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(Triticum aestivum L.), grain N uptake, and grain and forage heavy metal uptake.

The effect of these N sources was investigated at the Agronomy Experiment

Station (Oklahoma State University, Stillwater. OK) on a Norge loam (fine mixed,

thermic Udertic Paleustoll). Previous yield results show that the ammonium

nitrate treatments produced significantly higher yields than the biosolid treated

plots, which could be due to the low N mineralization rates (21%) noted in the

biosolids (Lukina et al., 2000). Initial results show that the concentration of

molybdenum (Mo) in wheat forage is significantly higher in plots that are treated

with biosolids (Wynn et al., 2000).

As our cities grow there is an increasing need to find a safe method for

disposing of biosolids from wastewater treatment plants. According to Sabey et

al. (1975) a community with a population of 10,000 can produce about 1 metric

ton of treated biosolids per day (dry weight). Biosolids contain significant

amounts of plant nutrients that include 0.5-10 % N, 1-6 % phosphorus (P), 0.5

1.5% sulfur (S), 1-20% calcium (Ca), and 0.3-2% magnesium (Mg), 0.1 % iron

(Fe), <0.25 copper (Cu), manganese (Mn), and zinc (Zn), and <0.05% nickel (Ni),

boron (8), cobalt (Co) and Mo (Furr et aI., 1976; Sommers, 1977). Application of

biosolids to agricultural fields can be beneficial to the producer and the

wastewater treatment plants. The addition of biosolids to cropland has been

found by Lindsay and Logan (1998) to have a beneficial effect on total porosity,

moisture retention, and water stable aggregates. These beneficial effects can be

attributed to the amount of organic matter that is found in the biosolids. Menelik

et al. (1991) found that when biosolids were applied as the N source there was
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increased grain yield (20% increase) and N uptake (39% increase) compared

with an inorganic N source. Their research also showed that concentrations of

N, P, Mg, S, Zn, and Cu in wheat grain were increased when biosolids were used

as the N source compared with an inorganic N source. They also reported

higher concentrations of N present in the wheat grain where biosolids were

applied. These higher concentrations of N could reflect a higher concentration of

N present in the root zone at grain fill because of the slow release characteristics

of biosolids. They also noted that wheat treated with biosolids was more

aesthetically appealing than the wheat that was treated with inorganic N. Berti

(1996) found that biosol!id applications that result in high trace-element loadings

could depress crop yields in corn, soybeans, and sorghum-sudangrass.

The level of Zn found in the harvested plant tissue was well above sufficiency

levels.

Day et al. (1987) reported that wheat fertilized with biosolids produced

more vegetative growth than wheat grown with conventional fertilizers. This

study was conducted under hot-dry conditions (with irrigation) and where rapid

mineralization of the biosolids was expected. They also reported that wheat

fertilized with biosolids produced grain with the same yield and volume-weight as

wheat fertilized with suggested N, P, and K from commercial fertilizer. They also

noted that grain grown with biosolids contained more Zn, Cu, Pb and Ni than

grain produced with N, P, and K from commercial fertilizer. Protein concentration

increased from 14 g kg -1 with commercial fertilizer to 38 g kg -·1 where biosolids

were applied. This 6-year study showed that long-term fertilization with biosolids
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did not decrease wheat grain and straw yields or result in any adverse effects on

the soil that could not be corrected with minor changes in cropping practices.

Research by Hooda et al. (1997) reports that wheat grain concentrations of Cd

and Ni on biosolid amended soils were much greater than concentrations of

wheat grain grown without biosolids. Lead and Zn concentrations were found to

be only marginally higher. They also reported that plants that are grown on soils

with pH values in the neutral range and clayey texture tend to accumulate less

metals than those grown on soils with an acidic pH and a coarse texture. They

reported that when the soil was limed to reach a pH of 6.5 it had no effect on the

concentrations in the wheat grain for Cd, Cu, Ni and Zn but that there was a

decrease in the concentration of Pb. Gavi et al. (1997a) reports that when soil

pH falls below 5.0 the amount of Cd that is found in the grain ranges from 45 to

50 ug kg o1
. Above a soil pH of 6.0, grain Cd dropped to 10 I-Ig kg o1

.

Ippolito et al. (1999) shows that biosolids contain organic N which acts

as a slow release N source and provides a more constant supply of N during the

critical grain filling period of wheat versus commercial N sources. This sixteen

year study at two sites showed no significant differences in yield between

inorganic Nand biosolids application. Their research also showed that there was

no significant difference in wheat grain protein between the two N sources.

Winter wheat grain and straw from plots that received biosolids did show

significant increases in Zn concentrations, while Cu, Ni, Cd, Pb, and percent N

were not significantly different among N sources. This study also showed that a

significant amount of nitrate-N accumulates in the 0 to 150 cm depth when
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biosolids were applied compared to inorganic N sources. Research by Barbarick

et al. (1995) indicated that when P is at adequate levels for plant growth, further

additions of P through biosolids applications did not increase the plant absorption

of P. They also noted that there was no significant change in grain Mo when

biosolids were applied for 11 years. They note that this could be due to the

antagonistic effects that Cu has on Mo. According to federal regulations

governing land application of biosolids, the maximum amount of an inorganic

pollutant that can be applied to an area of land is listed in Table 1 (Basta, 1995).

When the USEPA regulatory cumulative pollutant loading rate is reached for a

particular land site, no more of that pollutant can be applied to the site in bulk

biosolids (Basta,1995).

Copper and Mo are two metals that are of concern when beef cattle are

allowed to graze on winter wheat pasture where biosolids have been applied.

Copper and Mo can become toxic to cattle when forage concentrations reach

100 mg kg -1 and 5 mg kg -1, respectively. A critical winter wl1eat forage Cu:Mo

ratio of 2: 1 was identified by the National Research Council (1996). O'Connor

and McDowell (1999) state that when there are excessive amounts of Mo, a

chronic disease called molybdenosis can occur, or a Mo induced Cu deficiency.

The ingested Mo is transformed in the rumen to a tetrathiomolybdate complex

with Cu, reducing Cu availability to the animal. Copper deficiencies can cause

anemia, reduced growth, depigmentation of hair and cardiac failure. The

objective of this study is to determine long-term effects of biosolids versus
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ammonium nitrate application on grain and forage yield, and metal accumulation

in wheat grain and forage.

MATERIALS AND METHODS

One winter wheat (Triticum aestivum L.) fi,eld experiment was established

at the Agronomy Research Station (Stillwater, OK) in the fall of 1993. A complete

factorial arrangement of treatments composed of six N rates (0, 45, 90, 180. 270

and 540 kg N ha-1y(1) and two N sources (anaerobically-digested bi:osolids and

ammonium nitrate, 34-0-0) was evaluated. Total N content and moisture content

of the Stillwater, OK biosolids are listed in Table 2. Each nitrogen source was

applied preplant and disk incorporated in the fall. Two added treatments outside

of the factorial included lime applied in 1993 (8.96 Mg ha-1), 1999 (8.96 Mg ha-1)

and 2000 (12.99 Mg ha-1
) to the high N rate plots (540 kg N ha-1y(1) for both N

sources. The experimental design was a randomized complete block with three

replications. The soil at this site is a Norge loam (fine mixed, thermic Udertic

Paleustoll). Forage was hand harvested from a 1m2 area in each plot for metal

analysis on January 5,1999, March 31,2000 and April 19. 2001 (Feekes growth

stages 4,6 and 5 respectively) (Large, 1954). Grain yield was determined by

harvesting the center 2 m of each plot (10m in length) using a self-propel!led

Massey Ferguson 8XP combine. Grain subsamples were collected and analyzed

for total N and heavy metal content. Total N in grain and forage samples was

determined using a Carlo-Erba NA 1500 dry combustion analyzer (Schepers et

aI., 1989). Soil samples (10 cores/plot, 0-15 cm) were collected from all plots in
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December 1998. Copper, Mo, Pb and Cd content were determined by

microwave wet digestion of soil using HN03 , H202 (U.S. EPA Method 3051) and

wet digestion of forage samples using HN03 ,HCI04 (Jones and Case, 1990)

followed by analysis using a high-resolution inductively coupled plasma

spectrophotometer (Thermo-Jarrell Ash IRIS ICP). Analysis of variance was

performed by year for all variables analyzed. Single degree of freedom contrasts

(non-orthogonal) were used to evaluate specific treatment effects (SAS, 1989)

RESULTS AND DISCUSSION

Grain Yield

Treatment means and single degree of freedom contrasts for grain yield

from 1994 to 2000 are reported in Table 3. A linear increase in wheat grain yield

with increasing N rate for the ammonium nitrate source was found for almost

every year excluding 1996 and 2000. Similarly, a quadratic trend for grain yield

was noted for the ammonium nitrate source, excluding 1996. A linear trend in

grain yield with increasing N rate of the biosolid source was observed for most

years excluding 1996 and 1997. Quadratic trends in wheat grain yield from the

biosolid N source were found only in 1996 and 2001. In 1996 there was not a

response to added N in the AN or the BS plots. Thi,s was due to a poor stand,

severe weed pressure, and adverse growing conditions encountered throughout

the growing season. In 1997 there were no differences in the BS plots but there

was a linear increase with the application of AN. In 1998 grain yields of the BS

plots were comparable to that obtained using AN, at the same N rates. This is
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thought to have come from the mineralization of the biosolid and soil N. It is

likely that conditions for mineralization of soil organic Nand biosolid N were

favorable since the yield of the check pl'Ot (1770 kg ha-1
) was the highest

observed over the course of this eight year study. Gavi et aI., (1997b) and U.S.

Environmental Protection Agency (1983) reported that N mineralization in

biosolid sources averaged 20 %. In the fifth year, the amount of N in easily

mineralizable pools provided enough N to the wheat to be comparable with the

AN plots. However, from 1999 to 2001, significantly lower yields were again

observed from BS plots when compared to AN.

Grain N Uptake

A quadratic trend for grain N uptake from the ammonium nitrate source

was observed in most years except 1996 (Table 4). A quadratic trend for grain N

uptake from the biosolid source was found for N uptake in most years excluding

1997, 1999, and 2000. In every year but one (1996 being the exception), N

applied as ammonium nitrate resulted in increased grain N uptake over that of

the biosolid source. This difference is attributed in part to the slow N

mineralization rate of the biosolids. Decreased grain N uptake in the biosolid

source compared to ammonium nitrate was likely a result of decreased N

mineralization in our study due to a cooler more temperate environment when

compared to results from Day et aI., (1987) in Arizona. A quadrahc trend for

grain N uptake efficiency from the ammonium nitrate was observed for most

years except for 1994 and 1996 (Table 5). There were no significant differences

between the biosolid and ammonium nitrate treatments in 1996, 1998 and 2001.
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Forage Metal Accumulation

As mentioned previously. the greatest concern regarding forage content of

heavy metals is specifically Cu and Mo. As long as the ratio of copper and

molybdenum remains above two, molybdenosis should not be a concern. The

Cu:Mo ratio never fell below two in the three years the forage was analyzed, thus

the threat of molybdenosis is considered to be small. The average Cu:Mo ratio

for the BS treatments was 10:1 in 1999 and 3:1 in 2000. The average Cu:Mo

ratio for the AN treatments was 32: 1 in 1999 and 6:1 in 2000. In 1999 a linear

increase for Mo was found with increasing N rate in the BS treated plots (Table

6). In 2000 there was a linear increase in forage Cu with increasing N rate in the

AN plots (Table 7). In 2001 there was a significant difference between the AN

treatments and the BS treatments (Table 8). There was not an observable

difference by source or rate for the content of Cd, Mo or Pb in the wheat forage in

2001.

Grain Metal Accumulation

A linear trend for increased Mo content with increasing N rates was

realized for the biosolid treatments in 1999 while the opposite was seen for

ammonium nitrate treatments (Table 9). Similar results were found in 2000,

although at lower significance levels (Table 10). In 2001 there was an observed

linear decrease for Cu and Mo grain content with increasing N rate for the AN

treatments (Table 11). Alternatively, grain Mo increased with increasing rates of

biosolids. Cadmium, Cu and Pb in wheat grain did not provide consistent results

for the three years analyzed. Forage Mo levels were some what higher in the
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biosolid treatments when compared to ammonium nitrate treatments. However,

this was not observed in the grain suggesting that since Mo is an essential

component of the enzyme N03- red uctase its greatest concentration will occur in

the chloroplasts in leaves (Havelin et al. 1999).

Soil Metal

In general soil metal contents increased with increasing N applied as

biosolids (Table 12). When N was apphed as ammonium nitrate soil metal

contents were unaffected. As biosolid loading rates increased. soil metal

contents will need to be monitored more closely.

CONCLUSIONS

Nitrogen applied as ammonium nitrate resulted in increased yields above

that of biosolids in every year of the study excluding 1998. Similarly, N uptake

was consistently increased due to application of ammonium nitrate versus

biosolids. It should be pointed out that biosolids were applied on a total N basis

without considering mineralization rates. Thus at the same N rates, grain yields

and N uptake were expected to be lower for the biosolid treated plots compared

to ammonium nitrate treatments especially in the early years of the study

Although biosolid N rates resilited in equivalent grain yields (at comparable N

rates) as that of ammonium nitrate in the fifth year of the study, yields continued

lower for the biosolids in years 6, 7, and 8. Further evaluation of soil N (organic,

inorganic, lignin-N, etc.) is needed to explain these results. In general, wheat
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grain Mo levels increased with increasing N rates with the biosolid source, while

the opposite was observed with ammonium nitrate. Results for grain Cd, Cu, and

Pb were inconclusive as a function of N rate and source, Forage accumulation of

molybdenum did not reach a level where molybdenosis would be a concern when

either ammonium nitrate or biosolids were applied as the N source. When lime

was applied at the high N rate, forage Mo levels were increased when compared

to ammonium nitrate. Forage Cu:Mo levels were found to decrease from 1999 to

2001, a result of increased Mo levels in the forage with time (Tables 5-7).
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TABLE 1. Cumulative pollutant loading rates (CPLR) governing the application
of biosolids in U.S. EPA regulations (40 CFR Part 503 Table 3).

-

Pollutant
Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Zinc

CPLR kg ha-'
41
39

3000
1500
300

17
18

420
100

2800

14



Table 2. Total nitrogen and moisture content of Stillwater, OK biosolids.
1993 to 2000

1993 1994 1995 1996 1997 1998 1999 2000 Avg.
--------------------------------------------Total ~, 0/0 _

2.02 1.74 1.97 2.73 2.42 2.43 2.02 2.44 2.22
-------------------------------------------Moisture, % - --------------------- - ----- - ----- - ----

60 35 59 na 55 46 45 17 45
na - not available
Avg. - average
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TABLE 3. Winter wheat grain yield treatment means as influenced by N source and rate, Stillwater, OK 1994 to 2001.

,

N Source

BS
BS
BS
BS
BS
AN
AN
AN
AN
AN
BS+L
AN+L

BS mean t
AN mean:j:

--"

0) RI Harvest

SED
CV

N Rate 1994 1995 1996 1997 1998 1999 2000 2001 Average
kg ha" -- -------- --.- --- -- ---- ----- ---- --- -•••••••••••------ -- --------------- ~.~;{ie Id. kg ha.,---.------------•••••-.------- -------••••••••••••----.---•••••••••••-

o 463.6 498.6 612.3 11273 1932.9 9077 922.9 1244.6 963.7
o 377.3 519.6 574.6 1286.8 16094 902.4 974.6 1074.3 9149
45 526.9 570.7 726.9 15571 2377.8 947.2 13093 1684.0 1212.5
90 616.3 573.6 656.2 1514.0 2241.7 10678 1497.0 1572.8 12174
180 8853 568.3 1233.5 1398.5 3047.6 1361.2 1574.6 1980.8 1506.2
270 1036.7 610.3 9183 1388.5 28303 964.0 1233.0 1777.3 13448
540 1503.6 1025.8 8213 1457.0 36014 1833.1 1921.2 1541.2 1713.1
45 1780.8 620.1 338.5 1367.9 2053.1 903.6 1717.7 1386.2 1270.9
90 1737.4 904.9 511.5 1762.2 2860.7 16066 2884.2 1841.8 1763.7
180 1919.3 1195.5 6651 2175.6 34389 2366.9 3301.4 2269.2 2166.5
270 2586.4 1418.1 5350 2349.1 3038.6 2887.6 2783.4 2437.9 2254.5
540 2335.4 1281.3 555.9 2555.2 31037 2475.3 20502 1789.4 2018.3
540 1668.1 1051.0 880.1 1628.9 3726.7 2600.1 15684 1985.2 1738.7
540 2185.3 1324.9 781.1 2840.7 3708.4 28578 2210.2 18236 2216.5

9138 669.7 871.2 1463.1 2819.8 1234.7 15070 1711.2 1398.8
2071.9 1083.9 521.2 2042.0 2899.0 2048.0 2547.4 1944.9 1894.8

6.2 28 21 24 2 1 3.2 3.5 2.1

176.2 172.1 139.5 225.2 208.9 2369 2986 220.2
15.4 24.3 34.5 22.4 12.8 24.3 27.6 22.1

Contrasts
AN linear ••• u* NS ft.* *... .... NS
AN quadratic ••• NS NS
BS linear ••••• NS NS ••• •• • NS
BS quadratic NS NS •• NS • NS NS
AN vs BS ••• ••• ~ .. NS ••• ... NS

., **, ••• - significant at the 0.05, 0.01, and 0001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
L -lime applied at a rate of 9,9, and 13 Mg ha'l in the fall of 1993,1999, and 2000, respectively
t.:t: treatment means for all rates for BS and AN, respectively (excluding lime treatments)
RI Harvest -response index determined by dividing the maximum yield of plots receiving N by the zero-N check.



TABLE 4. Grain N uptake treatment means as influenced by N source and rate, Stillwater, OK, 1994 to 2001.

Source N Rate 1994 1995 1996 1997 1998 1999 2000 2001 Average
kg ha,i _____________ n ________ n _____________N uptake. kg ha"----------------------n--------------n--

0 10.6 139 76 31.0 59.9 19.6 18.9 23.7 232
0 8 1 14.0 5.9 341 50.7 19.4 19.4 19.7 214

BS 45 11.4 16.2 8.3 44.9 749 20.5 28.9 31.9 29.6
BS 90 12.8 16.4 75 44.6 72.8 23.9 33.3 33.2 30.6
BS 180 185 16.8 16.2 44.1 95.6 31.2 35.3 39.6 37.2
BS 270 239 18.7 13.9 43.5 93.0 24.6 25.9 38.8 35.3
BS 540 30.6 32.2 12.5 48.1 116.1 45.5 44.9 35.8 45.7
AN 45 38.6 17 1 47 42.7 67.9 21.5 34.9 29.7 32.1
AN 90 382 27.6 1.4 57.7 941 44.5 75.2 430 48.5
AN 180 47.2 361 8.9 74.3 110.1 68.4 92.5 48.2 60.7
AN 270 67.9 441 10 74.8 98.5 861 80.9 49.9 63.7
AN 540 687 40.3 8.9 83.4 102.9 75.1 615 493 61.3
BS+L 540 37.8 32.4 12.4 52.4 120.4 69.8 43.1 472 51.9
AN+L 540 62.0 41.4 9.2 93.2 124.6 87.3 60.1 38.7 646

-"
-..J

BS mean t 19.4 20.1 11 7 45.0 90.5 29.1 337 35.9 35.7
AN mean:t: 52.1 33 1 7.4 666 947 59.1 69.0 44.0 533

SED 4.9 5.3 2.3 64 6.4 7 1 8.1 5.9
CV 176 24.9 42.1 20.1 12.2 27.2 29.5 19.5

Contrasts
AN linear *** H. .. ... .... .... .. ......
AN quad ... ** NS ... .... ... *** ...
BS linear ••• w. •• NS .... .. . ..
BS quadratic NS NS .. NS •• NS NS
AN vs BS ..** ..... ... **. NS .... d- ••
., ••, .** - significant at the 0.05, 001, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t.t treatment means for all rates for BS and AN, respectively (excluding lime treatment

,
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Table 5. Nitrogen uptake efficiency means as influenced by N source and rate, Stillwater, OK, 1994-2001.

1994 1995 1996 1997 1998 1999 2000 2001
--------------------------------------------N uptake efficiency % --------------------------------------

1.79 4.93 1.66 3088 33.15 919 22.22 18.15
239 2.69 -001 1513 14.24 840 16.06 10.48
437 1.58 4.81 727 19.78 8.21 10.05 8.82
4.93 174 2.37 4.62 12.23 304 4.19 5.58
3.70 338 0.91 3.17 10.39 5.38 4.81 2.23

6212 1807 -6.39 2603 17.82 11.39 43.92 13.26
30.69 1519 -0.19 29.71 37.88 31.25 62.62 21.45
20.29 1227 0.78 24.05 27.86 28.89 40.91 13.56
2120 11.16 -0.19 16.21 14.27 25.81 22.99 9.55
10.75 4.87 0.25 970 7 96 10.88 7.89 2.87
203 3.41 0.89 3.97 11.19 989 4.49 4.33
9.52 5.08 030 1152 11.98 13.13 7.64 2.78

48 11 16 12
673 816

12.88 5001
1184.1 66.5

15.25
867
8.11
4.84
4.25

23.28
28.58
21.08
15.13
6.89
5.03
7.74

8.22
18.99

Average

905
12.14

25.24
76.5

43.17
45.8

11.47
35.67

6.84
21.64

1830
44.3

17.96
21 16

120.29
859

12.21
21.14

1.95
115

286
12.31

3.44
2901

Source N Rate
kg ha· i

BS 45
BS 90
BS 180
BS 270
BS 540
AN 45
AN 90
AN 180
AN 270
AN 540
BS+L 540
AN+L 540

->. BS meant
co AN meant

SED
CV

Contrasts
AN linear ... NS NS NS NS
AN quadratic NS,;,x NS .. ..
BS linear NS NS NS NS NS
BS quadratic NS NS NS NS NS
AN vs BS ...... ...... NS ..* NS

NS

NS
NS......

..**

NS
NS
.......

NS

NS
NS
NS

... ..... ...... - significant at the 0.05, 0.01, and 0.001 probability levels. respectively
NS- not significant
BS - biosohds obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
L - lime applied at a rate of 9, 9, and 13 Mg ha· 1 in the fall of 1993, 1999. and 2000, respectively
tot treatment means for all rates for BS and AN, respectively (excluding lime treatment



TABLE 6. Winter wheat forage content of heavy metals as influenced by N
source and rate, Stillwater, OK 1999.~

N Source N Rate Cadmium Copper Molybdenum Lead Cu:Mo
kg ha- i -------------------------------mg kg-, -------------------------------

0 0.021 5.708 0.438 0.093 13: 1
0 0.031 5.822 0.278 0.178 21: 1

BS 45 0.041 5.315 0.255 0.138 20:1
BS 90 0.053 5.686 0.483 3.019 111
BS 180 0.052 5.097 0.444 0.285 11 :1
BS 270 0.057 5.447 0.639 0.235 8:1
BS 540 0.073 6.393 0.859 0.209 71
AN 45 0.037 5.874 0.191 0187 301
AN 90 0.048 5.819 0.239 0.169 24:1
AN 180 0.073 5.906 0.102 0.131 57:1
AN 270 0.064 6.044 0.077 0.184 78:1
AN 540 0.078 6.510 0.099 0.150 65:1
BS+L 540 0.024 6.487 1.031 0.166 6:1
AN+L 540 0.051 3.329 0.142 0.104 23:1

BS mean t 0.055 5.588 0.536 0.777 12: 1
AN mean:!: 0.060 6.031 0142 0.164 50'1

SED 0.014 0.554 0.216 1.073
CV 33.5 11.5 70.1 350.6

Contrasts
AN Linear .... NS NS NS
AN quadratic NS NS NS NS
BS linear ... NS NS
BS quadratic NS NS NS NS
AN vs BS NS NS .... NS
., ••, ••* - significant at the 0.05, 0.01, and 0.001 probability levels, respectively
NS- not significant
BS - bios 01 ids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0lt
,t treatment means for all rates for BS and AN, respectively (excluding Ime treatments)
'" - forage samples rinsed in deionized water prior to being dried and ground.
Detection limits - 00008,0.0075,0.0033,0.0130 ppm for Cd, Cu. Mo, and Pb , respectively
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TABLE 7. Winter wheat forage content of heavy metals as influenced by N
source and rate, Stillwater, OK, 2000.

N Source N Rate Cadmium Copper Molybdenum Lead Cu:Mo
kg ha- '

k -I------------------------------mg g ----------------------------------
0 0.042 4.381 1.430 0.309 3:1
0 0.049 4.136 0.542 0.332 7'1

BS 45 0.005 5.409 1.345 0.109 4:1
BS 90 0.008 4.812 1.596 0.052 3: 1
BS 180 0.041 4.138 1.294 0.243 3:1
BS 270 0.110 3.624 1.241 0.265 2:1
BS 540 0.044 4.678 1.281 0.239 3:1
AN 45 0.043 4.624 0761 0.260 6:1
AN 90 0.021 4.102 0.415 0.156 9:1
AN 180 0.052 6.312 1.283 0.114 4:1
AN 270 0.037 6.143 0.824 0.191 7:1
AN 540 0.065 5.042 0543 0.136 9:1
BS+L 540 0.042 5.211 1.845 0.239 2: 1
AN+L 540 0.068 4.718 0.649 0.110 71

BS mean t 0.042 4532 1.351 0.182 3.1
AN mean t 0.044 5.245 0765 0.171 71

SED 0.1456 0.985 0.434 0.148
CV 252.9 25.1 47.90 92.20

Contrasts
AN Linear NS NS NS NS
AN quadratic NS NS NS
BS linear NS NS NS NS
BS quadratic NS NS NS NS
AN vs BS NS NS * NS
" **, *** - significant at the 0.05, 0.01, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t,t treatment means for all rates for BS and AN, respectively (excluding lime treatments)
Detection limits - 0.0008. 0.0075, 0.0033, 00130 ppm for Cd, Cu, Mo, and Pb , respectively
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TABLE 8. Winter wheat forage content of heavy metals as influenced by N
source and rate, Stillwater, OK 2001.

N Source N Rate Cadmium Copper Molybdenum Lead Cu:Mo
kg ha- 1 ---u----------------------------------mg kg-i _______ • __••u.__________n _____

0 00 8.875 1.426 0.130 6:1
0 00 8.158 1.014 0.130 8: 1

BS 45 00 7.884 1.190 0.108 6:1
BS 90 0.0 7.555 1.111 0.161 6:1
BS 180 00 8.305 1.236 0.153 6:1
BS 270 0.014 7.214 1.052 0.175 61
BS 540 0.007 7.303 1.120 0.153 6:1
AN 45 0.0 9.898 0.948 0.145 10: 1
AN 90 0.0 7.442 0.781 0.164 9:1
AN 180 00 7.973 0.623 a 167 12: 1
AN 270 0.0 9.152 1.709 0.080 5:1
AN 540 0.0 9.406 1.163 0.087 8:1
BS+L 540 0.043 8.003 1.597 0.137 5: 1
AN+L 540 0.0 8.023 1041 0.142 7'1

BS mean t 0.004 7.652 1 142 o150 6:1
AN mean:t: 0.0 8.774 1.045 0.129 91

SED 0.018 0.970 0.469 0.068
CV 467.8 14.45 50.27 60.2

Contrasts
AN Linear NS NS NS NS
AN quadratic NS NS NS NS
BS linear NS NS NS NS
BS quadratic NS NS NS NS
AN vs BS NS * NS NS
" ", ••• - significant at the 0.05, 0.01, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t,t: treatment means for all rates for BS and AN, respectively (excluding lime treatments)
Detection limits - 0.0008 0.0075. 0.0033, 0.0130 ppm for Cd. Cu, Mo, and Pb , respectively
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TABLE 9. Winter wheat grain content of heavy metals as influenced by
N source and rate, Stillwater, OK, 1999.

N Source N Rate Cadmium Copper Molybdenum Lead
kg ha" ---------------u-----------mg kg-i ________________________________

0 0.030 4647 0.659 0.162
0 0.008 5.554 0.296 0.207

BS 45 0.015 3.831 0.342 0.081
BS 90 0.021 4123 0.386 0.143
BS 180 0.017 3.852 0.496 0.102
BS 270 0.024 3.826 0.489 0.095
BS 540 0.033 3.798 0.605 0.406
AN 45 0.017 4.460 0.297 0.395
AN 90 0.024 5.023 0.343 0.201
AN 180 0.085 5.333 0,368 0.021
AN 270 0.069 3,999 0,184 0,185
AN 540 0.026 4,301 0,172 0.052
AN+L 540 0.018 3.849 0,899 0,170
BS+L 540 0.047 3.889 0.285 0.667

BS mean t 0,022 3.886 0.464 0.081
AN mean:+ 0,044 4.623 0.273 0171

SED 0.018 0.704 0.111 0,169
CV 71.58 19.90 32,69 126.42

Contrasts
AN linear NS NS NS NS
AN quadratic *** NS NS NS
BS linear NS NS ** NS
BS quadratic NS NS NS NS
AN vs BS NS NS NS NS
" ", ••• - significant at the 0.05, 0,01, and 0,001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t,t treatment means for all rates for BS and AN. respectively (exclUding lime treatments)
Detection limits - 0,0008, 0.0075, 0.0033, 0.0130 ppm for Cd, Cu, Mo, and Pb , respectively
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TABLE 10. Winter wheat grain content of heavy metals as influenced by
N source and rate, Stillwater, OK, 2000

N Source

BS
BS
BS
BS
BS
AN
AN
AN
AN
AN
BS+L
AN+L

BS mean t
AN mean:t

SED
CV

N Rate Cadmium Copper Molybdenum Lead
kg ha" k I------------------------------mg g --------------------------------------

0 0.028 5031 0.641 0.414
0 0.063 4.780 0.577 0.175
45 0.046 4.646 0.492 0.114
90 0.027 5094 0.843 0.119
180 0.065 4654 1.011 0.254
270 0.042 4.602 1.255 0163
540 0.029 4175 0716 0145
45 0.016 5.100 0.562 0.507
90 0.024 4.418 0.449 0189
180 0.026 4503 0.493 0.223
270 0036 5116 0.597 0.435
540 0.033 4.947 0.303 0.270
540 0.065 3.042 0727 1.396
540 0.117 6.615 1.438 0200

0.042 4.634 0.863 0.159
0.027 4.817 0.481 0.325

0.035 569 0.377 0.465
98.56 14.62 64.01 173 15

Contrasts
AN Linear NS NS NS NS
AN quadratic NS NS NS NS
BS linear NS NS NS NS
BS quadratic NS NS * NS
AN vs BS NS NS NS NS
., ••, .** - significant at the 0.05, 0.01, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t,t treatment means for all rates for BS and AN, respectively (excluding lime treatments)
Detection limits - 0.0008, 0.0075, 00033, 0.0130 ppm for Cd, Cu, Mo, and Pb , respectively

23



TABLE 11. Winter wheat grain content of heavy metals as influenced by N rate
and source, Stillwater, OK, 2001

N Source N Rate Cadmium Copper Molybdenum Lead
k h -1 ------------------------mg kg-1 ________________________________-- 9 a --

0 0.018 5484 0.636 0.102
0 0017 6021 0.433 0.078

BS 45 0.030 6.339 0.321 0.558
BS 90 0.018 5.069 0.339 0135
BS 180 0.035 6.110 0.414 0.101
BS 270 0.027 6.058 0494 0.161
BS 540 0.044 6185 0.604 0.126
AN 45 0.012 6.562 0.270 0.126
AN 90 0.020 6.055 0.231 0.076
AN 180 0.019 5415 0.197 0.138
AN 270 0.022 5.247 0.157 0.138
AN 540 0.029 5.449 0.137 0.077
BS+L 540 0.031 5459 0.911 0.144
AN+L 540 0.026 6.046 0.279 0.167

BS mean t 0.031 5.952 0434 0.216
AN mean t 0.020 5746 0.198 0.111

SED 0011 0482 0096 0161
CV 55.5 10 1 29.9 129.1

Contrasts
AN linear NS" NS
AN quadratic NS NS NS NS
BS linear NS NS
BS quadratic NS NS NS NS
AN vs BS NS NS .-u NS
*, **, *** - significant at the 0.05,0.01, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
t,t treatment means for all rates for BS and AN, respectively (excluding lime treatments)
Detection limits - 0.0008,0.0075,00033,0.0130 ppm for Cd, Cu, Mo. and Pb, respectively
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Table 12. Chemical characteristics of Norge loam at initiation and 8
years after initiation, Stillwater, OK.

N Source
Initialcp

BS
BS
BS
BS
BS
AN
AN
AN
AN
AN
BS+L
AN+L

N Rate

---kg ha- 1 _

o
o

45
90
180
270
540
45
90
180
270
540
540
540

Cadmium Copper Molybdenum Lead
0.179 0.406 12.24

-------- ---------------------mg kg···' ---- --------------- ------------
0.247 7.465 0.097 2.32
0.235 6377 0.072 0.935
0252 9.843 0.040 3.783
0.274 10.260 0.203 4.800
0.278 14.510 0.485 9.143
0.283 14.412 0.346 9.992
0.305 18.530 0.573 14.977
0.274 6.363 0.037 1.575
0.279 7.245 0090 2.598
0.248 6.257 0.111 3.415
0.252 8.158 0.095 2.285
0.257 6.467 0.060 2.228
0.313 19.477 0.616 15.982
0233 5.575 0223 1.665

BS mean t
AN mean t

0.278
0.262

13.511
6.898

0.329
0.079

8.539
2.420

SED
CV

0.031
14.2

1.57
19 1

o 115
65.0

1 097
35 1

***

NS
NS

NS
NS

Contrasts
AN linear NS NS
AN quadratic NS NS
BS linear ***

BS quadratic NS NS NS
AN vs BS NS *** *** ***

*, **, u* _ significant at the 0.05.001, and 0.001 probability levels, respectively
NS- not significant
BS - biosolids obtained from the City of Stillwater
AN - ammonium nitrate (34-0-0)
tt treatment means for all rates for BS and AN, respectively (excluding lime treatments)
cp-Initial soil sample, 1993
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Figure 1 shows that both biosolid and check N treatments were more

dependent upon the the environment and whether or not the environment was

conducive to N mineralization since they were highly correlated (R2=.94).

Alternatively, N uptake In the check verses N uptake in the ammonium nitrate

treatments was more variable (R2= .48) since N availability was less dependent

upon the N mineralization environment for this inorganic N source. Nitrogen

uptake efficiency was calculated by the equation:

(N uptake of treated plot - N uptake of ON plot)

N Rate
* 100

Figure 1. Grain N uptake efficiency as influenced by N source and N rate,
Stillwater, OK, 1994 to 2001.
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