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ABSTRACT

Increasesin the generation of organic wastes, in addition to decreasesin natural resources,
make it necessary to recycle these waste materials. In soils, the application of wastes as
organic fertilizers, allows to reincorporate nutrients to the biogeochemical cycles. The
application of wastes in agriculture has carried out with it problems associated with
phosphorus (P) overapplication in soils and contamination of water bodies. Phosphorus
inside the waste matrix forms organic and inorganic compounds which have different
bioavailabilities. The moreimportant factorsthat influence the bioavail ability of Pin soils,
organic wastes and soil-organic waste amendments are: the soil solution pH, adsorption
reactions, organic matter, phosphatase activity and low molecular weight of organic acids.
In the wide range of organic wastes, purines and compost have been selected to illustrate
the effects of thefactors previously mentioned on the bioavailability of Pin soils. According
to the analyzed information, we can suggest that it would be necessary to implement
technologiesto increase the bioavailability of Pin the waste matrix to produce an efficient
organic fertilizer with high P bioavailibility when it is applied in soils.

According to the analyzed information, we can suggest that it would be necessary inthe
prospect future, the possibility to studynew technologiesfor increase the bioavailability of
P in the waste matrix to produce an efficient organic fertilizer with high P bioavailibility
whenitisapplied in soils.

Palabras Claves: fésforo, biodisponibilidad, compost, purines
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RESUMEN

El incremento en la generacién de residuos organi cos, acompafiado de la disminucién de
losrecursos naturales, crealanecesidad dereutilizar estos materiales. En suelos, laaplica-
cion de residuos como fertilizantes organicos, permite reincorporar nutrientes alos ciclos
biogeoquimicos. Sin embargo, la aplicacion de residuos en la agricultura ha acarreado
problemas de sobreaplicacion de Py contaminacién de cuerpos de agua. El fésforo dentro
delamatriz delos residuos organi cos forma diversos compuestos organi cos e inorganicos
gue presentan distintos grados de biodisponibilidad. En este articulo se han revisado los
factores que determinan |la biodisponibilidad de P en suelos, residuos organicos y suelos
enmendados con residuos organicos. Dentro de losfactores masimportantes que afectan la
disponibilidad de P se han identificado: € pH, reacciones de adsorcién, contenidos de
materia organica y la presencia de agentes biologicos como actividad fosfatasay acidos
organicos de bajo peso molecular. Dentro de laamplia gama de residuos organicos se han
seleccionado purinesy compost parailustrar como af ectan los factores antes mencionados
a la contribucién de P biodisponible en suelos. En base a la informacién analizada se
puede sugerir que seria necesario implementar tecnol ogias que contribuyan aaumentar la
biodisponibilidad de Pen lamatriz del residuo para producir fertilizantes organi cos capa-
ces de liberar P biodisponible cuando se aplica en suelos. En base alainformacién anali-
zadase puede sugerir que serianecesario en el futuro estudiar laposibilidad deimplementar
nuevastecnol ogias paraaumentar labiodisponobilidad de P enlamatriz del residuo con el
fin de producir fertilizantes organi cos capaces de liberar P biodisponible cuando se aplica
en suelos.

environmental equilibrium (Griffin et al.,
2003). For this, it is essential to organize
and optimize the use of natural resources
because, although therecycling of nutrients
through agricultural application of organic
waste such as biosolids, compost and
manure is an ecological method of nutrient
recovery, other factors must be considered,

INTRODUCTION

Inrural areas, where economic activitiesare
driven by the export of raw materials and
food and fibre products, cultivation and
livestock production have increased and
patterns of land use have changed
significantly. Intensivelivestock production

and agricultural farming practices tend to
‘mine’ many nutrients from soil, causing
modifications in the nutrient flux and
thereby resulting in decreased soil fertility,
mainly due to the deficienciesin B, N, K,
Caand Mg. To maintain soil fertility, it is
necessary to add nutrients to agricultural
systems; farmers use mineral fertilizers,
organic waste and various management
techniques to maintain soil fertility.
Nowadays, recovering nutrients by
reincorporating organic wastes in farming
systemsisasustainable alternative that can
contribute to restoring the natural

such as social acceptability, soil nutrient
saturation and contamination issues(Levlin
et al., 2002).

Phosphorus is an essential nutrient. In
spiteof itswidedistributionin nature, Pisa
limited resource (Adnan et al., 2003;
Shimamura et al., 2003) and it is deficient
in most soils (Vassilev et al., 2001). Soil P
existsin various chemical forms, including
inorganic P (Pi) and organic P (Po), which
differ widely in their behavior and fate in
soils (Shand and Smith, 1997; Turner et al.,
2003a, 2003b; Hansen, et al., 2004),
specifically inrelation to bioavailability, as
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various forms can undergo cycling at
different rates, being retained in soils or
made availableto plants (Chen et al., 2003;
De Brouwere et al., 2003; Nwoke et al.,
2003).

The problem of P deficiency can
potentially be solved by the progressive
return of organic material sto soil; however,
the quantity, quality and management of this
practice are fundamental factorsthat affect
Pavailability fromresidues (Kwabiah et al .,
2003a). Identification of P in waste (both
itsorganic and inorganic forms) isafunda-
mental prerequisite to understanding
nutrient dynamicsin soil-waste systemsand
the mechanisms responsible for the release
of potentially bioavailable forms of P over
time. For effective Precovery from organic
residuesincorporated in soil, it isfundamen-
tal to identify the P distribution patternsin
residuesand subsequently in soil, whichwill
help determine the optimal conditionsfor P
release to plants. This review presents the
critical factors that influence the
bioavailability of phosphorusfrom organic
waste in soil.

PHOSPHORUS AS ANUTRIENT

Phosphorus is an essential element for the
metabolism of living organisms because it
is a component of nucleic acids, the
phospholipids that compose cellular
membranes, ATP and ADP molecules and
intermediate compounds of respiration and
photosynthesis (Taiz and Zeiger, 1998).
Phosphorus in soil comes from both
pedogenic and anthropogenic sources, the
majority of P being introduced as mineral
fertilizers (Bolan et al., 2005) or organic
residues; asignificant quantity of insoluble
and more stable P can accumulate in soils
with regular P application (Scherer and
Sharma, 2002; Verma et al., 2005).
Phosphorus mineral fertilizersincludethose
which are water-soluble (fast release as
superphosphate, triple superphosphate,
monoammonium  phosphate  and
diammonium phosphate), water-insoluble
(slow release as phosphate rock and basic
slag) or mixturesof both (partialy acidulate
phosphate rocks and superphosphate and
mixed rock) (Bolan and Duraisamy, 2003;
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Figure 1: Phosphate release from organic phosphorus compounds.
Figura 1: Liberacion de fosfato desde compuestos organicos de fosforos.
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Bolan et al., 2005). The main organic
sources of P include manure, crop residues
and sludge from different treatments in
sustai nable waste handling systems.

Themost significant Pcompound in soil
in terms of bioavailability is the
orthophosphate anion, which is associated
with readily accessible short-term
availability for plants. For longer-term
availahility, Po compounds can be degraded
torelease orthophosphate (see Figure 1). Po
compounds, derived from microorganisms
and plant and animal waste, form part of the
humified materials which are stabilized in
the soil matrix. For P from organic
compounds to be available, it needs to be
hydrolyzed and mineralized by the microbial
biomass, whichisafundamental processfor
therelease of orthophosphateionsto plants
(Haygarth and Jarvis, 1997; Hayes et al.,
2000; Borie and Rubio, 2003; Oehl et al.,
2004) and the maintenance of the P cyclein
ecosystems. Through a mineralization
process, Po compounds represent an
important P source for plants and
microorganisms (Thien and Myers, 1992;
Makarov et al., 2005), in soil withlow levels
of bicavailable P (Parfitt et al., 2005) and
in unfertilized cropping systems (Linquist
et al., 1997). However, the effective
availability of P compounds applied to soil
from wastes depends firstly on the form of
P added, and later on the external factors
that contribute to increased or decreased
availability over time.

INTERACTIONSOF
PHOSPHORUSIN SOIL

Physico-Chemical factors

Pin soil hasapoor mobility dueto the high
reactivity of orthophosphateionsrelativeto
the numerous soil constituents which
condition this interaction and occur in the
rhizosphere (Hinsinger, 2001).

The distribution of phosphorus species
(organic andinorganic) in soil isdetermined
primarily by the pH of the soil solution
(Hinsinger, 2001) due to the variations in
proton dissociation which are characterized
by pKaval ues, which represent animportant
property of chemical compounds and
indicate their ionization capability.
Depending on the charge density, P ions
have a tendency to form complex species
with several metal cations such as Ca, Mg,
Fe and Al, with different bond forces
forming mono-, di- and multi-dentate bonds.
For example, myo-inositol hexakisphosphate
in normal pH-range soil has at least six
dissociated protons which confer a high
negative charge density to the molecule,
causing a strong interaction with soil
minerals. In soil minerals, orthophosphate
anions are specifically adsorbed and form
inner-sphere complexes by replacing
coordinated surface—OH and —OH, groups
with the orthophosphate ions (Borie and
Rubio, 2003; Bricefio et al., 2004; Jara et
al., 2005). Therefore, the adsorption can be
specific as well as electrostatic (Xu et al.,
2003). P fixation and retention also occur
due to high amounts of soluble and
exchangeable Ca?* resulting from reaction
of CaCO, with orthophosphate anions to
form a precipitate.

Moraand Canales (1995a) indicate that
the first reaction between phosphate
molecules and active surface sites is
associated with the mononuclear complex
(labile), followed by binuclear complex
(irreversible) formations. Also, the
adsorption reaction can occur between
orthophosphate and Fe or Al hydrous oxi-
des (Nwoke et al., 2003), or between
orthophosphate and silicate minerals.

Organic matter also affects retention of
P. Organic matter adsorption on claysoccurs
by ligand exchange with the surface
hydroxyl groups, similar to phospahte.
These are therefore specifically adsorbed
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onto the surface, generating a competitive
effect on P adsorption (Mora and Canales,
1995a, 1995b; Haynes and Mokolobate,
2001; Jara et al., 2005). However, organic
matter could generate new adsorption sites
(De Brouwere et al., 2003) alowing the
stimulation of P adsorption through the
formation of stabilization products between
P, Al, Fe and organic matter

Biological factors

Soils contain low molecular weight organic
acids which have one or more carboxylic
groups. Some of these acids are in anionic
form, such as citrate, oxalate, acetate,
malate, isocitrate and tartrate. Organic acids
are released by plant root exudates and
microorganisms; they can also be products
of the degradation of complex organic
molecules (Jones, 1998; Geelhoed et al.,
1999; Jones et al., 2003; Yadav and
Tarafdar, 2003).

The adsorption of organic acids produ-
cesanimpact on soil surface charge, thereby
allowing metal cation complexation in
solution and anion displacement from the
soil matrix (Jones, 1998).

Organic acids have been related to
nutrient mobilization, mainly utilization of
insoluble P, and therefore increase their P
bioavailability (Bolan et al., 1994; Strom et
al., 2002) with P adsorption decreasing due
to competition for active sites for the
adsorption and dissolution of light insolu-
ble P compounds, e.g., Ca, Fe and Al
phosphates (Bolan et al., 1994; Geelhoed
et al., 1999; Jones et al., 2003). However,
released P depends on factors such as
solution pH solution, organic acid
characteristics and soil mineralogy (Bolan
et a., 1994; Strom et al., 2002).

Enzymes are biological catalysts of in-
numerable reactions and are of great
agronomic and ecological value. They are

released into soil by microorganisms and
plant root exudates, participate in the
formation and degradation of moleculesand
contribute to nutrient cycling. Phosphatase
isageneral name used to describe a broad
group of extra-cellular enzymes which
catalyze the hydrolysis of both phosphate
ester bonds and anhydride bonds. These
enzymes play a fundamental role in the
phosphoruscycle, allowing orthophosphate
to be released from organic and inorganic
compounds, thereby increasing the
bioavailable P (Thien and Myers, 1992;
Deng and Tabatabai, 1997; Rao et al., 2000).

For the development of enzymatic
processeswhich contributeto increasing the
pool of bioavailable orthophosphate ions,
several kinds of phosphatases are needed
that are selected for different phosphorus
compounds. Phosphatase enzymes studied
in soil include phytases, acid and alkaline
phosphatases, phospholipase and
pyrophosphatase.

Phytases have an established rolein the
phosphate release from myo-inositol-
hexakisphosphate. Soil and water
microorganismsare capable of hydrolyzing
phytic acid through this enzyme (Pandey et
al., 2001).

Acid phosphatase and alkaline
phosphatase are orthophosphoric monoester
phosphohydrolases (Deng and Tabatabai,
1997; Pant and Warman, 2000) that
hydrolyze compound-type orthophosphate
monoesters.

Phospholipase and nuclease are
orthophosphoric diester phosphohydrolases
(Deng and Tabatabai, 1997; Pant and
Warman, 2000) that hydrolyze compound-
type orthophosphate diesters.

Inorganic pyrophosphatasesact on acid
anhydride bonds in phosphoryl-containing
anhydrides (Deng and Tabatabai, 1997).



Phosphorus in organic waste, Barbara Fuentes et al.

69

PHOSPHORUSIN SOIL FROM
ORGANIC AMENDMENTS

The incorporation of organic residues can
improve soil conditions (Mokolobate and
Haynes, 2002; Pypers et al., 2005) making
anincreasein Pavailability possible. Borie
etal. (2002) indicated that crop residuesare
applied to the soil as a source of nutrients
for plants, a practice that fits in well with
the current world-wide trends towards
resource conservation in agriculture, and
particularly with the growing interest of |o-
cal farmers in alternative agricultural
practices, such as organic farming and zero
or reduced tillage.

The improvement in P availability
following residue amendment depends on
residue characteristics which reduce P
adsorption strength in soils (Haynes and
Mokolobate, 2001; Pyperset al., 2005) and
the bioavailability of P compounds
incorporated into the soil. Organic matter
in residues contains significant quantities of
Po and, during mineralization,
orthophosphate is released into the soil
solution. In addition, inorganic and organic
products are generated during the partial
decomposition of organic waste, and humic
substances and organic acids can be
adsorbed into soil surfaces, decreasing the
potential P adsorption by blocking sitesfor
theformation of complexeswith Al, Feand
Ca(lyamuremyeet al., 1996b; Haynes and
Mokolobate, 2001; Akhtar et al., 2002,
Mkhabela and Warman, 2005).

lyamuremyeet al. (1996b) indicated that
P-rich residues resulted in a significant
increase in the P pool available (resin and
NaHCO,), readily mineralizable Po
(NaHCQ,) and the chemisorbed (NaOH)
fractionsin the soil. The main mechanisms
(which are simultaneous) involved in
enhancing Pavailability are: orthophosphate
incorporation, arisein pH accompanied by
P solubilization, production and release of

organic anions, increased enzymatic activity,
incorporation of organic matter and
complexation of exchangeableionssuch as
Al*, Fe*, Ca?" and Mn?*. Kwabiah et al.
(2003b) indicated that, plant material input
would modify bioavailable pool of Pdueto
changes in the release of P from soluble P
fractions, changes in immobilization rates
of Pfractionsand changesin the adsorption-
desorption capacity of the soil amendment.

Organic wasteincorporation,specificaly
compost and manure, increases pH values
in mixed waste-soil. This pH increase can
be associated with specific adsorption of
organic molecules by ligand exchange with
therelease of OH- ionsduring organic matter
mineralization, proton consumption by
functional groups associated with organic
materials, proton consumption during
decarboxylation of organic acid anionsand
therelease of OH- during reduction reactions
(Mokolobate and Haynes, 2002).
lyamuremye et al. (19964) indicated that
manure and alfalfa residues caused the
highest increase in pH values, averaging
more than 1 unit in soil at 28 days and also
causing exchangeable Al reduction in soil.
Pypers et al. (2005) found that organic
amendment significantly increased soil pH.
Soil samples with initial pHs of 4.97 and
4.39 increased 0.48 — 0.67 pH units on the
first day of application; on the third and
seventh days after residue application, pH
readings were 5.95 and 5.72, respectively.
Sharpley et al. (2004) investigated soil with
varying manure application histories and
found that pH was significantly greater in
manured soils than in untreated soils,
presenting differencesin arange of 1.5 units
to 0.4 units, using poultry litter and swine
slurry manure respectively; moreover,
organic carbon, exchangeable Ca and total
P increased in soil amendment as well.
Pypers et al. (2005) determined that
extractable Al concentrations in soil were
considerably reduced by organic
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amendment (green residues) from 1.6 and
2.3 cmol kg™ to 0.63 and 0.72 cmol _ kg™
on thefirst day. Linear regression analysis
further revealed a significant positive
correlation between pH increase and
reduction of exchangeableAl, which favors
orthophosphate anionsin soil solution.

It has been proven that organic waste
incorporated into soil has an influence on
the composition and enhancement of
microbial biomass, and therefore produces
changesin enzymatic activity (Speir et al.,
2004). Oehl et al. (2001) found that
organically cultivated soil revealed higher
microbial biomass than conventionally
cultivated soil and non-fertilized soil,
indicating that microbial P in organically
cultivated soil (17.6 — 16.5 mg kg?) was
higher than conventionally cultivated and
non-fertilized soil (9.0 — 8.0 mg kg?). The
organicfield had ahigher microbial biomass
content and activity than soils of a
conventionally croppedfield. Marinari et al.
(2006) used chemical and microbiological
properties asindicators of soil quality after
7 years of organic and conventional
management methods. The field under
organic management showed significantly
better soil nutritional and microbiological
conditions, withincreased levelsof available
phosphorus and acid phosphatase activity.
Garcia-Gil et al. (2000) determined that the
long-term microbial biomass enhancement
in soil with organic amendmentswasmainly
dueto the microbial biomassin the organic
residues and the addition of carbon
substrate, which stimulates indigenous soil
microbiology.

It isimportant to highlight that organic
acids formed during organic waste
decomposition by microbial degradation
have asignificant effect on the Padsorption-

desorption dynamics (Ilyamuremye et al.,
1996¢). Thisislikely the main mechanism
involved in the reduction of P adsorption.
These organic anions compete with
orthophosphate for siteson soil surfacesand
are also able to replace P bound to soil
surfaces, producing an increase in P
availability (Pypers et al., 2005).
lyamuremye et al. (1996c) reported malic,
malonic, maleic, succinic, formic, citricand
acetic acids in soil solution samples
amended with organic residues and
determined that citric acid affects the
speciation of Al, Fe and P by forming
complexeswith these metals, preventing the
formation of gibbsite, goethite and P
precipitation.

PHOSPHORUS IN ORGANIC
WASTES

With the aim of reutilizing nutrients and
diminishing organic residue disposal in
landfills, it has been necessary to recycle
residues and agricultural land applicationis
one dternative (Balmér, 2004; Mkhabela
and Warman, 2005). The advantage of using
organicwastein agricultureisthat it contains
organic matter and macro- and
micronutrientswhich may berecovered and
reincorporated into natural cycles.
Organic matter in manure generates
changesin chemical, physical and biological
soil amendment properties (Wienhold,
2005) because it facilitates and increases
cationic exchange, increasing pH,
improving the soil structure and increasing
water-holding capacity and modifies
microbial activity. However, it may also
influence the fixation of nutrients and
conseguently decrease bioavailability.
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Table 1: Content of total phosphorusin organic residues.
Cuadro 1: Contenidos de fosforos total en residuos organicos.

Organic residue Total P (g kg')

Reference

2.%4 Iyamuremye et a. 19%96a
Beef manure 4.02 Griffin et al. 2003

16 Garcia-Gil et al. 2000

49-89 Ebeling et al. 2002
Dairy manure 435 Griffin et al. 2003

41-18.3 He te al. 2004

35-98 Sharpley et al. 2004

11.00 (solid)
0.05-0.12 (lagoon)

Hansen et al. 2004
Hansen et al. 2004

26.21 Leinweber et al. 1997

21 Mokolobate and Haynes, 2002
Peultrsuiaic SRS o Griffin et al. 2003

252-278 Sharpley et al. 2004

16.22 (licuid) Leinweber et al. 1997
P utE Sl Griffin et al. 2003

29.7 Sharpley et al. 2004

Municipal solid

5.0 (compost)

Garcia-Gil et al. 2000

waste 2.956 Mkhabela and Warman, 2005
CSUW 2.25-7.19 Frossardet al. 2002
CSUWand WW  2.09-3.43 Frossardet a. 2002
Anaerobic sewage 383 Alkhtar et al. 2002

sludge

CSUW: compost solid urban waste. WW: woody waste.

The over-application of nutrients -
principally N and P - could pose arisk to
the environment. Table 1 indicates total P
values in organic wastes. In this area, P
speciesand quantitiesin organic waste vary

and therefore behave differently when
applied to soil. It has been documented that
organic waste incorporation causes changes
in Pi and Po soil fraction distribution
patterns. Baeza (2001) hasinvestigated the
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effects of applying fresh cow dung over P
pools in acid Chilean Andisol. P pools in
the soil change dueto the breakdown of cow
dung. Thelabile-Pfraction (P-NaHCO,) has
ashort-term increase after dung application
in the 0-10 cm depth soil. The P-NaHCO,
fraction increased from 69 to 72 mg kg in
60 days. Then, this fraction decreased 10
mg kg! due to microbia activity and pH
change. From 120 to 180 days, P-NaHCO,
recovered to its original level. Scherer and
Sharma (2002) indicated that biocavailable
P (H,0O-P) increased in all treatments when
compost, manure and sewage sludge were
applied to soil (Table 5). However, P
bioavailability over time has not been
studied sufficiently, as available P varied
depending on mineralizationimmobilization
rates and fixation reactionsin soil.

Phosphorusin manures

A common and traditional practice has
utilized manure as an organic fertilizer or
soil improver due to its contribution of
organic matter and nutrients, mainly
nitrogen and phosphorus (Rebollar and
Mateos, 1999; Malley et al., 2002; Ajiboye
et al., 2004; He et a., 2004; Speir et al.,
2004; Wienhold, 2005).

Recently, intensified livestock
production has generated an increased
production of organic residues and
environmental regulations have been
adopted for the application of manures in
agriculture (Pandey, et al., 2001), as they
are a diffuse source of pollution, with Pin
particular being directly associated with
eutrophicationin bodies of water (Haygarth
and Jarvis, 1997; Galeet al., 2000; Withers
et al., 2001; Ebeling et al., 2002;
Hodgkinson et al., 2002; Ajiboye et al.,
2004; He et al., 2004).

In 1997, Haygarth and Jarvis
demonstrated a significant relationship
between runoff discharge and total

phosphorusloss, indicating that mechanisms
such as hydrolysis, Po mineralization and
theerosion of particulate Pmay beimportant
for releasing Pfrom soils. Manureisapplied
to soils according to the nitrogen needs of
the plants. The N/Pratio in manureis low,
whichindicatesthat it contains more Pthan
is needed by most crops. As aresult, there
isasurplus of P that goesunused (Atiaand
Mallarino, 2002; Nelson et al., 2003;
Wienhold, 2005).

For adequate P handling of animal
residues, it is necessary to know the P
compound, dynamicsand transformationin
waste and soil amendments. DeRouchey et
al. (2002) proposed ensuring appropriate
management of livestock waste by providing
nutrient profiles of various manuretypesto
help livestock operators accurately apply
manure to their land. This practice alows
cropsor foragesto utilize nutrientsfromthe
manure, thus decreasing the need for
chemical fertilizer.

Phosphorusin manures can vary widely
depending on animal physiology, species
and age, composition of diets, duration of
manure storage, moisture content and type
of bedding material (Atia and Mallarino,
2002; McDowell and Stewart, 2005).
Hansen et al. (2004) affirmed that total P
quantity and the forms of organic P in
manure will depend on the nature of the
animal manure and the type of storage (see
Table1). Atiaand Mallarino (2002) pointed
out that the aforementioned variations, in
addition to factors such as reapplication
treatment, climate and soil characteristics,
can influence P availability.

However, the main differences in P
quantity and species in manures are the
product of P content variation in the diet
(Barrow et al., 1975), where P is added as
an orthophosphate supplement or a
vegetableingredient that containsPin ATR,
nucleicacids, phosphalipids, phosphoproteins
and phosphoglucides. Among the
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phosphoglucides, phytic acid was the most
important with percentages of 60-80% of
total Pingrain (Rebollar and Mateos, 1999).
Monogastric animals, such as pigs and
poultry, possess small quantities of phytase
to efficiently digest phytate in their feed.
Hence it is considered that P from phytate
should not be used for these animals, asthey
excrete large amounts of P in the form of
phytic acid (Pandey, et al., 2001; Malley et
al., 2002). However, He et al. (2004)
determined from 13 dairy manures that
phytate was present as the major
hydrolyzable Po compound and DNA was
low in all Pfractions analyzed.
Phytaseresearch hasrecently intensified
with the aim of incorporating it into the
livestock diet in order to take advantage of
the phytic acid. Thiswould mean adecrease
of Pi supplementation in feed, and
consequently adecrease in fecal excretion.
Phytase supplementationin animal feed can
reduce the amount of P in manure up to
approximately 30% (Pandey et al., 2001).
Turner et al. (2002) discussed theagronomic
advantages of phytase supplementsin ani-
mal diets and the environmental benefits.
They agreed that phytase supplements can
reduce the concentration of total P in
manures, but the corresponding changesin
manure-P  composition may have
implications for P transfer to bodies of
water; by transforming inositol phosphate
(whichisadsorbed inthe soil) into Pi, it runs
off easily into bodies of water.
Phosphorus recovery from liquid
manureisan attractivetechnology when the
application to land is risky. Greaves et al.
(1999) revised the potential for P recovery
from animal manures as a method of
increasing the sustainability of the global P
cycle, indicating that Precovery islikely to
require a process for extraction and later
conversion to auseful product. Burnset al.
(2003) highlighted phosphorus precipitation
in manure prior to land application as

offering the potential to recover excess
phosphorusfrom animal manuresand move
it to cropping areasthat require phosphorus
fertilizer input. Szbgi et al. (2006) have
developed atechnology for Precovery from
swine manure. These technologies add
calcium hydroxideto precipitate P, obtaining
sludge with a high moisture content which
is rich in calcium phosphate as a final
byproduct. It has the potential to be reused
as fertilizer, but it would first be necessary
to dehydrate it in order to transport it
economically.

Neverthel ess, for managing technologies
that allow optimum recycling of P it is
necessary to know the Pfractionspresentin
different manure types and their behaviors
insoil. The conventional methodologiesfor
P fractionation in soil proposed by Hedley
et al. (1982) have been used to study P
availability in different residues. In the
Hedley procedure, soil or waste is
sequentially extracted with H,O or resin,
NaHCO,, NaOH, HCI or H,SO,, and resi-
dual Pis extracted by acid mixture (nitric-
perchloric). Use of this approach often
assumes that similar forms exist in wastes,
although the matrices of manures are based
on organic residues while soils are
dominated by mineral phases (Toor et al.,
2006). Table 2 shows some techniques for
P fractionation from organic wastes.
Investigators have recently analyzed P
speciation in manures and factors that
condition P availability. Leinweber et al.
(1997) performed P fractionation in manure
(liquid pig and chicken) and determined that
of total P, 11 and 29% were resin extract,
13 and 10% were NaHCO, extract, 10 and
3% were NaOH extract, 27 and 17% were
H,SO, and 39 and 41% were residua for
liquid pig and chicken manure, respectively.
McDowell and Stewart (2005) examined P
fractions in the dung of pastoral grazing
animals (dairy cattle, deer and sheep). The
results of the fractionation indicated that P
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wasmainly availablein fresh samples, such
asin water (15-36% Pt) and in bicarbonate
(36-45% Pt). Less P was distributed in the
morerecalcitrant fractions: NaOH (17-19%
Pt), HCI (4-11% Pt) and residua (8-10%

Griffin et al. (2003) analyzed changes
in soil produced by different manure
applications (beef, dairy, poultry and swine)
and indicated that all extractable soil Ppools
changed over time. All Pfractions declined

PO”] rapidely after manure application,

Table 2: Reagents used for fractionation of phosphorusin organic wastes.

Cuadro 2: Reactivos utilizados parafraccionamiento de fosforo en residuos organicos.

Residue Fractionation Reference
Dairy manure Lipid phosphorus (Ether-alcohol); total acid Barnett, 1994a,
1994b

soluble P (trichloroacetic acid); residual

(HzSO4 - HzSCO; - HzOz)

Sewage sludge NH,CI, NaOH, HCI and residual-P

Liquid pig manure, dry Resin; NaHCO;; NaOH; H,SO,; Residual

poultry manure (HCI - HF- HNO; - H,0,)

Compost Deionizer water, NaHCO;; NaOH ; HCI
and residual

Farmyard manure Deionizer water; NaHCOs;; NaOH ; HCI

and residual
Swine manure Deionizer water; NaHCOs;; NaOH and HCI

Biosolid, hog, dairy Deionizer water; NaHCOs; NaOH and HCI

and beef manure

Liquid lagoon and solid Exchangeable P (Mg(NOs),); P associated
manure with calcium (NaCH;COO); P associated
with organic matter (NaClO); Fe oxides
(citrate, dithionate and bicarbonate) and

residual (HNOs/H,SO, and HF)

Dairy manure H,O or resin; NaHCO;; NaOH and HCI or
H,SO,

Fresh and Dry Dung H,O0; NaHCO;; NaOH; HCI and residual
Dairy, deer, sheep (K,S,05 and H,SO,)

Sludge H,0, NaHCO; + Na,S,0,4, NaOH and HCI

Rydin, 1996; Scherer
and Sharma, 2002

Leinweber et al. 1997

Frossard et al. 2002;
Scherer and Sharma,

2002

Scherer and Sharma,

2002
He et al., 2003

Ajiboye et al., 2004

Hansen et al. 2004

He et al., 2004

McDowell and
Stewart, 2005

Ding et al. 2005
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specifically H,O-P or CaCl -P, with P
concentration stabilizing within 14 to 21
days of amendment. These declines
exhibited differences according to the P
source, mainly due to the contributions of
water soluble P of each manure.

Hansen et al. (2004) investigated P
formsinmanurestoredin solidformorina
lagoon, by means of NaOH-EDTA
extraction and 3P NMR. Their results
showed P compounds in solid and liquid
manure were similar, indicating that about
30% of the total Pisin organic form. The
primary forms extracted from solid and
lagoon manureswere orthophosphate (63.3
and 58.4 %, respectively), pyrophosphate
(3.5and 7.1 %, respectively), themonoester
phytic acid (15.6 and 10.8 %, respectively),
other monoester (14.4 and 20.1 %,
respectively) and diester as phospholipids
(1.8%) and DNA (0.9 and 1.8%,
respectively) and phosphonates (0.5%).
Laboski and Lamb (2003) determined the
relative effectiveness of manure and
fertilizer for increasing Pavailability in soil.
However, P in manure was always
significantly more available than P in
fertilizer for the majority of soilsafter 1 and
9 months of incubation. Thisbehavior could
be explained because the Po fractions in
manure are composed mainly of high
molecular weight compounds, probably
DNA, polyphosphates and inositol
phosphate, which can be adsorbed onto the
soil surface and contribute to the rel ease of
Pi bound to the surface. Moreover, organic
acids produced during microbial
degradation compete with P manure for
adsorption sites on soil, causing P manure
to be more available. Scherer and Sharma
(2002) indicated the positive effect of
farmyard manure on P availability is
probably dueto the organic anions produced
during organic matter decomposition, which
can act as chelating agents for Fe and Al
ionsin manure, blocking potential sitesfor

P adsorption. Sharpley et al. (2004) reported
that Pconcentrationsininorganic fractions,
organic fractions and residual P were
significantly greater in soils receiving
manures compared with untreated soil.
However, their results revealed a relative
increaseininorganic Pforms compared with
organic P. The overall change in inorganic
P comprised 26 to 57% of total P in
untreated soil and increasing to 49 to 80%
of total Pin treated soils.

Phosphorusin compost

Compost is a simple and economic
biotechnology for organic waste treatment,
with its high content of organic matter and
high nutrient concentration which can be
taken up by acrop (Traoréet al., 1999; Ga-
rrido et al., 2002; Speir et al., 2004). The
most important factor affecting the
successful use of compost for agricultural
practices is the degree of maturity and
stability (both terms are defined as the
degree of decomposition of organic matter).
However, maturity refers to the rate of
decomposition of phytotoxic organic
substances and compost stability isrelated
totheactivity level of themicrobia biomass
(Benito et al., 2003).

Composting isan aerobic process, where
biological exothermic oxidation of organic
matter is converted into a final stable
humified product. Formed by adynamic and
rapid succession of microbial populations,
thisprocess can be devel oped in static piles,
rows or reactors. Composting is facilitated
under thefollowing conditions: pH between
5 and 11, C:N between 30 and 40 and
humidity between 40% and 65% (Garrido
etal., 2002). Frossard et al. (2002) indicated
that understanding compost properties is
essential for optimizing its recycling.
Garcia-Gil et al. (2004) indicated that the
effect of compost on the elemental and
functional composition of humic acidin soil
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is dependent on amendment rate and time
application management, which determine
beneficial changes in the acid-base
properties of amended soil and the
enhancement of itsbuffering capacity. This
experience highlights the importance of
organic matter for maintaining pH, whichis
directly related to Pavailability.

The P content in compost is quantified
as total P, but within this total neither the
quantitiesnor the P speciesthat areavailable
are entirely clear. Compost application in
intensive cropping system soils often
exceeds P uptake owing to an accumulation
of P species which are unavailable or not
readily available. It has been determined that
high levels of total P in soil amended with
compost increased fixed-form Pwith Fe, Al
and Ca. (Park et al., 2004).

Although compost has high levels of Pi
as orthophosphate, this information is not
time-specific, and thereislittleinformation
with respect to P dynamics during the
composting process. Frossard et al. (2002)
determined P fractionation in compost in
order to estimate Pformsand bioavailability
from various soil/compost mixtures. Studies
conducted by this research group have
indicated that only 30 to 50% of thetotal Pi
in compost is rapidly plant available,
suggesting that alargefraction of Pi compost
ispresent as condensed cal cium phosphates,
such as apatites or octacalcium phosphate,
which are not soluble in water, bicarbonate
or NaOH. Among Po species present in
compost, inositol phosphate and DNA have
been identified. Eghball et al. (2003), by
fractionating P in composts and
uncomposted manure, found that more than
75% of P in both types of manure was Pi.
Powas 16% of total Pin composted manure
and 25% in noncomposted manure, which
indicates that Po is mineralized during the
composting process.

According to the evolution of the
composting process, immature compost

contains substantial amounts of easily
degradable organic compounds, such as
organic acids (Smith and Hughes, 2004),
and has a higher microbial biomass and
therefore enzymatic activity, which
decreases upon the compost reaching
maturity and stabilizing. Thus, the maturity
or age of the compost can affect P
availability. Adler and Sikora (2003)
suggested that water-extractable P may
increase when soils are amended with
biologically active immature compost due
to the generation of organic acids or humic
substances, which can compete with
adsorption sites and so generate higher
available Pin amended soil. Mkhabelaand
Warman (2005) studied the influence of
compost from municipal solid waste on the
P soil dynamic, suggesting that compost may
be effective as a mineral fertilizer in
increasing and supplying available Pfor sail,
and found that mixed soil-compost increases
pH in the range of 0.2-0.6 unitsin soil with
an initial pH of 5.8. The authors also
indicated that P fixation was slightly
decreased (78% fixation for control to 70%
for compost) with the addition of compost.
They explained that organic materials may
enhance soil P availability because of the
organic acids present in wastes, as well as
the increasing pH due to C mineralization
and hydroxyl ion production; however the
incorporation of cations such asCaand Mg
may decrease P availability.

Enzymatic activity also depends on the
quantity of microbial biomass contained in
wastes. Higher microbial activity after
compost application increases phosphatase
activity and thus releases P during the
decomposition of organic matter. Pascual et
al. (2002) proposed that changes in soil
phosphatase activity are dependent upon the
degree of stabilization of residues. When
fresh residues are applied to soil, the
phosphatase activity initially increases
compared with mature compost; over time
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(360 days), however, thisactivity decreases.
However, the soil amended with compost
did not show a decrease in activity. The
authors pointed out that mature compost to
protect enzymes against degradation dueto
the immobilization process. Park et al.
(2004) demonstrated that compost and a
mixture of compost and fertilizer increased
total organic and available P. The authors
also indicated that when P is applied from
compost or fertilizer, it can inhibit
phosphatase activity and subsequently
suppress the mineralization processes,
favoring Po accumulation. Garcia-Gil et al.
(2000) found phosphatase activity was
inhibited in organically amended soil when
incorporating municipal solid residue
compost, suggesting that phosphatase
activity can beinhibited by heavy metalsand
also by Pi feedback, as this enzyme is
activated by low P availability in soil.

PROSPECTIVE STUDIES

Thisstudy showsthat the current trend isto
maximize the use of P from residues. This
makes necessary a knowledge of the P
species, their evolution, their interactionsin
residues and their subsequent fatein the soil
environment.

In terms of crop land application, it is
important to highlight that the factors that
determine P bioavailability in soil should be
studied to learn more about their influence
on P bioavailability in organic residues. In
the course of our investigation, we noted that
the evolution and dynamics of Pin organic
waste has not been thoroughly studied,
especially the stages of maximum P
bioavailability in the degradation process
related to phosphatase activity and organic
acids. This information could help to
optimizethe use of Pfrom organic residues.
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