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Rainfall simulations were conducted within mixed (cool- and native warm-season) grasslands in the sloping, rocky soils typical of
the OzarkMountains region to estimate nutrient and bacteria levels in runoff from biosolids andmineral fertilizer (MF).The ability
of narrow (1m) vegetated filter strips (VFS) to reduce losses was evaluated. Experiment 1 included an untreated control (C); 37 kg
plant available nitrogen (PAN) ha−1 from biosolids applied to the upslope half of the plot with the downslope half serving as a VFS
(LBF); 74 kg PAN ha−1 from biosolids, with VFS (HBF); and a uniform biosolids application at the lower rate and no VFS (LBU).
Experiment 2 examined runoff from MF applied at 89 kg ammoniacal nitrogen (NH

4

-N) ha−1 and 147 kg phosphorous (P) ha−1
over the whole plot (MFW) or only on the upslope half (with VFS) (MFF). No significant differences were detected among mean
fecal coliform levels despite large differences in magnitude. Losses of NH

4

-N and P were greater for LBU than for LBF. Although
only marginally significant (𝑃 = 0.058), total phosphorous contained in runoff was nearly three times higher inMFW than inMFF.
Results of this study suggest that even a small VFS can potentially reduce nutrient levels in runoff.

1. Introduction

An estimated 226,800 dry tonnes of biosolids are produced
each year in Missouri where 60% of the sludge is incinerated
and 30% is applied to agricultural land [1]. However, nearly
all biosolids produced by the city of Springfield, Missouri,
are applied to agricultural land. Many benefits and concerns
associated with biosolids application to agricultural lands
were recently reviewed by Torri et al. [2] and Lu et al. [3].
Among the benefits, biosolids provide recycled nutrients
to soils and can serve as an alternative or a substitute to
costly mineral fertilizers (MF). In addition to providing
nutrients, biosolids provide organic matter to soil [4, 5],
increase infiltration [6], potentially improve soil quality [5, 7,
8], and increase agronomic productivity [5, 7, 9–12]. Using
biosolids as a substitute for MF also helps reduce energy
use which would have been associated with production and
transportation of MF.

A considerable body of research has confirmed the
potential for losses of nutrients such as nitrogen (N) and
phosphorus (P) from agricultural fertilizers applied to fields
[13–17] while less data are available for hay and grazing
lands [18, 19]. Nitrogen levels are often a limiting factor for
application; however, in a 2003 national biosolids survey,
Shober and Sims [20] determined that about one half of the
states in the USA have established regulations, guidelines,
or legislation that can be used to limit land application
of biosolids based on a measure of soil P or biosolids P.
Therefore, data for bothNandP could be required to conform
to regulations. Federal (USA) and Missouri state regulations
require that biosolids application rates do not exceed plant
available nitrogen (PAN) levels that can be immobilized
by the crop [21, 22]. Regulation of land application of
manures or biosolids on the basis of P is not yet required
in Missouri. Sediment and fecal bacteria are other pollutants
that contribute to the degradation of water sources. Biosolids
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and animal manures may increase sediment loads and can
contain high amounts of coliform bacteria that are often
carried in surface runoff from agricultural fields [23, 24].

Management practices that can potentially influence non-
point source pollution levels and water quality include a shift
in fertilizer time of application and the use of vegetated filter
strips (VFS) to reduce contaminant content. In central and
southern Missouri nearly two-thirds of cool-season forage
production occurs in spring. Consequently, some producers
have shifted fertilizer, manure, or biosolids application to
late summer in an effort to increase autumn production
either for hay harvest or winter grazing (M. Green and M.
Kennedy, pers. comm.). VFS have proven effective in reduc-
ing sediment [23–26] and nutrient levels [27–29], but the
magnitude of the reduction in nutrient loads often depends
on the nutrient and its form [25]. For example, Daniels and
Gilliam [25] observed that runoff collected at field edges
and various locations in vegetated buffers showed that VFS
reduced total phosphorus (TP) load by 50%, but as much as
80% of the soluble PO

4

-P passed through filters. VFS are not
highly efficient in trapping fecal bacteria from surface runoff;
several studies have shown significant yet still unacceptable
reductions in fecal coliform counts [23, 27, 30, 31].

The following two experiments were conducted to pro-
vide additional data on fertilization management and VFS
efficacy on grassland typical of the Ozarks region (i.e.,
sloping, rocky soils). The biosolids experiment evaluated and
compared sediment, nutrient, and bacteria levels found in
runoff from biosolids applications with or without a VFS.
Biosolids were applied at PAN levels typically applied to
native warm-season grasses. The mineral fertilizer experi-
ment investigated the efficacy of a narrow VFS in reducing
sediment, nutrient, and bacteria pollutant loads.

2. Materials and Methods

2.1. Site Conditions and Rainfall Simulation. Rainfall simula-
tions were conducted from August 2009 to October 2009 on
field plots with a Nixa very gravelly silt loam (loamy-skeletal,
siliceous, active, mesic Glossic Fragiudults) in Lawrence
County, Missouri. Vegetation in plots consisted of a mixture
of cool- (especiallyLoliumarundinaceum (Schreb.)Darbysh.)
and native warm-season grasses (e.g., Sorghastrum nutans
(L.) Nash and Andropogon gerardii Vitman). The study site
has been hayed, rather than grazed, since 2006.

Surface runoff plots 1.50 × 2.00m (long axis oriented
downslope) had metal borders 5 cm above and below ground
level in order to isolate runoff. Each experiment was con-
ducted with four replicates.The plots were mowed to a height
of 10 cm 7 to 10 days prior to rainfall simulations and had
similar vegetative cover conditions. A full replication of each
experiment was carried out on each of 4 days (Table 1). Plots
were selected for replications to optimize uniformity of slope.
Slopes of plots used in the experiment ranged from 3 to 6%.

Portable rainfall simulators [32] fitted with plastic tarps to
provide a wind screen were used to apply rainfall to plots (3
rainfall simulators were employed twice each day). The rain-
fall simulators were equipped with a single Spraying Systems

Table 1: Mean volumetric soil moisture, percent vegetative cover,
and mean runoff volume from each of the four blocks used in this
study.

Date % Volumetric
soil moisture

% Vegetative
cover

Mean runoff
volume (L)

Aug. 20, 2009 39.1 84.4 57.1
Aug. 27, 2009 19.6 93.8 25.4
Sep. 03, 2009 24.3 88.8 14.6
Oct. 13, 2009 46.7 97.2 80.2

FulljetHH50WSQ(brandname is included for specificity, not
as an official endorsement of a particular product) nozzle at a
height of 3m, were centered over plots, and had an operating
nozzle pressure of 28 kPa to yield a rainfall intensity of
70mmh−1 [32] with droplet size and velocity similar to natu-
ral rainfall. Rainfall occurring at this intensity for 0.5 h dura-
tion has an approximate probability of occurring once every
two years in southwest Missouri and imitated an imprudent
scenario in which fertilizer application occurred immediately
before a heavy thunderstorm. Deionized water (>50 kOhm
resistance), provided by cation and anion exchange columns,
was used as the water source for the simulators. Additional
filtration was provided by an inline filter located on each sim-
ulator upstream of the pressure regulator to prevent foreign
particles from clogging the regulator and nozzle. The rainfall
intensity was applied until 30min of runoff was collected.
Surface runoffwas collected inmetal gutters at the downslope
edge of each plot and pumped from the collector bucket to
a 190 L plastic barrel, which was lined with a clean plastic
liner. During simulated rainfall, runoff collection gutterswere
covered to exclude water that had not fallen on the plot
surface first. Total surface runoff was then measured, and
the bulk solution was agitated so that a subsample (1900mL)
could be collected for laboratory analyses. Tubing and pumps
used in sample collection were cleaned before each use by
flushing with a 0.5% sodium hypochlorite solution for two
minutes followed by thoroughly rinsingwith deionizedwater.

Samples were labeled with a randomly assigned reference
number, stored in ice water, and delivered to the Southwest
Water Treatment Plant in Springfield, Missouri, within 7 h
of collection for stabilization and analyses. Analyses were
completed for total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), dissolved total Kjeldahl nitrogen (DTKN),
NH
4

-N, dissolved ammoniacal nitrogen (DNH
4

-N), nitrate
nitrogen (NO

3

-N), TP, dissolved phosphorus (DP), and fecal
coliform colony-forming units (CFUs) levels. TSS, NH

4

-N,
and CFUs were determined according to standard biosolids
protocols [33]. TKN was determined by semiautomated
colorimetry [34] and TP was determined by automated
colorimetry [35]. NO

3

-N and DP were determined by ion
chromatography [36].

Gutters in plots were sealed with a bentonite/soil mixture
and were washed of free soil and clay before the rainfall sim-
ulations were initiated. Percent ground cover was measured
by the line-transect method (3 transects and 10 observations
per transect in each plot), andmean volumetric soil moisture
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Table 2: Plant available nitrogen (PAN) and total phosphorus (TP)
included in mineral fertilizer and biosolids treatments.

Constituent LB† HB MF
Kg ha−1

PAN‡ 36.8 73.6 89.3
TP 58.3 116.6 146.9
†LB: low rate of biosolids; HB: high rate of biosolids; MF: mineral fertilizer.
‡For MF, PAN is equal to ammoniacal nitrogen (NH4–N) content.

(𝜃) was determined (Table 1) using a capacitance sensor
(Theta probe, Delta-T Devices (brand name is included for
specificity, not as an official endorsement of a particular
product), Cambridge, UK) at four locations within a plot.
Biosolids or MF were then spread manually to each plot with
careful attention to uniformity and the treatment assigned.

2.2. Biosolids Experiment Details. The four treatments
included untreated control (C); 1664 kg ha−1 low rate of
biosolids with a 1m vegetative filter (LBF); 1664 kg ha−1 low
rate of biosolids, unfiltered (LBU); 3328 kg ha−1 high rate
of biosolids with a 1m vegetative filter (HBF). PAN and TP
values for these treatments are given in Table 2. Filtered
treatments received a uniform application of biosolids only
on the upslope half of the plot (upper 1m section) with the
downslope half of the plot (lower 1m section) acting as an
untreated VFS. Biosolids were only spread on the downslope
half of the unfiltered treatments (lower 1m section) (i.e., no
VFS). Therefore, the LBF and LBU treatments had the same
plot size, treated area, and mass of biosolids applied.

The anaerobically digested, dewatered municipal
biosolids used in this study were Class B biosolids [37] and
were obtained from the Southwest Water Treatment Plant
in Springfield, Missouri. Application rates for biosolids
treatments were based on the plant available nitrogen (PAN)
content of the biosolids, which was calculated by multiplying
the organic N fraction of the biosolids (i.e., TKN – (NH

4

-N +
NO
3

-N)) by the first year-mineralization rates (i.e., 0.2) [21]
and then adding 0.7 ∗ NH

4

-N (to adjust for volatilization
losses) [22] and NO

3

-N (Table 2).

2.3. Mineral Fertilizer Experiment Details. A blend of triple
superphosphate and diammonium phosphate served as the
MF in the second experiment. Plots received no amendment
(untreated control; C), 89.3 kg ammoniacal nitrogen (NH

4

-
N) ha−1 and 146.9 kg P ha−1 as a blend of MF applied to
upslope half (1m) of the plot which was “filtered” by the
downslope 1m of the plot which served as a vegetative filter
strip (MFF), or an identical rate of blended mineral fertilizer
spread over the whole plot (MFW). Therefore, the plots were
equal in total area, but the MFW treatment received twice
as much fertilizer on a plot area basis. With this design
we intended for the MFF treatment to simulate grassland
bordered by a narrow span of vegetation that could serve
as a buffer to a protected water body, slope change, or area
of concentrated flow, whereas the MFW treatment would

Table 3: Concentration and total fecal coliform colony-forming
units (CFUs) in runoff.

Treatment† Mean CFUs in 100mL Mean total CFUs‡

LBU 35,720 10,965,563
LBF 7,080 1,348,587
HBF 4,880 367,700
C 117 90,130
†LBU: low rate of biosolids, unfiltered; LBF: low rate of biosolids, filtered by
a 1m grass strip; HBF: high rate of biosolids, filtered by a 1m grass strip; C:
untreated control.
‡Mean CFUs are given, but no differences among treatments were detected
using preplanned orthogonal contrasts on raw, square-root, or log10 trans-
formed data.

represent a landscape that received uniform fertilization up
to the edge of an unprotected (no VFS) critical area.

2.4. Statistical Analyses. Because structured treatment levels
(i.e., high rate of biosolids treatment was double that of
low rate of biosolids treatment) violate an assumption of
analysis of variance (ANOVA), the C and biosolids treatment
effects from the biosolids experiment were assessed by curve-
fitting [38] and orthogonal contrasts (1 df) with the REG and
GLM procedures [39]. For the mineral fertilizer experiment,
ANOVA was performed on square-root transformed data
which were then subjected to protected least significant
difference (LSD) tests (𝛼 = 0.05) and preplanned orthogonal
contrasts as a randomized complete block design for the C,
MFF, and MFW treatments.

3. Results and Discussion

3.1. Biosolids Experiment. Mean fecal coliform CFUs con-
centrations ranged from about 100 (C) to nearly 36,000
(LBU) CFUs per 100mL (Table 3). Plotting the data (Figure 1)
helped us to visualize the poor relationship (𝑟2 = 0.44) in
runoff CFUs levels among filtered biosolids treatments. Still,
it is important to observe that filtered treatments (LBF and
HBF) had approximately one-fifth the CFU concentration
observed in LBU runoff (Figure 1). Treatment means (± s.d.)
for CFUs per 100mL for C, LBF, HBF, and LBU were 116 ±
159, 7080 ± 11,195, 4880 ± 8159, and 35,720 ± 61731,
respectively. Large variability in bacterial concentration has
been reported by others [23, 30, 40] and feral animal or
accidental introductions of fecal material to the plot areas
may have contributed to variability; however, the contribu-
tions of such introductions would logically be small relative
to contributions from biosolids treatments. The relatively
low fecal coliform counts observed in runoff from C plots
support this perspective. In studies by Coyne et al. [23, 30],
comparisons of various sizes of poultry litter amended plots
with different VFS lengths did not meet water quality goals
for control of fecal coliforms in primary contact water. In
this study, CFUs per 100mL from the biosolids treatments
(Table 3) greatly exceeded the maximum amount allowed
in Missouri for whole body contact recreation (max. of
206CFUs/100mL) [41]. High levels of CFUs were expected
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Table 4: Untransformed treatment means for all analyzed biosolids
nutrients in runoff fromExperiment 1 simulated rainfall plots. Note:
values have been extrapolated to kg ha−1 basis.

Contaminant C LBF LBU HBF
Kg ha−1

TSS† 15.7 12.0 37.0 10.3
TKN 1.10 0.67 3.33 9.00
DTKN 0.33 0.77 1.67 8.67
NH4-N 0.07 0.47 2.07 0.93
DNH4-N 0.07 0.47 2.10 0.87
NO3-N 0.03 0.02 0.07 0.03
TP 0.10 0.13 0.33 0.23
DP 0.07 0.10 0.23 0.13
†TSS: total suspended solids; TKN: total Kjeldahl nitrogen; DTKN: dissolved
total Kjeldahl nitrogen; NH4-N: ammoniacal nitrogen; DNH4-N: dissolved
ammoniacal nitrogen; NO3-N: nitrate nitrogen; TP: total phosphorus; DP:
dissolved phosphorus.

because a narrow VFS was employed rather than the much
wider buffer that is required for biosolids applications inMis-
souri [22]. Furthermore, bacteria introduced from biosolids
into soils have been shown to decline rapidly and have a
limited survival time [13, 42]. Large variability in fecal CFU
levels has limited our ability to identify differences among
treatments in another similarly constructed experiment [40].

Preplanned orthogonal contrasts and linear regression
were used to compare and isolate aspects of this study. No
differences could be declared among biosolids treatments
for TSS in runoff. This result could be expected if biosolids
are relatively rainfast and have a relatively low impact on
altering sediment runoff levels. However, Harris-Pierce et
al. [24] showed that increasing sludge rate can increase
sediment levels. TSS content in runoff was numerically
highest from LBU and C treatments (Table 4), but the slope
of the regression was not significant for the C, LBF, and HBF
treatments (𝑃 = 0.14). Previous research, using much longer
VFS, indicated reductions in TSS from surface runoff when
VFS are employed [23, 29]. Increasing biosolids rate showed
a strong linear relationship for DP (𝑟2 = 1.00, slope𝑃 < 0.001)
in surface runoff (Figure 2). This result is logically supported
because DP losses from control plots would only include
residual P, whereas losses from the biosolids treatments
would be comprised of soil P and DP from the biosolids
amendment. An orthogonal contrast of LBF versus LBU
indicated that losses of TP (𝑃 = 0.013) and DP (𝑃 =
0.043) from LBF were half of the quantities lost from LBU.
A strong linear relationship was observed for NH

4

-N (𝑟2 =
0.99, slope 𝑃 = 0.030) and DNH

4

-N (𝑟2 = 1.00, slope 𝑃 =
0.004) indicating increased losses as PAN rate was doubled
(Figure 3). An LBF and LBU contrast indicated differences
for NH

4

-N (𝑃 = 0.005) and DNH
4

-N (𝑃 = 0.005), showing
the efficacy of the VFS in reducing nutrient losses. TKN
and DTKN data are not well described by linear regression;
therefore orthogonal contrasts were used to compare the C to
LBF and C to HBF. No differences were detected.

Total fecal coliform colony-forming units

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000 2500 3000 3500 4000

C LBF HBF

LBU

y = 1.4312x + 1644.2

R2 = 0.44 (NS slope)CF
U

s p
er

10
0

m
L

×103

Dry weight applied (kg ha−1)

Figure 1: Mean fecal coliform colony-forming units (CFUs) con-
centrations in runoff from control (C); low rate of biosolids, filtered
by a 1m grass strip (LBF); low rate of biosolids, unfiltered (LBU);
and high rate of biosolids, filtered by a 1m grass strip (HBF). CFU
level in runoff was not well described by application rate (slope
𝑃 = 0.53); however, mean CFU level of the unfiltered treatment was
much greater. LBU mean is included for reference.
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3.2. Mineral Fertilizer Experiment. In a separate analysis, C
was compared to total nutrient runoff from the MF treat-
ments. MFF loading did not differ from MFW for any factor
according to the protected LSD mean separation procedure
(𝛼 = 0.05). However, according to an orthogonal contrast
(1 df), TP was marginally significant (𝑃 = 0.058) with MFW
having nearly triple the amount of MFF TP loading (18.9
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4
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-N), and nitrate nitrogen (NO
3

-N) loading
in response to plant available nitrogen (PAN) application rate for C,
LBF, and HBF.

Table 5: Untransformed treatment means for all analyzed mineral
fertilizer nutrients in runoff from Experiment 2 simulated rainfall
plots. Note: values have been extrapolated to a kg ha−1 basis.

Contaminant C† MFF MFW
Kgha−1

TSS 15.6a‡ 17.6a 5.7a

TKN 1.1b 5.9ab 16.7a

DTKN 0.33b 5.4ab 16.4a

NH4-N 0.067b 5.4ab 15.7a

DNH4-N 0.067b 5.4ab 15.6a

NO3-N 0.033b 0.2ab 0.4a

TP 0.10b 5.4ab 18.9a

DP§ 0.07a 1.5a 13.9a
†C: untreated control; MFF: fertilizer, filtered by a 1.0m grass strip; MFW:
fertilizer applied to whole plot.
‡Values within a row followed by different letters are significantly different
according to a protected LSD test (𝛼 = 0.05).
§Three DP samples were lost due to a laboratory error. The consequent loss
of statistical power may have contributed to a failed F-test (𝑃 = 0.147) for
the protected LSD procedure.

versus 5.4 kg ha−1) (Table 5). MFW runoff content of NH
4

-
N numerically (but not statistically) exceeded that of the
MFF plot by a factor of nearly three also. A higher level of
nutrient runoff in the MFW plot was, of course, expected
because double the amount of fertilizer was applied to the
same total plot area and the closer proximity of half of the
fertilizer to the collection gutter. However, the narrow VFS
of mixed cool-season grasses employed in this experiment
were inadequate to significantly reduce nutritive loading.
The high water solubility of MF allows a large amount of
contaminants to be readily carried off in surface runoff when
a sufficient rainfall storm occurs; therefore, wider VFS (e.g.,
9.1m to 45.7m) are recommended to reduce losses to surface

waters. No differences were observed for TSS among the C
and fertilizer treatments according to the protected LSD test
(𝛼= 0.05) (Table 5). According to the same test, TKN,DTKN,
NH
4

-N, DNH
4

-N, NO
3

-N, and TPwere lower in runoff from
the C than MFW.

These results suggest that even an undersized VFS can
reduce certain nutrients when compared to fertilizer appli-
cations made without any VFS. DTKN and DNH

4

-N were
dominant components of TKN and total NH

4

-N values in
runoff among all treatments. This result was expected from
soluble mineral fertilizer salts and resulted in nearly identical
trends among these parameters.

4. Conclusions

Statistical analysis of fecal coliform in runoffwas obscured by
variability and perhapsmadeworse by historical or accidental
contamination of plots. However, that the biosolids treatment
LBU numerically had the highest mean concentration and
total runoff of coliform is noteworthy. In the LBF versus
LBU contrast, differences suggest that even a small VFS is
capable of decreasing biosolids nutrient levels in runoff when
compared to unfiltered runoff. Biosolids applications in the
state of Missouri, however, require much wider buffer areas
(15.2 to 91.4m) than those used in these experiments [22].

MFF and MFW did not differ in any of the orthogonal
contrasts. However, it is important to notice that, except
for TSS, MFW always differed from the C according to a
protected LSD test (𝛼 = 0.05), while MFF did not differ
from the C. Although VFS are recommended when applying
mineral fertilizers, they are not required in Missouri. These
data indicate that lack of VFS where mineral fertilizers are
applied could result in large nutrient content being delivered
to surface water.

Abbreviations

MF: Mineral fertilizer
CFUs: Colony-forming units
DNH
4

-N: Dissolved ammoniacal nitrogen
DP: Dissolved phosphorus
DTKN: Dissolved total Kjeldahl nitrogen
NH
4

-N: Ammoniacal nitrogen (total)
NO
3

-N: Nitrate nitrogen
PAN: Plant available nitrogen
TKN: Total Kjeldahl nitrogen
TP: Total phosphorus
TSS: Total suspended solids.
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