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Abstract
Phosphorus (P) management for dairy and beef cattle operations can be improved by understanding P chemistry in manure and manure-impacted soils.  This
study characterizes the P forms in dairy and beef cattle manure, and evaluates P release characteristics of manure-impacted soils.  Dairy and beef manure
from 5 cattle was collected in two consecutive years and subjected to sequential P fractionation, using 1.0 M NH4Cl (labile P), 0.1 M NaOH (Fe/Al-P) and
0.5 M HCl (Ca/Mg-P) for 2, 17, and 24 h, respectively.  In the second year, manure samples were also extracted repeatedly with 1.0 M NH4Cl until no more
P was released.  Phosphorus release was influenced primarily by Ca and Mg concentrations in the manure, and their P release potential varied with the
manure source. The Ca:Mg ratios in the sequential water extracts of manure-impacted soils decreased from 1.0 in the first extract to 0.6 in the tenth extract
for soils collected from active dairies with high rates of manure application. The ratio was a constant 2.0 for soils from abandoned dairies with high manure
application rates. Ca:Mg ratios were even higher for beef pasture and forage soils.  It also appears that Mg concentrations in the manure could have a
detrimental effect on Ca-P stabilization in manure-impacted soils. To minimize the environmental impact of manure applications, it may be necessary to
reduce the amount of Mg in the manure through diet or by pre-treatment prior to land application.

Key words: Beef manure, dairy manure, manure-impacted soils, phosphorus release, Ca:Mg ratio.

Introduction
Dairy and beef cattle ranches are often blamed for the poor water
quality of adjacent lakes and other water bodies.  Manure gener-
ated by these facilities may contribute to the nutrient status of the
lakes, but little work has been done to characterize the manure
constituents and the P release potential from the different manure
types. Information on manure constituents would assist in devis-
ing viable management options for stabilizing the P in manure-
impacted soils. Different extractants were employed for the char-
acterization of P namely deionised water, 0.5 M NaHCO3, 0.1 M
NaOH, 1.0 M HCl, and 5% trichloroacetic acid in dairy and poul-
try manure1. In addition to these extractions, a sequential extrac-
tion procedure2 was used and it was found that the major portion
of manure P was soluble in weak extractants like water or bicar-
bonate. Phosphorus forms in manure were also evaluated (dairy,
poultry and swine) and P leaching potential was measured using a
simulated rainfall3. Distribution of inorganic P among the P forms
differed with the manure type, although inorganic P accounted for
63 to 92% of total P (TP). Leaching of P from the manures by
simulated rainfall was closely related to water-extractable inor-
ganic P concentration. The continuous release of P by a weak ex-
tractant, 1.0 M NH4Cl solution, has been demonstrated for lake
sediments4 and for manure-impacted soils5.  Stability of manure-
derived forms of P is a relevant environmental consideration for
soils, given the potential for runoff and subsurface transport.  The
forms, stabilities, and transformations of applied P have been stud-
ied for a variety of soil materials and amendments6-11. High levels
of P could be leached from the surface horizons of sandy Florida
soils from the Okeechobee Basin, despite high pH and abundant
Ca2+ in solid and solution phases5,12. Common approaches to re-
duce P solubility in manure-impacted soils include addition of
chemical amendments like alum and FeCl3

 or Ca-based amend-
ments like limestone and gypsum to precipitate the P13,14. Recent
work made use of less expensive waste treatment residuals (WTR)

to remove excessive P from fertilizer and manure applications15-

17. While all these amendments are effective in P removal, it will
require an understanding of manure constituents and the constitu-
ents of manure-impacted soils to devise suitable management prac-
tices to effectively secure P on a long-term basis. Dairy and beef
cattle manure will likely have different potentials to release P; it
follows that dairy and beef manure-impacted soils will also re-
lease P differentially.  The objectives of this study were to: a)
characterize P forms in dairy and beef cattle manure b) study P
release characteristics of manure-impacted soils and, c) relate P
release to constituents in manure and manure-impacted soils.

Materials and Methods
Manure and soil sampling: Manure samples from milkers, light
dry cattle (cattle that were not lactating at the time of manure col-
lection), and beef cattle were collected from two dairies or two
ranches in two consecutive years.  Two five-cattle composite sam-
ples were obtained by collecting manure from five animals at each
site.  This provided a total of 12 samples each year (3 animal types
x 2 locations x 2 samples) for analyses.
   Soil samples were collected from the surface (A) horizon of
heavily P-impacted intensive areas of six dairies varying in cattle
numbers and dairy age. Three of the dairies had been abandoned,
while the other three were operating at the time of soil sampling.
Soil samples were also obtained from surface soils of less P-im-
pacted forage areas of three dairies, and from two beef pastures.
The soil and manure samples were collected from the same site.
Soil types represented by the dairies and beef pastures were
Myakka fine sand (sandy, siliceous, hyperthermic Arenic Alaquod)
or Immokalee fine sand (sandy, siliceous, hyperthermic Aeric
Alaquod). Detailed characteristics of these soils are also avail-
able18.

Manure and soil analyses:  Each manure sample was subjected
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to sequential fractionation extractions to determine discrete pools
of P from each manure source5. A 2-g air-dried and sieved manure
sample was successively shaken with 20 ml each of 1.0 M NH4Cl
(adjusted to pH 7.0), 0.1 M NaOH and 0.5 M HCl for 2, 17, and
24 h, respectively.  At each stage, the solutions were centrifuged
for 15 minutes at 3620 x g in a refrigerated centrifuge and fil-
tered through a 0.45 µm filter.  All extractions were carried out at
room temperature (2980K).  Total P in the residue was determined
by ignition at 8230K 19. The manure samples of the second year
were also subjected to repeated extractions with 1.0 M NH4Cl
solution until no more P was extracted, prior to continuing with
the fractionation scheme.  Inorganic P in the various soil extracts
was determined colorimetrically by the ascorbic acid reduction
method.  A portion of the sodium hydroxide extract was digested
(micro Kjeldahl technique) to determine TP in the extract.  Or-
ganic P in the extract was determined as the difference between
the total and inorganic P.  All P determinations were made on a
Shimadzu UV-160 visible recording spectrophotometer at a wave-
length of 880 nm. Calcium, Mg, Fe and Al concentrations were
determined in the sequential extracts. All metal determinations
were made using a Perkin-Elmer 2380 atomic absorption
spectroscopy unit.  The pH was determined on 1:2 manure:water
suspension. Total C and N were determined by combustion using
a Carlo Erba CNS Analyzer (Carlo Erba, Milan, Italy).  All soil
samples were sequentially extracted with water.  The apparatus
used for soil extraction consisted of a 150 ml polystyrene filter
unit (Falcon 7120) fitted with inert filter membrane of 0.45 µm
pore size.  The extractions were performed on 25 g of air-dried
and sieved soil samples.  Ten ml of 0.01 M KCl (to prevent soil
dispersion) was added and the unit was allowed to stand for 24 h.
The soil was then leached with 25 ml of 0.01 M KCl solution at
24-h intervals for 5 d (extracts 1 - 5).  Filter units were allowed to
remain undisturbed for two days and an additional five extractions
were carried out (extracts 6 - 10).  All filter units were allowed to
stand undisturbed for eight weeks after which weights were re-
corded and one or more extractions (extracts 11-16) carried out
at 24-h intervals. All extractants were analyzed for soluble reac-
tive phosphorus (SRP) on a Shimadzu UV-160 visible recording
spectrophotometer at a wavelength of 880 nm20. Calcium, Mg, Fe
and Al concentrations were determined in selected water extrac-
tions, i.e. the 1st, 2nd, 5th and 10th extracts using atomic absorption
spectroscopy.

Statistical analyses:  Statistical analyses were performed using
SAS Institute software21,22. ANOVA was performed with mean sepa-
ration using the Waller-Duncan procedure. Stepwise regression
was used to examine relationships between ammonium chloride-
extractable P in the manure and other manure constituents.
Stepwise regression was also used to examine relationships be-
tween water-extractable P and soluble elements in the water ex-
tracts of the manure-impacted soils.

Results and Discussion
Manure characterization and fractionation:  The pH of the vari-
ous manure types was >7.0 (Table 1).   The three manure types had
an average total C concentration of 410 g kg-1. The total N con-
centrations decreased in the order of milker > light dry > beef.
Although TP concentrations in manure were ordered as milker ≥
light dry > beef (Table 1), the amount of labile P (referred to as
the labile P fraction)5 released in the first NH4Cl extract (Table

2), was in the reverse order (milker < light dry < beef).  This re-
sult suggested that a difference exists in P release potential for
the various manure types. The differences in extractability of la-
bile P are likely to be associated with varying levels of binding
energy of manure constituents with P1.  Manure additions have
been shown to have a greater influence on soil P availability and
leaching than the application of inorganic fertilizers23, and this
study shows that there is variability in P release potential within
manure types as well.

Differences in NH4Cl-P for the manure types in year 1 and year
2 are shown in Table 2. There were no statistically significant dif-
ferences in NH4Cl-P or TP between the two years for a given ma-
nure type.  Thus, mean values of data for a given manure type are
used in subsequent discussions.  Assuming that NH4Cl-P, NaOH-
Inorganic P, and HCl-P constitute the inorganic P fraction in the
fractionation scheme, the percentage of inorganic P in the ma-
nure irrespective of the manure type averaged 65% (Table 3). In
general, inorganic P in manure varies from 70 to 90% of TP, and
in most agricultural soils, 50 to 75% of the P is inorganic24,25.
Fractionation studies (Table 3) suggested that the labile P fraction
was the greatest for the beef cattle and the lowest for the milkers,
although the P stored in the HCl-extractable fraction was the high-
est for the milkers and the lowest for the beef cattle. Labile P
fractions in manure-impacted soils are generally related to Ca and
Mg fractions5, and the labile P fractions in the manure appear to
follow a similar pattern with high Ca and Mg concentrations in the
labile P extract (Table 4). The total Ca and Mg concentrations in
manure decreased in the order milker > light dry > beef. These
differences are likely be related to Ca and Mg contents in the feed.
Milkers receive Ca and Mg supplements, and their concentrations
are reflected in both the NH4Cl extract and in the total metal ex-
tracts.  Inorganic P for milkers was lower than those for the other
manure types, and all manure samples had a relatively small pool
of Fe- and Al-P forms.  The total P in the residual fraction (TPR)
suggested that there was no significant difference among the ma-
nure types in the amount of P that was not readily extractable by
any of the chemical reagents in these studies (Table 3).

Sequential extractions of manure with NH4Cl solution: Sequen-
tial extracts of NH4Cl-P indicated that P continued to be released
with subsequent extractions (Fig. 1).  Multiple linear regressions
(Table 5) suggested that labile P was related to Ca, Mg and Fe in
solution for the manure of milkers, Ca and Fe for light dry cattle
and Ca and Mg for beef cattle manure. No measurable amount of
Al was found in these systems.  The initial NH4Cl extract, when
included in the regression equation, gave a poor R² value (R =
0.4330) for the milkers.  The value increased with omission of
this P value from the regression equation. The P release in the
first extract was less than in the second extract (Fig. 1), but Ca
(Fig. 2) and Mg (Fig.3) showed substantial decrease in concentra-
tions from the first to the second extract.  As the contact time
with NH4Cl solution increased, manure P release (second extract
onwards) was better associated with Ca and Mg concentrations
(Table 5). The improvement in R² values was not observed for the
light dry or beef manure, indicating that metals released by the
milkers in the first NH4Cl extract may have been associated not
only through Ca, Mg and Fe, but also via some other mechanism
that we could not identify.  It is possible that metal-P stability may
have been greater in the dried manure samples. Also, it is likely
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Table 5. Stepwise regression results for the dependent variable, NH4Cl-P vs the independent variables
NH4Cl extractable Ca, Mg, and Fe and Al for the various manure types.

Manure type n Multiple linear regression equation*** Model R2

Milkers 47 NH4Cl-P = -30.9 + 159.0  [Fe]* ** - 034 [Mg]*** 0.4328
Milkers † 43 NH4Cl-P = -201 + 0.268 [Ca]*** + 93.8 [Fe]* + 0907 [Mg]** 0.7788
Light Dry 33 NH4Cl-P = -201 + 0.777 [Ca]*** + 89.08 [Fe]** 0.8604
Beef 10 NH4Cl-P = -177 + 1.12 [Ca]*** + 2.29 [Mg]*** 0.9730

*** Significant at p<0.0001, ** significant at p = 0.001, * significant at p = 0.01.
Note: Aluminum concentrations in the NH4Cl extracts were below detection limits.
† First extract not included

Table 1. Selected characteristics of milker, light dry and beef cattle manure.

Manure Type pH Total C Total N Total P Total Ca Total Mg

                 g kg-1                                                                 mg kg-1

Milker 7.0 (0.8)† 410 (20) 24 (3) 8317 (1222) 16291 (1487) 7010 (781)
Light Dry 7.7 (0.7) 400 (20) 18 (2) 8244 (1246) 13127 (5755) 3805 (1523)
Beef 7.6 (1.1) 420 (20) 14 (1) 5933 (1649) 4755 (322) 2504 (868)

†Values within parenthesis are standard deviations.

Table 2. Effect of manure type on NH4Cl extractable P (n=8).

Manure type Year 1 Year 2

                                           mg P kg-1

Milker  320 b†  352 b
Light Dry 1392 a 1105 a
Beef 1546 a 1325 a

†  Mean values of NH4Cl-P for a given year followed by the same letter are not significantly different (P = 0.05) using the Waller Duncan k-ratio multiple comparison procedure.
Note: Statistical analyses showed no differences in NH4Cl-P releases between the 2 years for a given manure type.

Table 3. Distribution of P in the various fractions among manure types.

Manure type NH4Cl-P NaOH-Inorg. P NaOH-Org. P HCl-P TPR †
(labile P) (Fe/Al-P) (Ca/Mg-P)

                                                                              mg kg-1

Milker  336 b‡  24 b 138 a 4233 a 2245 a
Light Dry 1244 a 164 a 118 a 3944 ab 2569 a
Beef 1435 a 181 a 101 a 2279 b 2019 a

† TPR,  total phosphorus in the residual fraction.
‡ Mean values for a given P fraction followed by the same letter are not significantly different (P = 0.05) for a given manure type using the Waller Duncan k-ratio multiple
comparison procedure.

Table 4.  Ca and Mg concentrations in the NH4Cl extract and in total metal extracts.

Manure type NH4Cl-Ca  NH4Cl-Mg Total Ca Total Mg

                                      mg kg-1

Milker 7553 a 4065 a 16389 a 6808 a
Light Dry 5637 ab 1696 b 12581 b 3457 b
Beef 3424 b 2954 a   4391 c 2708 c

†  Mean values for a given metal concentration followed by the same letter are not significantly different (P = 0.05) using the Waller Duncan k-ratio multiple comparison
procedure.
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Figure 1. Ammonium chloride-extractable P in sequential extracts for milker, light dry and beef cattle manure.Vertical bars
               represent standard errors of the mean.

Figure 2. Ammonium chloride-extractable Ca in sequential extracts for milker, light dry and beef cattle manure.Vertical
                bars represent standard errors of the mean.

Figure 3. Ammonium chloride-extractable Mg in sequential  extracts for milker, light dry and beef cattle manure. Vertical
              bars represent standard errors of the mean.
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that if the repeated extractions were done on manure samples that
were fresh, the relationship may have been different even when
the first extract was included in the regression equations.  The P
that was repeatedly extracted with NH4Cl appears to have origi-
nated from the HCl fraction, i.e., Ca/Mg-P.  The percentage of
NH4Cl-P in the repeated extractions was 65% for milkers, 51%
for light dry cattle, and 42% for beef cattle, corresponding to the
HCl fractions, 51% for milkers, 49% for light dry cattle, and 40%
for beef cattle after a single extraction with NH4Cl (Table 3). All
other manure-P fractions except the recalcitrant residual fraction
were relatively small (Table 3). The data on manure fractionation
agreed well with fractionation information obtained from heavily
manure-impacted soil samples sequentially extracted with NH4Cl5.
A continuous release of P was also observed from manure-im-
pacted soils using the strip P methodology26.

Sequential extractions of manure-impacted soils with 0.01 M
KCl (Water-extractable P):  Multiple linear regressions (Table
6) suggested that P released from manure-impacted soils was re-
lated to Ca and Mg concentrations.  The R² values for the ‘inten-
sive’ area soils improved substantially (from R²=0.2914 to 0.6728)
just as for milkers, when the first extract was omitted from the
regression equation. The R² value improvements were marginal
for the forage and beef pasture soils.  Since the soils of the inten-
sive area were impacted primarily by milker manure, these soils
could also contain Ca and Mg concentrations associated with P, as
well as other elements not included in this study. The water-ex-
tractable P for all dairy manure-impacted soils was significantly
(P<0.0001) correlated with the Mg concentrations in solution,
while beef pasture soils were significantly (P<0.0001) correlated
with the Ca concentration (Table 6). The less manure-impacted
forage soils were also correlated with Ca concentrations (P =
0.001). When the first extract was not included in the regression
equation, Ca concentrations were negatively correlated with the
water-extractable P, which suggested that there was some stronger
Ca-P bonding when the soils were first subjected to water extrac-
tion. For fishwaste compost, parallel release of P and Ca in solu-
tion was due to association of P with Ca, but the study could not
show that Ca-P was the predominant P form in the compost27.  The
soil pH values of the beef pasture and forage areas, which were
less heavily manure-impacted, were lower (< 6.00) than that of
the heavy manure-impacted (intensive) areas for both the active
and abandoned dairies (Table 7). Also, the total soluble P in the
first ten extracts for the intensive area soils was >150 mg P kg-1,
while in the beef pastures and forage areas, the soluble P was less
than a tenth of that value (Table 7). The potential for P loss from a
soil profile in the intensive areas was calculated using water-solu-
ble P concentrations28 and it would be, at a minimum, 350 kg ha-1

from intensive area soils, and 10 kg ha-1 from forage soils. The P
retention of the surface horizon of these soils exceeded their sorp-
tion capacities and that the temporarily retained P had the poten-
tial to move vertically through the soil profile29.  Calcium: mag-
nesium ratios were less than 1.0 for the intensive component of
active dairies, and decreased in value with sequential extractions.
On the other hand, Ca:Mg ratios for the abandoned dairies were
approximately 2.0 and this value appeared to be constant for the
sequential extractions. For soils from the abandoned dairies, Mg
could have leached with time, resulting in a higher Ca:Mg ratio.  A
more constant Ca:Mg ratio in the sequential extracts for aban-

doned dairy soils may indicate a tendency toward P stabilization
in these soils, even if no crystalline Ca or Mg phosphates have
been detected in any of these soils by x-ray diffraction analysis30.
Inhibitory effects of Mg on Ca-P crystallization31,32 could have
been the reason for less stable Ca-P forms in the intensive area
soils, particularly of the active dairies. Non-crystalline Si and or-
ganic acids may also inhibit crystallisation of Ca-P and would thus
maintain high P solubility30. A statistically significant increase was
also observed in Ca and Mg-associated P in the surface soils of
abandoned dairies compared with active dairies in a previous
study29. This might be due to a gradual mineralization of the re-
sidual P fraction and a subsequent association of the organic P
with Ca and Mg.  Calcium:magnesium ratios for both beef pasture
and forage soil solutions were higher than for either the active or
abandoned intensive area soil solutions (Table 7).

Conclusions
The potential hazard of manure in releasing P to the environment
depended on whether the source was dairy or beef. Beef manure
released P more rapidly than dairy manure, but the P was exhausted
more rapidly than for dairy manure, particularly milker manure.
Phosphorus in both manure and manure-impacted soils was asso-
ciated primarily with Ca and Mg.  Although not a part of the present
study, P released from manure source likely depended on the na-
ture of the feed the animal receives and therefore a control of
feeding levels (Ca, Mg, etc.) without any adverse effect on cattle
activities (e.g. milk production) might significantly affect P re-
lease potential from manure sources.  Phosphorus released from
manure-impacted soils depended on manure loading magnitude;
high P loading in the intensive area soils of the abandoned and
active dairies released more than ten times the amount of P in
sequential water extracts than from the less manure-impacted soils
of pastures and forages. Differences in Ca:Mg ratios in the vari-
ous extracts for soils from the intensive areas for active and aban-
doned dairies suggest some transformation of P toward more sta-
ble forms in the abandoned area soils. Higher Ca:Mg ratios in the
less manure-impacted pasture and forage soils suggest a different
behaviour of P in these soils.  The information obtained in this
study is a beginning toward the understanding of manure constitu-
ents responsible for releasing P to the environment. It appears
that stability of P is related to Ca and Mg constituents in the ma-
nure and in manure-impacted soils. Besides animal diet manipula-
tions, environmental management practices might have to take into
consideration the removal of Mg in the manure-impacted soils,
which may have an effect on Ca-P crystallization and stabilization.

Acknowledgement
This research was supported by the Florida Agricultural Experi-
ment Station, and approved for publication as Journal Series No.
R-08743.

References
1Dou, Z., Toth, J.D., Galligan, D.T., Ramberg, C.F. Jr., and Ferguson, J.D.

2000. Laboratory procedures for characterizing manure phosphorus.
J. Environ. Qual. 29: 508-514.

2Hedley, M.J., Stewart, J.W.B., and Chauhan, B.S. 1982.  Changes in inor-
ganic and organic phosphorus fractions induced by cultivation prac-
tices and laboratory incubations.  Soil Sci. Soc. Am. J. 46: 970-976.

3Sharpley, A., and Moyer, B. 2000. Phosphorus forms in manure and com-
post and their release during simulated rainfall. J. Environ. Qual. 29:



Food, Agriculture & Environment; Vol. 1(2), April 2003 223

1462-1469.
4Pettersson, K., and Istvanovics, V. 1988. Sediment phosphorus in Lake

Balaton - Forms and mobility. In: Psenner, R and Gunatilaka, A (eds.).
Proceedings of the First International Workshop on Sediment Phos-
phorus. Advances in Liminology, Heft 30, Stuttgart. p. 25-41.

5Nair, V.D., Graetz, D.A., and Portier, K.M. 1995. Forms of phosphorus in
soil profiles from dairies of South Florida. Soil Sci. Soc. Am. J. 59:
1244-1249.

6Bell, L.C., and Black, C.A. 1970. Crystalline phosphates produced by inter-
action of orthophosphate fertilisers with slightly acid and alkaline soils.
Soil Sci. Soc. Am. Proc. 34: 735-740.

7Bell, L.C., and Black, C.A. 1970. Transformation of dibasic calcium phos-
phate and octacalcium phosphate in slightly acid and alkaline soils. Soil
Sci. Soc. Am. Proc. 34: 583-587.

8Sharpley, A.N., Smith, S.J., Stewart, B.A., and Mathers, A.C. 1984. Forms
of phosphorus in soil receiving cattle feedlot waste. J. Environ. Qual.
13: 211-215.

9O’Connor, G.A., Knudsen, K.L., and Connell, G.A. 1986. Phosphorus solu-
bility in a sludge amended calcareous soil. J. Environ. Qual. 15: 308-
312.

10Pierzyinski, G.M., Logan, T.J., Traina, S.J., and Bigham, J.M. 1990. Phos-
phorus chemistry and mineralogy in excessively-fertilized soils: quan-
titative analysis of phosphorus-rich particles. Soil Sci. Soc. Am. Proc.
54: 1576-1583.

11Elliot, H.A., O’Connor, G.A., and Briton, S. 2002. Phosphorus leaching
from biosolids-amended sandy soils. J. Environ. Qual. 31: 681-689.

12Wang, H., Harris, W.G., and Reddy, K.R. 1995. Stability of P forms in
dairy-impacted soils under simulated leaching. Ecol. Eng. 5: 209-227.

13Moore, P.A. Jr., and Miller, D.M. 1994. Decreasing phosphorus solubility
in poultry litter with aluminium, calcium and iron amendments. J.
Environ. Qual. 23: 325-330.

14Rechcigl, J.E., Alcordo, I.S., Bottcher, A.B., and Little, R.C. 2001. Evalu-
ation of limestone and gypsum for reducing phosphorus leaching and
runoff from beef-cattle pastures. (Two-year progress report, Feb. 1999
to Oct., 2000, prepared for the South Florida Water Management Dis-
trict under Contract no. C-10201).

15Haustein, G.K., Daniel, T.C., Miller, D.M., Moore, P.A. Jr., and McNew,
R.W. 2000. Aluminium-containing residuals influence high-phospho-
rus soils and runoff water quality. J. Environ. Qual. 29: 1954-1959.

16Codling, E.E.,  Chaney, R.L., and Mulchi, C.L. 2000. Use of aluminium-
and iron-rich residues to immobilize phosphorus in poultry litter and
litter-amended soils. J. Environ. Qual. 29: 1924-1931.

17Dao, T.H., Sikora, L.J., Hamasaki, A., and Chaney, R.L. 2001. Manure
phosphorus extractability as affected by aluminium- and
iron- products and aerobic composting. J. Environ. Qual. 30: 1693-
1698.

18Graetz, D.A., Nair, V.D., Voss, R.L., and Portier, K.M. 1999. Phosphorus
accumulation on land utilized by dairies and beef ranches. Agriculture,
Ecosystems and Environment. 75: 31-40.

19Anderson, J. M. 1974.  An ignition method for determination of total phos-
phorus in lake sediments.  Water Res. 10: 329-33.

20Murphy, J., and Riley, J.P. 1962. A modified single solution method for the
determination of phosphate in natural waters. Anal. Chim. Acta 27:
31-36.

21SAS Institute Inc. 1989. SAS/STATTM User’s Guide, Version 6, Fourth
Edition, Volume 1. SAS Institute Inc., Cary, NC. 943p.

22SAS Institute Inc. 1989. SAS/STATTM User’s Guide, Version 6, Fourth
Edition, Volume 2. SAS Institute Inc., Cary, NC. 846p.

23Haygarth, P.M., and Jarvis, S.C. 1999. Transfer of phosphorus from agri-
cultural soils. Adv. Agron. 66: 195-249.

24Moyer, B. and Sharpley, A.N.1998. Forms of phosphorus in manure and
composts and their release to rainfall. In: 1998 Agronomy abstracts.
ASA, Madison,WI. p. 336.

25Sharpley, A.N. 1999. Global issues of phosphorus in terrestrial ecosys-
tems. In: Reddy, K.R., O’Connor, G.A., and Schelske, C. L. (eds.)
Phosphorus Biogeochemistry of Sub-Tropical Ecosystems. C.R.C.

Press, New York. p. 15-46.
26Sharpley, A.N. 1996. Availability of residual phosphorus in manured soils.

Soil Sci. Soc. Am. J. 60: 1459-1466.
27Kuo, S., Hummel, R.L., Jellum, E.J., and Winters, D. 1999. Solubility and

leachability of fishwaste compost phosphorus in soilless growing media.
J. Environ. Qual. 28: 164-169.

28Graetz, D.A., and Nair, V.D. 1995. Fate of phosphorus in Florida Spodosols
contaminated with cattle manure. Ecol. Eng. 5: 163-181.

29Nair, V.D., Graetz, D.A., and Reddy, K.R. 1998.  Dairy manure influences
on phosphorus retention capacity of Spodosols. J. Environ. Qual. 27:
522-527.

30Harris, W.G., Wang, H.D., and Reddy, K.R. 1994. Dairy manure influence
on soil and sediment composition: Implications for P retention. J. Environ.
Qual. 23: 1071-1081.

31Brown, J.L. 1981. Calcium phosphate precipitation: Effect of common and
foreign ions on hydroxy-apatite crystal growth. Soil Sci. Soc. Am. J. 45:
482-487.

32Yadav, B.R., Paliwal, K.V., and Nimgade, N.M. 1984. Effect of magne-
sium-rich waters on phosphate adsorption by calcite. Soil Sci. 138:153-
157.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


