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Phosphorus Mobility in Soil Columns Treated With Dairy
Manures and Commercial Fertilizer

David Dale Tavkalson and April B. Levtem

Abstract: The concenration of animal production in some areas of the
United States has led to concern sbout the environimental fate of manure-
derived phosphoms (P) w soils. A column study was conducted fo
quantify P leaching in a caleareous soil treated with monoammounium
phosphate {(MAFP), two solid dairy manures (D15 and D28), and two
Hquid dairy mamures (ML aud D2L). A control with no P application
was also included. Treatments were applied at 166 kg P ha”™' 1o columus
packed with 20 cm of 3 Warden fine sandy loam (coarse-loamy, mixed
superactive, mesic Xerie Haplocaleids) in a completely randomized
design with four replications and housed in a climate-controlled growth
chamber. Simulated irrigation water was added to the columns at a rate
of 474 mm (430 mbL) dwing 13 events during a 9-week pertod, with
leachate collected, volume recorded, and concentrations of total organic
carbon {TOC) and total P (TP} determined for each event. At the end
of the leaching events, each soil column was divided into eight 2.5-cm
segments, Theu, soil was atr-dried, ground, and analyzed tor TP, total
carbon, calerwm {Ca), won, and manganese, and water-soluble T
The masses of TP and TOC in leachate were in the arder DL = D2L
> MAP = DI1S = D2S = Control. There was a positive linear relationship
between the cumulative mass of TOC and cumulative mass of TP lost
in leachate over all manute treatments (° = 0.98). The masses of TP and
water-soluble P for treatments in the entise sotl columns were in the order
MAP » DIL = D2L » DIS = D2S = Control. Masses of P and C in
leachate and soil show that P mobility in soil was in the order hquid dairy
manures > MAP > solid dairy manures. At the end of the study, the total
 was greater in the surface 2.5 cm of the soil colurons for the solid
manute treatments compared with the other treatments/depth combi-
nations, The greater leaching ot P in the liquid manure treatments
compared with the solid mamure treatments may be caused by a com-
bination of factors inctuding microbial activity, organically complexed
metals, coating of P adsorption sites on clay particles by organic C
compounds. and P-Ca and P-alumimun reactions.
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he state of Idaho has recently expertenced rapid growth of

L the dairy industry. The number ol milk. cows. has. increased.
approximately 88% in the past decade, with a 120% increase in
mitk production (USDA-NASS, 2007). Idaho is the second
largest milk producer in the 12 western US states and has
become the fourth largesi milk-producing state in the United
States. This increased concentration of dairy production in the
region has led to increased land application of manure from
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these operations and sometimes increased concentrations of
nutrients i soils.

Of particular concern is phosphorus (P), as most manure
application strategies seek to supply the N requirements of
crops, and in the process. they supply more P than needed for
crop production. The imbalance between the N and P contents of
manures and the N and P requitements of crops has led 1o
increased soil test P concentrations in close proxupity (o
confined animal operations, which can accelerate P transfer in
runoftf to water bodies. This process can contribute to
cutrophication in freshwater ecosystems, and numerous exam-
ples of water-quality impairment associated with P pollution
from animal operations now exist (Borsch et al, 2001,
Rurkholder and Glasgow, 1997; USGS, 1999).

Despite this concern over increasing soil P concentrations,
there is little information on the mobility of P i manure-
amended irngated soils of the semiarid western United States. A
few studies have assessed the solubility of P in manure-amended
alkaline soils (El-Barony and Olsen, 1979; Robbins, et al. 2004;
Leytem and Westermann, 2003 and 2005). Phosphorus reactions
in alkaline soils have traditionally been associated with caleium
carbonate, whereas in acid soils, reactions are mainly associaled
with aluminum (Al and iron (Fe) oxide and hydroxide minerals
{Lindsay, 1979). Howeves, recent research suggests that organic
carbon (OC) may influence P reactions in calcarcous soil,
influencing the potential P transport via water in runoff and
leaching.

in a laboratory study, Leytem and Westermann (2003}
obtained P sorption isotherms on eighteen calcareous soils in the
Pacific Northwest and found that organically complexed Fe and
manganese (Mn) played a more significant role in P sorption
than calcium carbonate concentration. Leytem and Westermann
(2005) determined that in soils previously fertibzed with
different P sources, water-soluble P (WSP) concentrations of
the soils were in the order of inorganic P fertilizers > liquid
manures > solid and composted manures. The authors theorized
that OC was stimmulating microbial uptake of P and/or there are
chemical interactions between OC and P that influence the
solubility of P applied in various sources. Leytem et al. (2005)
determined that as the C:P ratio of P sources increased, the

bicarhomate-extractable. P decreased, and. the . stimulation.. of

microbial biomass by added OC reduced the solubitity of P in
amended soils. As added OC has been shown to alter soil P
solubility and calcium (Ca) forms precipitates with B the
objective of this study was to quantify the mobility of P in a
calcareous soil treated with commercial fertilizer P, solid dairy
manure, ot liquid dairy manure.

PMATERIALS AND METHODS

Soil Collection and Analysis

A Warden fine sandy loam (coarse-loany, mixed super-
active, mesic Xeric Haplocaleidsy was collected from a depth of
0 to 20 cm in an agricultural field in South~Central [daho, air-
dried, and sicved through a S-mm sieve before analysis. Organic
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¢ was determined using the method of Walkley and Black
(1634}, The pH was determined in a saturated paste with a
combination electrode (Robbins and Wiegand, 1990). Cation
exchange capacity was determined by saturating the soil with
1 M sodium acetate at pH 7. and analysis of Na using atomic
absorption spectrometry (United  States Salimity  Laboratory
Stafl, 1969). Calcium carbonate equivalent (CCE) was deter-
mined using a titdmetric method by Allison and Moodie (1963).
Sodium bicarbonate-extractable P was determined using a
methed by Olsen et al. (1954). Oxalate-extractable Fe, Al, Mn,
and P were determined by extraction with 6.2 M ammonium
oxalate at pH 3 (Jackson et al., 1986). Measured properties of the
soi are presented in Table 1.

Solid Manure Collection and Analysis

Dieposited manure was collected from dry lots of two local
dairies (Dairy 1 and Dairy 2). The manure was transported to the
laboratory and immediately frozen (- 86 °C), lyophilized, and
ground (2 mm) for analysis. Total clements (Al Ca, Fe, and P)
were determined using  inductively coupled plasma optical
emvission spectroscopy after microwave-assisted digestion of a
0.5-g sample with 8 mL of concentrated HNQj and 2 mL of
30% (vol/vol) hydrogen peroxide. Water-soluble P was deter-
rmed in a 1100 manure-to-deionized water ratio, shaken for
1 h, filtered through a 0.45-p.m membrane, and analyzed using
the ascorbic acid- molybdate blue method (Murphy and Riley,
1962). Total C (TC) and N were determined by combusting a
25-mg sample using a FlashEA1112 CNH analyzer (Elantech,
Lakewood, NJ). Measured properties of the selid manures are
presented m Table 2.

Liquid Manure Collection and Analysis

Liguid manures were collected from settling ponds of the
same dairies where the solid manures were collected (Dairy 1
and Dairy 2). The samples were transported to the laboratory and
immediately stored in a cooler (4 °C) and analyzed as received
for total elements (Al, Ca, Fe, and P) and WSP Total clements
were determined using inductively coupled plasma optical
emission spectroscopy afler microwave-gssisted digestion of a
10-mi. sample ahiquot with 4 mi. ot concentraied HNG,, 2 mi.
of concentrated HCI, and 2 mbL of 30% (vol/vol) hydrogen
peroxide. Water-soluble P was determined in a 1:50 manure
to-deionized water ratio, shaken for | h, filtered through a
0.45-pm membrane, and analyzed using the ascorbic acid-
molybdate blue method (Murphy and Riley, 1962). Total C and

TABLE 1. Selected Warden fine sandy loam soil properties

Refl property

Clay, g kg 62.0
OC, g kg™ 43
pH 7.1
CEC, emol, kg™ 13.0
CCE, g kg ! 13.7
Olsen P, mg kg ! 9.3
Al gkg™’ 0.62
Feo, gkg™! 1.64
Mg gkg ™! 0.26
oo gky ! 0.26

CEC: catton exchange capacity.
' Ammonium oxalate extractable.
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TABLE 2. Selected manure properties

Dig D28? [ P2
Manure
property mg kg M mg L7
Total P 7144.0 39574 49 { 89,7
Total Ca 30,050.7 28,211.2 142.4 325.5
Total Al 7119.8 6297.5 5.3 279
Total Fe 52973 61049 4.2 22.6
Total Mn 3138 247.2 1.59 33
wsp 2288.1 1704.7 344 51.4
Solids — 6016 0.0327

Yo
WSP of TP 32.0 431 701 57.3
gkg

Total N 19.3 12.8 48.2 328
Total C 242.6 202.1 374.1 3431
ON 12.4 15.8 78 105
c/p 34.0 511 125.0 251

"DIS: Dairy | solid manute; D2S: Dairy 2 solid manure.

'DIL: Dairy | liquid manure; D2L: Dairy 2 liquid manure. Total C
and N, and solid concentrations determined from lyophilized samples.
Remainder of analysis determined on liguid manure samples.

SWSP TP converted 1o g kg (kg solids L™ /mg total P L7 1)/1000,
‘Analysis reported on 2 dry weight basis.

N were determined by combusting a 25-mg lyophilized sample
using & FlashEA1112 CNH analyzer. Measured properties of
the liguid manures are presented in Table 2.

BCNMR Analysis of Manures

To qualitatively determine the C characteristics of the
four manures, FC-nuclear magnelic resonance spectrometry
(**C NMR;} was used for both the liquid (solution) and sohd
(solid state) manure samples (Fig. 1). Both solution and selid-
state PC-NMR speetra were obtained with a Bruker Avance
500 MHz spectrometer operating at 125.758 MHz for VC.
Solution '*C-NMR samples were analyzed using a 3-psec pulse
(40 degrees), a delay time of 1.0 sec, an acquisition time of
0.4 and 0.9 sec for the Dairy 1 and Dairy 2 samples, respec-
tively, and with broadband proton decoupling (WALTZ16). The
number of scans was 54,753 and 34,928 for the Dairy 1 and
Pairy 2 samples, respectively, and was plotted with a line
broadening of 20 and 15 Hz for the Dairy 1 and Dairy 2 sam-
ples, respectively. Solid-state SC-NMR samples were spun at

the magic-angle at-12-kHz - o selid-state- probe. Spectra were

obtained by using a 4-psec pulse (40 degrees), a delay time of
1.0 sec, and an acquisition time of 0.04 sec. The number of scans
was 75,256 and 78,235 for the Dairy 1 and Dairy 2 samples,
respectively, and was plotted with a line broadening of 20 Hz.
Tetrakis(trimethylsilys)silane was added to the samples as an
internal standard, and chernical shift values are relative to the
tetrakis{trimethylsilys)silane carbon at ¢ ppm.

Column Study

This study was conducted wpsing 24 soil columns con-
structed from polyvinyl chloride with a diameter of 1 em and a
height of 31 cm and housed in a climate-controlled growth
chamber. Each columnn had nylon mesh glued to the bottom,
and a 2.5-cm layer of acid (1 & HCl)-washed sand (475 g) was

© 2009 Lippincott Williams & Wilkins
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FIG. 1. "*C-NMR spectra of manure samples.

added above the nylon mesh to retain soil in columns and filter
soil particles from leachate. Each column received 3000 g of
the air-dried and sieved (5 mm) Warden soil and then saturated
with simulated irrigation water ([SIW] 1:1, tap water-reverse-
osmosis water) and allowed to drain to field capacity and
naturally scltle. The soil columns were placed in a rack with a
funnel placed below each column to direct leachate into 500-mL
glass bottles.

Five P source treatments, monoammonium phosphate
{(MAP), Dairy 1 solid manure (D15), Dairy 2 solid manure
(1325), Dairy 1 liquid manure (D1L), and Dairy 2 liquid manure
(D2L) were applied at a P application rate of 167 kg ha™'. This
application rate was selected to simulate an overapplication of
P, which has been common under N-based application strategies.

© 2009 Lippincot Williams & Wilkins

A control treatment was also included that recetved no P
application. Fach treatment was replicated four times and placed
in a completely randomized design. The total application rates
of selected clements are presented in Table 3.

The MAP and solid manures were ground (o pass through
a 2-mm sieve for even distribution in the soil, and muxed into
the soil during a one-time apphcation to a depth of 2.5 cm
(Table 4). The liguid manures were apphied to columns over
six separate applications during a period of 3 weeks (Table 4),
Simulated trnigation water was applied to the MAP solid
manures, and D21 weatments during the ligquid manure
applications to equalize water volurne with the D11 treatment.
After all fiquid manure treatments were applied, SIW was
applied to all treatments at an equal rate {(Table 4). The liquid
manure treatments and S1W were applied to the colunms vsing a
drip apparatus. The drip apparatus controfled the application
rates to match mfiliration rates, Total water applied to each
column was approximately 620 mm. The growth chamber was
programmed to deliver 12 h of hght and 12 h of night, with
mean daytime and night time temperature of 30 °C and 14 °C,
respectively. These temperatures represent 30-year average
daytime and night time temperatures from July 16 10 August 7
m Twin Falls, ldaho.

Leachate Analysis

Leachate was collected in 500-mL glass bottles from each
colunm during each application date. Total volwne of leachate
was determined, and a subsample from each column was
analyzed for total elements (Al Ca, Fe, and P), and total OC
{TOC). Procedures for the total element analysis were the same
as those used for analysis of the liquid manures. Total organic
carbon was determined from a mixture of | mi. of filtered
sample (0.45 pm), 9 mb. of reverse-osimosis water, and 0.1 mL
of 2 M HCT using a TOC-5050A Total Organic Carbon Analyzer
{Shimadzu Scientific Instruments Inc, Columbia, MD).

Soil Analysis (Poststudy)

After the leaching portion of the study, sotls were collected
from each column in 2.5-cm increments from 0 to 20.3 cm. Soils
were air-dried, sieved through a 5-mm screen, and analyzed.
Total clements {Ca, Fe, Mn, and P) and WSP were determined
using the same procedure described for analysis of the solid
manures. Total € and N were determined by combusting a
50-mg sample using a FlashEA1112 CNH analyzer (Elantech,
Lakewood, NJy.

Statistical Analysis

Bartlett test was conducted to test for the hypothesis of
homogeneity of error variances for the data of independent
variables (Snedecor and Cochran, 1989). Variables with
nonhomogeneity of error variances were log transformed before

“analysis. Analysis of variance was conducled using the

Completely Randomized Model from Statistix 8 (Analytical
and Software, 2003). The least significant difference (LSD)
method was used for miean separations. Significance was
determined at the o = 0.05 probability level for all statistical
analyscs. Where statistical analysis was conducted on trans-
formed data, nontransformed values are shown in tables and
figures.

RESULTS

Initial Soil Properties

Analysis indicates that the Warden soil had a high po-
tential to adsorb B The soil was low in bicarbonate-extractable
P (Olsen-P, 9.3 mg kg~ ') with respect to agronomic P
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TABLE 3. Application rates of elernents in dairy manures to columns

MAP pIs PIs i1t 321,
Flement kg ha ' (mg colamn )
p 166.8 (135.2) 166.8 (135.2) 166.8 (135.2) 166.% (135.2) 166.8 (135.2)
N 0.8 (65.5) 4550 (368.7) 537.6 (435.6) 26814 (2172.7) 1997.4 (1618.5)
¢ - 5663.4 (45891 8519.3 (6903.2) 20.816.8 (16.867.9) 20,8921 (16,928.9)
Al — 166.2 (134.7) 2654 (215.1) 18.0 (14.6) 52.0 (42.1)
Ca 701.6 (S68.5) FIR9.0 (963.4) 483.9 (392.1) 605.3 (490.5)
Fe - 123.7 (100.2) 257.3 (208.5) 14.3 (11.6) 420 (34.0)
Mn — T3 (59 104 (8.4) 5.4 (4.4) 6.2 (5.0

recommendations for most crops (Table 1). For example, in
Idaho, the (ertilizer guidelines for irrigated field comn from
the University of Idaho would suggest an application of
39 kg P ha”' to this soil to optimize vield {Brown and
Westermann, 1988). The degree of P saturation (DPS = {[P,,/
(Al + Feo )1 100Y; Pote et al., 1996}, which is defined as the
percent of total soil P adsorption capacity that is already
saturated, was 11.5%. The soi] was stightly alkaline (pH = 7.1,
CCE = 13.7) and was low in clay and DC content (Table 1).

Manure Properties

Total P was 7144 and 3957 mg kg™! for D15 and D28,
respectively. The total P in the ligmd manures was lower, with 49
and 90 mg kg™ (lquids had a density of ~1 g e ™) for the
DL and D2L, respectively (Table 2). These values fall within or
close to the ranges of total P in dairy manures teported as book

values in the USDA Agricultural Waste Management Hand-
book. The book values have total P ranges from 4400 to
6900 mg kg~ for manure excreted directly from the lactating,
dry. and heifer cows, and 23 ta 99 mg kg ™' from liquid manures
flushed from the milking facilities (USDA-NRCS, 1999}, The
total P book values vary based on manure handling in the
milking facilities and the type of cow.

In the solid manures, less than 45% of the total P was in a
soluble form, with WSP concentrations of 2288 and 1704 for
the DIS and D28 samples, respectively (Table 2). The per-
centage of total P that was seluble in the liquid manures was
much higher and was 70% and 57% for the DIL and D2L
samples, respectively, Total N and C in the solid samples av-
eraged 16 and 222 mg kg™, respectively, whereas totat N and
C in lyophilized samples of the liquid manures averaged 41
and 339 mg ke™', respectively. The averape C/N ratio was
greater m the solid (C/N ratio, 14) than liquid (C/N ratio, 9}

TABLE 4. Phosphorus source and water application strategy

Treatment
Date MAP DS’ B2’ DIL 2L
April 24 0.5952 g MAP, 18.92 g manure, 34.15 g manure, 48.3 mumn manurc® 26.4 mm manure,
47.7 mm 51w 47.7 mm STW 47.7 mm STW 21.9 mm STW
April 26 47.7 mm SIW 47.7 mm STW 47.7 mm SIW 48.3 mm manure 26.4 mm manure,
219 mm SIW
May 1 47.7 mm SIW 47.7 min SIW 47.7 mm STW 48.3 mm manure 26.4 mm manure,
21.9 mm SIW
May 3 47.7 mm SIW 47.7 mm STW 47.7 mm SEW 48.3 mm manure 26.4 mm manure,
21.9 mm SIW
- May 8 47.7 mm SIW 47.7 mm SIW 47.7 mm SIW 48.3 mm manure 26.4 mm manure,
21.9 mm SIW
May 10 47.7 am SIW 47.7 mm SIW 47.7 mm SIW 48.3 mm manure 26.4 mm manure,
219 mm SIW
May 17 474 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW
May 22 47.4 mm SIW 47.4 am SIW 47.4 mm S5IW 47.4 mm SIW 47.4 mm SIW
May 28 47.4 mm SIW 47.4 mm SIW 474 mm SIW 474 mm SIW 474 mm SIW
June 5 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW
June 12 47.4 mm SIW 47.4 mm SiW 47.4 mm SIW 47.4 mm SIW 474 mm SIW
June 19 47.4 mm SIW 474 mm SIW 47.4 mrna SIW 474 mm SIW 47.4 mm SIW
June 25 474 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW 47.4 mm SIW

Tfreatments mixed into soil before application of STW.

1SIW: 1:1, tap water—severse osmosis water ratio.

$48 3 mm of D2L minus solids was equivalent to 47.7 mm of water.
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Totad P (mng) Water Soluble P (mg) Total C (g)
156 200 250 300 150 10 10 20 30 0 i 2 3 4 S 6
. e oy ] . . . e A R A e A e ey
0-2.5 He-bra-abb Ad-e-a-a-b-be Hfe-c-a-a-bb R A @
o 2550 NS Ab-pep-g-n-a 4NS ;ﬁ"’:’l':/”r
\g/ 8.1-7.6 -ic-a-c-bebbe - Control dea-cd-cd-ab-be NS
ié 7.6-10.2 4g-u-c-c-b-b g MAP  t-a-c-c-bb 4b-b-b-b-a-b
A 102127 ~e-ac-c-abbo —o— 8 deacchb NS
EOI27-182 NS ~ge DS ddea-cd-d-be-ab INS
152178 be-a~c-be-ab-ab o DIL  dpabbbea -
17-8-20.3 NS ot 2L dbo-abe-cobe-ab-a NS
VNS N

G, 2. Total P, WSP, and T masses with depth for the control, MAP, D15, D28, DI1L, and D2L treatments. For each depth, treatments
with the same letter are not signiticantly different at the 0.05 probability level based on LSD. Treatment differences represented by letters
from left to right correspond to treatments in legend from top to bottom: Control, MAP, D1S, D25, D1L, D21, respectively. Error bars

represent the SE of the treatment means. NS: not significant.

manures, whereas average C/P ratios were greater in the lguid
manures (CF ratio, 125) than the sohd manures (C/P ratio, 43).
The miluence of N differences between treatments on soll
microblal-related influences on P was not measured.

The “C-NMR spectra of the four manures are presented in
Fig. 1, with peak area assignments based on previous work in
cattle and poultry manure (Gomez et al., 2007) and composted
organic matter {Chen etal, 1989). The C composition of the two
tiquid manures was similar, with a broad peak over the range of
100 to 120 ppoy, which is a region typically assoctated with C in
aromatic ring structures and a sharp peak at 160 ppm, which
1 in a range typical of carbonyl carbons in carboxylic acid or
phenolic compounds. The C composition of the two solid
manures was similar, with peaks in the range of 0 10 30 ppm,
which are typically associated with C in aliphatic chain
structures; 60 to 112 ppm assoctated with © in carbohydrates,
polysaccharides, and proteins; 112 to 130 ppm associated with
aromatic C compounds; and 160 to 185 ppm associated with
carbonyl carbons in amide and ester compounds. The C
characteristics of the solid manures wete similar to that found
s cattle manure by Gomez et al. (2007).

Post Leaching Soil Analysis

The distribution of TP, WSE, and TC masses in the soil
columns at 2.5-cm depth increments are shown in Fig. 2. in the
0- to 2.5-cm depth, the WSP, TP, and TC masses were greater for
the solid manure treatments compared with the Hquid manure
treatments and MAP, whereas the control was the lowest, except
for TC where the MAP and control were not significantly
difterent. In the 2.5- 10 5.1-cm depth, there were no differences

in WSP between the treatments receiving P, but the treatments

were greater than the control. Water-soluble P from the MAP
treatment was greater than all other treatments at the 5.7- to
7.6-cm, 7.6- to 10.2-cm, and 10.2~ to 12.7-cm depths. In the
Jower depths, in general, there were less consistent differences

TABLE 5. Analysis of variance for the concentrations of Ca, Fe,
and Mn in soil after the feaching part of the study

Ca Fe Mn
Treatment <0.001 0.008 <0.001
Dyepth <0.001 0.526 0.888
Treatment x depth <0.001 1.000 $.941

& 2009 Lippincott Williams & Wilkins

between the treatments. The TP concentrations in the columns
followed the pattern of the WSP coneentrations (Fig. 2). The Pin
the sohid manures did not leach to the extent P did from MAP
and the liguid manure treatments. The Most of the P in the solid
manure freatments remained on the surtace 5.1 cm, whereas the
P i the MAP and liquid manures leached to lower soil depths.
On the surface 2.3 cm, the TC concentrations were in the
order of solid manures > liquid manures > MAP and the Control
(Fig. 2). This order, referring to solid manures and liguid
manures only, was imversely related to the quantity of C added to
the colomns from the treatments (Table 3). There were no

H} I3 ;s
12 - D25

7 DIL
D2L

Total P (mg)
[red
11

450
400

fav]
S O UG N SRR SO SR

300 -
95 _ .
200 -
150
100
5¢ -

Total C{mg)

Leaching Time Period

FIG. 3. Total P and TOC masses in feachate for the control, MAP,
D1s, D2S, DiL, and D21 treatments summed over Leaching Dates
2 through 7 and 8 through 13. There was no significant treatment
effect at Leaching Date 1 for all variables. For each teaching period,
treatments with the same letter are not significantly different at
the 0.05 probability level based on LSD.
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FIG. 4. Relationship between cumulative TP and TOC mass in
leachate. Values are the means of the curnulative TP and TOC in
the D1L, D21, D1S, and D25 freatments minus the mean TP and
TOLC from the control.

treatment differences in masses of TC at the other depths, ex-
cept at the 7.6- 1o 16.2-cm depth where the DL treatment was
higher than the other treatments. There were no differences in
the masses of TC between the solid manure treatments in the
soll, whereas the D28 treatment had approximately 2900 mg
more C applied than the D1S treatment.

Analyses of variance for the concentrations of Ca, Fe, and
Mn i the soils gt the end of the leaching period of the study are
shown in Table 3. The significant interaction between treatment
and depth for Ca was cansed by the Ca concentrations in the soil
being in the order of D28, 0 to 2.5 em (7656 mg kg ™"y > DIS, 0
to 2.5 em (6727 mg kg~') > remaining treatment and depth
combinations (mean, 4667 mg kg™ '), The significant treatment
effect for the concentrations Fe in the soil was in the ovder
of D25 41,670 mg kg™ > MAP (37,675 mg kg'') = D2L
(37,173 mg keg~'). The D2L (40,200 mg kg™ ). DIS
(39,664 mg kg™, and Control (38,638 mg kg ') reatiments
were not significantly different from the D2S, MAP and
D21 treatments. The sigmificant treatment effect for the con-
centrations of Mn in the soil was caused by the DIS treatment
having greater Mn concentrations (516 mg kg ™) than the D28
{501 mg kg™ "), Conirol (560 mg kg™ "), DIL (497 mg kg™ ').
and D2L (495 mg kg ') treatments. The MAP treatment was
not significantly different from the DIS treatment.

Leachate

There were no significant differences in leachate volumes
between treatments at each date or totaled over all dates (£ =
{1.42y. "The average wotal volume of Teachate across all columns
and dates was 440 mm (4180 mb), which represents 71.2% of
the total water apphed.

The masses of TP and TOC were not different between
trearments at Leaching Date 1. However, the masses of TP and
TOC in leachate summed over cvents 2 to 7 were in the order
DIL = D2L > MAP=DI185 = D28 = Control {Fig. 3). The masscs
of TP summed over Leaching Dates § to 13 from the DL and
D21 treatments were not different from the MAP or D2§
treatment but were greater than the control and D1S treatments
(Fig. 3). Therc was no significant treatment effect on TOC
masses summed over Leaching Dates 8 to [3 (Fig. 3). There was
a strong positive linear relationship between cumulative TP and
TOC in leachate {from the manure-amended soil columns (r':' =
0.98), with the liguid manures having the highest TP and TOC
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concentrations, whercas the solid manures had lower concen-
trations (Fig. 4).

DISCUSSION

As can be seen in Fig. 1. the liquid and solid manures differ
greatly in their C composition. The solid manures have a large
variety of C compounds including aliphatic C compounds, car-
bohydraies, polysaccharides, proteins, and carbonyl-coniaining
compounds most likely from undigested feedstuffs. The hquid
manurcs have a more hmited varicty of C compounds mainly
consisting of carboxybc or phenolic compounds and aromatic
ring structures, which is most likely a result of the breakdown of
larger organic matter in the solid manures into smaller and more
stable anits via microbial activity, Gomez et al. (2007) reported
that the content of aromatic and carboxyl/carbonyl compounds in
cattle manures increased because of digestion or composting of
manure compared with fresh manure, and that compounds with
high aromaticity were more stable. The forms of P in the manures
were not determined 1n this study. However, Hansen et al. (2004)
determined the P fractionation of solid and lagoon manures from
a commercial dairy in Gooding, 1dsho, and found that for both
manure types, 70% of the TP was inorganic and 30% of the TP
was organic (mostly orthophosphate monoesters). Levtem and
Westermann (2005} used phosphorus-31 NMR to characterize
the P in solid beef and liguid dairy manures and found that 60%
ofthe P in fresh beef manure and 90% of P 1n liquid dairy manure
were inorganic orthophosphate, with most of the remaining
compounds being orthophosphate monoesters. It 18 likely that
this manure had sunilar P forms.

The retention of P in the topsoil and lower TP concentra-
tions found in the leachate of the solid manure treatments
mdicate that the P these manures was less mobile compared
with the liquid manures and MAP. These data support research
findings from Hansen et al. (2004) who reported that P from
applied dairy lagoon liquid moved vertically i a calcareous soil
to a greater extent than P from solid dairy manure. They found
that inorganic P {70% of the TP) was the dominant form of P that
moved vertically in the soil, and that organic P (30% of TP) was
not mobile and was found predominantly in the soil surface. In
their study, they suggest that P movement was much more lkely
when long-term manure applications have nearly saturated the
P adsorption sites. However, our data show significant move-
ment of P i the dairy liquid manure treatments i a soil that
was refatively low in adsorbed P (Table 1).

This retention of P in the topsoil of the solid manure
treatments could be caused by several factors. The solid manure
treatments had higher Ca concentrations in the surface 2.5 em of
the columns than the other treatments, thus increasing the
potential for P-Ca reactions and reducing P leaching (Lindsay,
{979Y. Tne highér Ud concentrations i the séil were Caused by
greater application rates of Ca in the solid manure treatments
compared with the other treatments (Table 3). The solid manure
also likely mereased colloidal swrfaces, increasing P reactions
with Ca. The mobility of P in the treatments was not explained
by the concentrations of e and Mn in the soil at the end of the
leaching period. Although we were not able to analyze for Al in
the soils after the leaching period, the Al application rates for
the solid manure treatments were greater than the other treat-
ments, thus potentially reducing P mobility in the solid manure
treatments (Lindsay, 1979).

There was a strong positive linear relationship between
the average cumulative mass of TOC and average cumulative
mass of TP lost in leachate from the solid and liquid manure
treatments (Fig. 4). Although there was more € added with the
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iguid manures compared with the solid manures, the C that was
added in the liguid manures had higher aromaticity and therefore
was more stable and resistant to acrobic oxidation. Therefore,
smicrobial activity caused by € additions was Hikely greater in the
solid manure treatmenis than the liquid manure treatments, and
therefore, P inay have been stabilized in microbial tissue in the
sohid manure treatments and fess available for leaching. This
same trend was found in calearcous silt loam soils reated with
cattle Hguid and solid manure, where the average microbial
P was 2-fold preater in soils treated with solid versus hquid
manwres (A. B, Leytem, Ph.i}, oral communication, 2008).

T addition, there could be C and P interactions in the hiquid
phase, which reduce the ability of P 10 he sorbed 10 the soil, and
therefore P is moved out of the soil profile in (VP complexes.
Thas theory was supported by Leyvtem and Westermann (2003)
who found that orgamically complexed Fe and Mn played
a signtficant role in P osorption . some calcarcous soils.
Chardon et al. {1997) also showed that P associated with organic
compounds leached to a greater extent than inorganic P The
gtrong positive relationship between TOC and TP in the Jeachate
sugpests that the tormation of these C/P complexes and transport
of these out of the soil are bkely. As the C in the Tiquid manure
treatments moved to a greater depth in the soil profile, it is
possible that these € compounds coated the soil-adsorptive
surfaces through metal-C complexes and therefore reduced
e ability of P o sorb to these sites, therefore enhancing
P leaching.

Allernatively, phosphorus associated with the manures may

have leached to a greater extent in the liquid manures because of

preferential flow pathways in the soil and soil/column interface.
However, this potential experimental error was realized and
addressed during the planning of this study. Te reduce the
potential for significant preferential flow, we selected a soil that
had minimal shrink swell/cracking characteristics, and we
eliminated the effect of creating a pressure head on the soil
surface during liguid applications by applying all liquid manure
and water using a drip apparatus to apply the hiquids at a rate
cqual to the mfilration rate. Leaching of P through soils has
been attributed to preferential flow through macropores (Magid
et al., 1999: Simard et al., 2000, Hooda et al., 1999; Hansen
et al,, 2004}, The precautions taken in our study ensured that
inuch of the water would flow through the soil mairix. However,
regardless of the water and P movement pathways, preferential
flow is commmon in the field and 1s likely a major conduit for
P movement in soils.

CONCLUSIONS

Phosphorus from dairy lagoon higquid manures moved
through a calcareous soil 10 a greater extent than P from dairy
sohd manures and commetcial fertifizer; and P from commercial
fertilizer moved to a greater extent than P from dairy sohd
manures. Several factors bkely influenced P mobility in the soil.
The greatest masses of P and € moved through the soil during
Leaching Events 2 through 7 for the iquid manure treatments.
There was a strong relationship between P and C leaching,
indicating the potential of C to influence P transportt in manure-
amended soils. It is possible that the form and quantity of C
mfluences the mobility of P in sotls because of scveral factors
including microbial activity, organically complexed metals, and
coating of P adsorption sites on clay particles. [t is also possible
that P reactions with Ca and Al reduced P leaching from the
solid manure treatments. More research is needed to further
elucidate the various potential factors influencing P leaching in
calcarcous soils in laboratory and ficld studics.
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