreated control from
1997 to 1999.

1999 due to the high N uptake observed in the biosolids
treatments (Fig. 5). Water-filled pore space was <50%
during early growth in 1999 (data not shown), which
probably minimized N losses and caused a build-up of
mineral N during May and June, which was subse-
quently taken up by the maize plants with minimal
leaching. At rates of 25 to 50 Mg biosolids ha™!, =19%
of the biosolids-N from 1997 to 1999 was recovered by
sorghum in the first year, 32% in 2 yr, and 40% in 3 yr.
Less N was mineralized and residual effects from bio-
solids lasted longer under rainfed conditions than under
irrigated conditions.

One disadvantage to supplying multi-year crop N re-
quirements with large single applications of biosolids
is the potential for nitrate leaching or other N losses,
particularly if the application rate exceeds the optimal
rate required to maximize yield in the first year. At the
irrigated maize site, 170 kg ha™! more NO; N than in
the control had accumulated in the soil profile by spring
1997, when 981 kg biosolids-N ha™' (805 kg organic N,
176 kg NH,-N) was applied to maize in spring 1996 (Fig.
8). By fall 1997, >110 kg ha~! more NOj; N than in the
control were measured in the 0- to 150-cm soil depth,
but 3 yr after biosolids application, soil NO; levels were
similar to soil that had not received biosolids. The NO;
accumulated in the previous years had either been lost
from the root zone by leaching or gaseous loss processes
or was utilized by maize. Nitrogen budget calculations
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Table 5. Nitrogen budget in treatments that received single biosolids applications in spring 1996. All values shown are the difference
between ~+biosolids treatments and the control treatments without biosolids application.

N budget in spring 1997 (after one crop) N budget in fall 1999 (after four crops)

Total N Increase in Increase in Unaccounted Increase in Increase in Unaccounted
Biosolids applied crop removal NO;-N7f Ni crop removal NO;-N7F Ni
Mg ha™! kg N ha™!
Irrigated Maize

33 305 17 9 279 (91%) 259 - -

79 731 46 50 635 (87%) 383 -3 351 (48%)
92 851 57 70 724 (85%) 477 - -

106 981 80 170 731 (74%) 480 8 493 (50%)

Rainfed Sorghum

23 188 46 12 130 (69%) 158 - -

45 358 67 20 271 (76%) 264 12 82 (23%)
66 527 51 37 439 (83%) 373 - -

90 726 57 62 607 (84%) 447 3 276 (38%)

T Soil NO;-N in a 0- to 120-cm depth, increase or decrease over control plot.
# N unaccounted for by crop removal and residual soil nitrate = N applied — (crop removal + residual N). Includes biosolids-N that remains unmineralized,
biosolids-N converted into soil organic matter, and biosolids-N that was lost due to leaching or gaseous losses. Numbers in parenthesis show the

percentage of unaccounted N of the total amount of biosolids-N applied in spring 1996.

indicated that 1 yr after application, maize N uptake
and residual NO;-N accounted for 9 to 26 % of biosolids-
N applied in 1996 (Table 5). After four crops, in treat-
ments with biosolids rates that exceeded the optimal
rate required to maximize yield in the year of application
(Fig. 4), =50% of the total N applied was not accounted
for by either crop uptake or residual NO;-N in the soil.
However, there was very little additional NO; accumula-
tion when biosolids were applied at rates lower or close
to the recommended rate for maximizing yield. For ex-
ample, differences in residual soil NO; between +bio-
solids treatments and the control measured in fall 1999
(0 to 150 cm soil depth) were —3 kg N ha™! at a biosolids
rate of 177 kg organic-N ha™! or 17 kg N ha™! at 353
kg organic-N ha~! applied in spring 1999 (Fig. 9).

Less NO; accumulated in the soil and less N remained
unaccounted for at the rainfed sorghum site, which is
consistent with the hypothesis that N mineralization of
biosolids-N was slower and leaching losses were smaller
under rainfed than irrigated conditions. About 62 kg
additional NO; N ha~! had accumulated in the 0- to
120-cm soil depth by the spring of 1997, when a heavy
dose of 726 kg N ha™! (603 kg organic N, 123 kg ammo-
nium N) was applied to sorghum in spring 1996 (Fig.
8). However, soil NO; levels had already decreased by
fall 1997 and remained at levels similar to the control
until fall 1999. Depending on the biosolids rate, 16 to
31% of biosolids-N applied in spring 1996 was recovered
by sorghum N uptake or residual soil NO; after 1 yr
(Table 5). However, this proportion increased to 62 to
77% after 4 yr in the two treatments for which 4-yr NO;
measurements were available. As for maize, at biosolids
rates close to those required to maximize sorghum
yields, the potential for NO; accumulation and N losses
such as leaching was small. For example, differences in
residual soil NO; between +biosolids treatments and
the control measured in fall 1999 (0 to 150 cm soil depth)
were 10 kg N ha™! at a biosolids rate of 185 kg organic-
N ha~!as compared with 40 kg N ha™! at 556 kg organic-
N ha~! applied in spring 1999 (Fig. 9).

It is impossible to accurately attribute N unaccounted

for by crop uptake or residual NO; to specific processes
such as leaching, denitrification, immobilization in or-
ganic matter, or residual biosolids-N. However, the
quick accumulation of nitrate in soil depths below 30
cm and the greater amount of N unaccounted for at the
irrigated site indicate that leaching was a major process,
particularly with irrigation and if biosolids rates ex-
ceeded crop N demand by a large margin. Further evi-
dence for this is provided by comparing the fate of
biosolids-N in the two treatments that received almost
identical amounts of 731 (maize) or 726 (sorghum) kg
biosolids-N ha~! in 1996 (Table 5). After 4 yr, residual
soil NOs levels at both sites were similar to the control
in both treatments, but crop uptake accounted for 62%
(sorghum) or 52% (maize) of the N applied to sorghum,
suggesting that =70 kg N ha~! more had been lost under
irrigated maize as compared with rainfed sorghum. Gas-
eous losses of N,O or N, probably occurred, but further
research will be required to clarify their importance
with regard to biosolids applications. Microbial activity
leading to N, and trace gas emissions are closely related
to soil moisture, NO; concentrations, available C, pH
and electrical conductivity in soil solution (Stanford et
al., 1975; McCormick and Wolf, 1980; Nugroho and Ku-
watsuka, 1992; Weier et al., 1993). Biosolids application
is likely to influence many of these processes.

Economic Value

Only a partial economical assessment can be per-
formed because, at our site, biosolids were hauled to
farmers’ fields at no cost to the farmer. Production,
storage, and transport of biosolids were covered by the
wastewater treatment plant, which in turn covers this
cost from revenues generated within its service area.
Our analysis below only assesses the potential benefits
to a farmer at a biosolids rate of 62 Mg ha™! (irrigated
maize) or 36 Mg ha™! (rainfed sorghum). It is not valid
for biosolids rates that exceed the amount required to
maximize yields in the year of application, that is, rates
at which crop response is less certain and additional
environmental costs must be factored in. Also, these
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Fig. 9. Soil nitrate increase above the untreated control, as affected by the amount of biosolids organic-N. Biosolids were applied in spring 1999.

The soil nitrate distribution shown was measured in the fall of 1999.

estimates of economic benefits are subject to climate
variability or other factors, which affect crop perfor-
mance such as water supply and pests.

In irrigated maize, =530 kg N ha™! would be applied
once with the 62 Mg ha™! biosolids, resulting in a 28%
yield increase over an unfertilized control in the year
of application. To achieve the same yield increase, 211
kg inorganic N ha~! had to be applied at a fertilizer cost
of $70 ha™! (Table 6). In rainfed sorghum, an application
of 36 Mg ha~! was equivalent to $36 ha~! in terms of
N fertilizer value. Including the residual benefits in sub-
sequent years, the cumulative N fertilizer value of a
single biosolids application in a 4-yr period was esti-
mated to be $136 ha™! for irrigated maize and $68 ha™!

for rainfed sorghum (Table 6). For the whole 4-yr pe-
riod, biosolids had a total N value of $2.2 Mg™! in maize
or $1.9 Mg~!in sorghum. However, the fertilizer equiva-
lent declined from 3 to 3.4 kg N Mg~! biosolids in the
first year to 0.4 kg N Mg ™! biosolids in the fourth year.

Economic benefits from a single biosolids application
can only be fully realized if N application is adjusted by
supplementary fertilizer-N to account for the declining
residual N contribution from biosolids across time. More
research is required to design crop rotations that effi-
ciently use N that accumulates throughout the whole
root zone. Differences among crops appear to exist in
their ability to utilize biosolids-N, which are probably
related to differences in the root system. For example,
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Table 6. Cumulative nitrogen fertilizer value of biosolids when applied to irrigated maize and dryland sorghum at the rate to maximize
yields in the first year. Values shown refer to a biosolids application of 62 Mg ha~! to maize or 36 Mg ha! to sorghum.

(A) (B)
N input Relative yield ©) (D) (E) (F) G)
from increase from Fertilizer N Available Value of Fertilizer N value of
Crop no. biosolids{ biosolidsi required§ biosolids N[ fertilizer N# equivalent biosolidsiE
kg N ha™! % kg N ha™! % $ ha™! kg N Mg! $ Mg!
Irrigated maize
1 532 28 211 40 70 34 1.12
2 0 24 143 27 47 23 0.76
3 0 11 39 7 12 0.6 0.19
4 0 9 22 4 7 0.4 0.12
Total 532 415 78 136 6.7 2.19
Rainfed sorghum
1 309 36 108 39 36 3.0 0.99
2 0 21 51 17 17 14 0.47
3 0 15 33 11 11 0.9 0.30
4 0 7 13 4 4 0.4 0.12
Total 309 205 71 68 5.7 1.88

T Assuming 18.5% dry matter, 38 g organic-N kg~! dry matter, and 8.4 g inorganic N kg™! dry matter.

i Average relative yield increase from a single biosolids application in Year 1, see Fig. 6.

§ Amount of fertilizer-N (FN) needed to achieve an increase in relative yield (iRY, %) equivalent to that from biosolids N (column B). On the basis of
N response curves fitted to the data shown in Table 2: irrigated maize: iRY = 5.17 + 0.18 FN — 0.00034 FN? (average of 1996 to 1999, R*> = 0.90)
rainfed sorghum: iRY = 1.62 + 0.44 FN — 0.00113 FN? (average of 1997 to 1999, R*> = 0.98).

11 Estimate of % of plant available N from biosolids. (D) = (C)/amount of biosolids-N applied in Year 1 (A).

#(E) = (C) X $0.33 kg fertilizer-N (assumed average price of fertilizer N).

i1 kg N per Mg fresh biosolids. (F) = (C)/62 Mg ha™' in maize or (C)/36 Mg ha™' in sorghum.
i1 # per Mg fresh biosolids. (G) = (F) X $0.33 kg ! fertilizer-N (assumed average price of fertilizer N).

a rotation of irrigated maize plus biosolids in Year 1,
sorghum in Year 2, and soybean in Year 3 would proba-
bly not require any extra N fertilizer and ensure maxi-
mum use of biosolids-N at minimum NO; accumulation
in the soil profile. Research is also required to quantify
long-term effects of biosolids use on elements other
than N and soil and water quality at scales of entire
watersheds in the vicinity of larger cities.

CONCLUSIONS

Anaerobically digested sewage sludges (biosolids)
have a high agronomic value. A sustainable biosolids
management strategy must ensure (i) high yields and
profit, and (ii) minimize the accumulation of NO;, P,
and other elements in the soil. In our study, benefits of
biosolids application in terms of N use efficiency and
profit were greatest in irrigated systems where crop
growth was less likely to be limited by factors such as
water supply. Biosolids amounts required to maximize
yields in the year of application on a silty clay loam
were 62 Mg ha™! in irrigated maize and 36 Mg ha! in
rainfed sorghum. At biosolids application rates required
to maximize yields in the year of application, NO; accu-
mulation was small in both crops and first-year N use
efficiency of biosolids-N was comparable to fertilizer-
N applied to irrigated maize. However, as with other
fertilizers, there is a significant threat of NO; leaching or
gaseous emissions if biosolids rates exceed the optimal
amount, particularly in irrigated systems.

About 80% of the biosolids-N was in organic forms
and much of this was mineralized across a period of 4
yr. The proportion of total biosolids-N available in each
year after a single application was similar for maize
and sorghum when biosolids were applied at rates high
enough to maximize yield in the first year. Because
contributions of organic and mineral biosolids-N to crop

uptake are difficult to separate, practical rate recom-
mendations for biosolids use should be based on the
total N input and its potential cumulative plant recovery
and leaching potential across a period of =4 yr. For
agronomic purposes such as fertilizer plans, =40, 20, 10,
and 5% of the total biosolids-N (organic + inorganic)
were available to crops in the first, second, third, and
fourth year, respectively. These field-based estimates
were larger than current guidelines on biosolids-N min-
eralization (USEPA, 1995), which are often based on
laboratory studies.

For optimal performance, actual biosolids rates
should be further adjusted depending on soil organic
matter content, initial soil NOs, yield goal, and biosolids
composition. Supplementary N fertilizer is required in
the year of application if the biosolids rate is below the
rate required to maximize yields and in years following
a biosolids application. This is especially important in
irrigated systems with high yield potential.
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