
Phosphorus Sources and Management
in Organic Production Systems

Nathan O. Nelson1,3 and Rhonda R. Janke2

ADDITIONAL INDEX WORDS. rock phosphate, bone meal, manure, compost,
mycorrhiza, organic agriculture, environmental protection, eutrophication,
cover crops, green manure

SUMMARY. Organically produced fruit and vegetables are among the fastest growing
agricultural markets. With greater demand for organically grown produce, more
farmers are considering organic production options. Furthermore, there
is an increasing interest in maintaining optimal production in an organic system,
which involves appropriate nutrient management. The objectives of this review were
to summarize the current state of our knowledge concerning effects of organic
production systems on phosphorus (P) availability, describe P availability in
common organically accepted P sources, and review best management practices that
can reduce environmental risks associated with P management in organic systems.
Organic production systems seek to improve soil organic matter and biological
diversity, which may impact P cycling and P uptake by crops. Increases in organic
matter will be accompanied by an increase in the organic P pool. Furthermore,
management of cover crops and potentially enhanced arbuscular mycorrhizal fungi
colonization from organic production practices can increase the availability of soil P
pool (both organic and inorganic) by stimulating microbial activity and
release of root exudates. This can help compensate for low soil P, but will not
supersede the need to replace P removed by the harvested crop. Phosphorus
fertilization in organic production systems entails balancing the P inputs with crop
removal through selection and management of both nitrogen (N) and P inputs.
Organic production systems that rely on manure or composts for meeting crop N
demand will likely have a P surplus; therefore, P deficiencies will not be an issue.
Systems using other N sources may have a P deficit, therefore requiring P
supplementation for optimal plant growth. In such situations, maintenance
P applications equal to crop removal should be made based on soil test
recommendations. Primary organically approved P sources are phosphate rock
(PR), manure, and compost. Phosphate rock is most effective at supplying P in soils
with low pH (less than 5.5) and low calcium concentrations. Phosphate rock
applications made to soils with pH greater than 5.5 may not be effective because of
reduced PR solubility. Manure- and compost-based P has high plant availability,
ranging from 70% to 100% available. Use of manures and composts requires extra
considerations to reduce the risk of P loss from P sources to surface waters. Best
management practices (BMPs) for reducing source P losses are incorporation of the
manures or composts and timing applications to correspond to periods of low
runoff risk based on climatic conditions. Organic production systems that use
manures and composts as their primary N source should focus on minimizing P
buildup in the soils and use of management practices that reduce the risks of P loss
to surface waters. Evaluation of P loss risk with a P index will assist in identification
of soil and management factors likely to contribute to high P loss as well as BMPs
that can decrease P loss risks. BMPs should focus on controlling both particulate
and dissolved P losses.

P
hilosophies of nutrient man-
agement in organic production
systems focus on maintaining

agricultural productivity with mini-
mal inputs (Elmaz et al., 2004;

Stockdale et al., 2001). The end goal
of nutrient management in organic
agriculture is to produce food in a
more environmentally sustainable
system that takes advantage of

internal nutrient cycling and reduces
losses (Stockdale et al., 2002; Watson
et al., 2002a). Nutrient inputs to
organic production systems are
focused on carbon-based nutrient
sources (e.g., crop residue, compost,
manure) and nonprocessed mineral
sources (e.g., rock phosphate, lime,
gypsum). As such, nutrient manage-
ment in organic production systems is
fundamentally different from that in
conventional systems. Phosphorus
(P) management is of particular inter-
est because the P sources approved for
use in organic agriculture have diverse
characteristics. Phosphorus manage-
ment can also have a strong influence
on the environmental impact of crop
production because P is a leading
contributor to water quality degrada-
tion (Correll, 1998). Furthermore,
nitrogen (N) management decisions
in organic production often influence
P availability for crop use and poten-
tial risks of P loss to the environment.

Phosphorus is an essential ele-
ment for plant growth and is involved
in many plant metabolic functions.
Most notably, P is an essential com-
ponent of adenosine diphosphate
and adenosine triphosphate—organic
molecules that are used for energy
storage and transfer. Phosphorus is also
a structural component of nucleo-
tides, phospholipids, phosphoproteins,
and coenzymes (Havlin et al., 2004).
Therefore, sustainable agricultural
production is dependent on the main-
tenance of adequate P availability by
the soil or other P inputs to the system.

Compared with undisturbed
ecosystems, agricultural systems short-
circuit complete P cycling because P
in harvested crops is removed from
fields, introduced into the human
food chain, and processed through
the waste stream (Fig. 1). This open
cycle creates a P deficit in soils with-
out P additions (Newman, 1997).
Several studies investigating whole-
farm P budgets have found annual P
deficits in organic production systems
and conclude that these systems are
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mining P reserves built up from pre-
vious P inputs when soils were under
conventional management (Berry et al.,
2003; Gosling and Shepherd, 2005;
Watson et al., 2002b). As illustrated
in Figure 2, long-term research
studies have found drastic declines in
production capacity for systems lack-
ing P inputs (Dodd and Mallarino,
2005). Because P is an essential
nutrient for plant growth, sustainable
systems should at a minimum replace
the P removed in harvested crops to
avoid such yield declines. Although
organic agriculture seeks to maintain
minimal inputs, it is advised that pro-
ducers replace P removed in harvested
crops (Gosling and Shepherd, 2005;
Horst et al., 2001).

Although some organic farms may
run a P deficit, others are likely to have
a P surplus because many organic pro-
duction systems rely on manures or
composts as N sources. According to
a poll conducted by the Organic Farm-
ing Research Foundation, compost
and manure applications are regularly
made by 57% and 22% of U.S. organic
producers, respectively (Walz, 1999).
Farms that use compost or manure to
meet crop N requirements will gener-
ally have a P surplus (Mikkelsen, 2000).
Although P requirements for crop
growth are not a concern in these
management systems, sustainable P
management must include measures
to minimize P losses to surface waters.

Phosphorus management in
organic production systems should
therefore consider cropping system
effects on P availability, N amend-
ments and concomitant P applica-
tions, P sources and availability, and
best management practices to reduce
P losses. The objectives of this review
are to present the current state of
knowledge concerning P manage-
ment with respect to organic produc-
tion systems, including: 1) changes
in soil properties that would affect P
availability, 2) nitrogen source effects
on P management, 3) P availability
from P sources approved for use
in organic agriculture, and 4) manage-
ment methods useful to reducing P
losses and for environmental protection.

Organic agriculture effects
on soil properties and
phosphorus availability

Soil processes that affect P
cycling and availability in organically

Fig. 1. The phosphorus (P) cycle in organic production systems, including P
additions, exports, cycling, and transformations within the soil. Plant-available P
is present as inorganic orthophosphate species HPO4

22 and H2PO4-. Phosphorus
cycles in conventional systems would have different additions (chemical fertilizers)
that would directly supply plant-available P. Phosphorus cycling in unmanaged
ecosystems would have no harvest removal and no P additions.

Fig. 2. Decline in soil test phosphorus (P) and relative corn yield after 27 years
of continuous cropping without addition of P fertilizer. Yield is relative to
corn plots receiving 33 kg�ha21 (29.4 lb/acre) P per year. Data from Dodd and
Mallarino, 2005; 1 mg�kg21 = 1 ppm.
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managed soils are not different from
those in conventionally managed
soils, but the relative importance of
P cycling may differ between the
two systems (Stockdale et al., 2002).
Organic production potentially af-
fects a number of soil properties, in-
cluding soil organic matter content,
microbial activity, microbial com-
munity structure, soil aggregation,
water-holding content, and soil
chemistry, which could potentially
affect P availability (Stockdale et al.,
2001). Organic production systems
often contain more diverse crop rota-
tions, including cover crops, which
may also alter nutrient cycling. The
primary means by which organic pro-
duction practices would influence P
availability would be through altera-
tion of soil organic matter content,
increased P availability from degrada-
tion of cover crop residues, and in-
creased arbuscular mycorrhizal fungi
(AMF) colonization resulting from
lack of soluble P fertilizer applica-
tions. Management practices com-
mon to organic systems that
influence P availability are reviewed
briefly to place them in perspective
relative to the management of applied
P sources.

SOIL ORGANIC MATTER. Many
long-term experiments comparing
conventional and organic practices
have documented increased organic
matter/carbon accumulation in or-
ganically managed soils (Clark et al.,
1998; Drinkwater et al., 1998; Liebig
and Doran, 1999; Lotter, 2003;
Reganold et al., 1993). However,
some long-term research experiments
(Mader et al., 2002) and on-farm
comparisons (Gosling and Shepherd,
2005) did not find increases in soil
organic matter resulting from organic
production practices. Whether there
is in fact any increase at all depends
on the specific practices used in
the organic and conventional systems
(crop residue return, manure and
compost application, tillage, and so
on). Several studies have shown an
increase in the concentration of total
P in organic production systems
(Lotter, 2003); however, other studies
have shown a decrease in the mineral
or available P pools (Gosling and
Shepherd, 2005; Mader et al., 2002).

Increased soil organic matter
content could increase plant P
uptake by decreasing bulk density
and increasing porosity, thereby

improving root exploration and effec-
tiveness. In addition, the organic P
pool increases with increasing organic
matter. Organic P compounds such as
inositol phosphates, nucleic acids,
and phospholipids present in organic
matter can be mineralized during
organic matter decomposition, thereby
increasing P availability and acting as a
P source for future crops. Increasing
the availability of the organic matter
P pool has been the subject of con-
siderable research on both cover
crops and AMF.

COVER CROPS. Cover crops
grown before cash crops take up soil
P and then release it as the cover crop
decomposes. In an incubation study,
a legume amended soil released 0.27
mg�kg–1 P per day over 21 d versus
0.06 mg�kg–1 P per day for an
unamended soil (Randhawa et al.,
2005). In addition, some cover crops
release root exudates such as carbox-
ylates, enabling uptake of soil P that is
not available to other plants (Nuruz-
zaman et al., 2005). However, when
various legume cover crops have been
compared for their effectiveness in
making P available to subsequent
crops, the results have not always
been predictable.

In a pot experiment using soils
from Western Australia, fava bean
(Vicia faba) promoted more growth
and P uptake in subsequent wheat
(Triticum aestivum) than the other
legumes in the experiment, including
white lupin (Lupinus albus) and field
pea (Pisum sativum), which both had
larger amounts of rhizosphere car-
boxylates than the fava bean (Nuruz-
zaman et al., 2005). The P content of
the fava bean was significantly higher
than the other legumes at all soil P
levels, or almost double, on a per-pot
basis despite the lack of rhizosphere
carboxylates. The authors suggest
that the P benefits to the wheat in
their experiment were the result of the
mineralization of the organic P from
the fava bean rather than carboxylate-
induced changes in soil chemistry.

Cavigelli and Thien (2003)
found in a greenhouse pot study that
sorghum (Sorghum bicolor) P uptake
was positively correlated with P
uptake of the preceding perennial
forage cover crops [alfalfa (Medicago
sativa), red clover (Trifolium pra-
tense), and sweet clover (Melilotus
officinalis)] but not correlated with
P uptake of winter annual cover crops.

For example, white lupin biomass
and P uptake were two to three times
greater than the other winter cover
crops [austrian winter pea (Pisum
sativum ssp. sativum var. arvense),
vetch (Vicia villosa), and wheat],
and yet sorghum P uptake after lupin
was lower than all other treatments,
including the control. In this case,
cover crop species rather than P
uptake seemed to influence subse-
quent sorghum P uptake. Further-
more, they found that cover crops
that resulted in greater P uptake by
the subsequent sorghum crop also
caused greater declines in soil test P,
thus illustrating that although cover
crops may increase P uptake, it may be
at the expense of other P pools that
will need to be replenished to main-
tain production. They also suggest
that a soil test measuring microbial
activity and other changes in soil
characteristics may be more useful
for measuring P availability after
incorporation of legumes than tra-
ditional soil testing (e.g., the Bray
P1 test).

In a West African sorghum crop-
ping system, crotalaria (Crotalaria
retusa) used as a green manure was
superior to cowpea (Vigna unguicu-
lata), and both resulted in more yield
from a subsequent corn (Zea mays)
crop than sorghum in rotation.
However, all treatments responded
to additional single superphosphate
[Ca(H2PO4)2�H2O (0N–7.9P–0K)]
applications, demonstrating that the
green manure cover crops did not
supply enough P to overcome P lim-
itation (Muleba, 1999). Similar re-
sults were obtained by Horst et al.
(2001) in testing 16 legume cover
crops in a corn-based cropping system
in Nigeria. On one of the two soils
tested, corn P uptake was correlated
with phosphate application in the
preceding cover crops. The cover-
cropped soils also had higher rates of
AMF infection.

These results indicate that total
uptake of P by a prior cover crop is
important, but at the same time, some
responses, both positive and negative,
seem to be species-specific and may be
microbially mediated. A closer look
at the relationship among green
manures, P, and root colonizing mycor-
rhizal fungi may help explain some of
these relationships.

ARBUSCULAR MYCORRHIZAL

FUNGI COLONIZATION. Enhanced P
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uptake is generally understood to be
one of the most important benefits
of AMF colonization. In return, the
host plant provides carbohydrates
usually, but not always, without det-
rimental effects to the host. Addi-
tional benefits of AMF colonization
include increased tolerance to water
stress and occasional suppression of
crop pests and diseases, although this
is less consistently observed than
effects on nutrient uptake (Gosling
et al., 2006; Jeffries et al., 2003).
Arbuscular mycorrhiza fungi are also
important in helping to form water-
stable aggregates, an indicator of soil
quality. Over 80% of plant species can
serve as AMF hosts. Notable excep-
tions sometimes used as crops or
rotation crops in organic systems
include plants in the Brassiceae and
the Chenopodiaceae families.

Many practices used by organic
farmers promote AMF, including
the use of cover crops (Galvez et al.,
1995), and reduced use of biocides
and soluble fertilizers (Gosling et al.,
2006; Jeffries et al., 2003), although
the effect of any particular biocide
may be difficult to predict and is
not always negative (Gosling et al.,
2006). Reduced tillage also leads to
higher rates of colonization with
AMF, probably as a result of lack of
disruption of the common mycorrhi-
zal hyphae network (Galvez et al.,
1995; Gosling et al., 2006). Frequent
or deep tillage used by many organic
farmers for weed control can reduce
AMF abundance as can bare or fallow
soil. The degree and frequency of
tillage will depend on the cropping
system. Rotation with perennial le-
gumes could potentially compensate
for some of the AMF reduction
occurring during parts of the rotation
cycle with frequent tillage.

AMF colonization appears to be
greater in low P soils rather than high,
although application of P in the form
of manures and composts does not
always inhibit colonization (Gosling
et al., 2006). An organic system with
animal manure additions in a long-
term Pennsylvania experiment had
higher levels of soil P and also higher
populations of AMF spores and col-
onized roots as compared with a con-
ventional cropping system (Douds
et al., 1993).

In a greenhouse study with leeks
(Allium porrum), AMF increased P
uptake from bone meal by 62%

but did not enhance P uptake from
Kola apatite, a form of igneous rock
phosphate (Kahiluoto and Vestberg,
1998). Inoculation with AMF in a
field trial increased growth and P
uptake by leeks on a conventional
soil, but had a slight negative effect
on leeks on an organically managed
soil, which had higher P and AMF
levels compared with the conven-
tional soil at the initiation of the
experiment. Their conclusion was
that working with indigenous AMF
through systems management on
organic farms has more potential
than inoculation (Kahiluoto and
Vestberg, 1998).

In summary, although AMF can
help compensate for low P in some
organic systems, even with good col-
onization, this does not always trans-
late into higher yields (Gosling et al.,
2006; Jeffries et al., 2003). However,
other benefits can accrue from AMF
colonization, even with relatively
high soil P levels, and organic farmers
will often be using practices that
promote higher AMF levels com-
pared with conventional farmers. If
soils are low in P, both cover crops
and AMF can help increase uptake
of P that is present, but farmers are
advised to supplement with forms of
P allowable under organic certifica-
tion standards to meet overall crop
needs and maintain a sufficient P
balance in the system (Gosling and
Shepherd, 2005).

Nitrogen source effects
on phosphorus

Nitrogen sources used for or-
ganic production can have a strong
impact on P availability, field-level P
balance, and P management strat-
egies. Animal manures and composts
contain both N and P; however, the
available N:P ratios in most manures
and composts are less than that
required by plants. For example, the
average N:P ratio in the harvested
portion of crop biomass is 7:1 with a
minimum of 4:1 (Table 1); however,
the N:P ratio of animal manures is
frequently less than 4:1 (Table 2).
Because not all N in manure is avail-
able for crop uptake, manure-based N
application rates are calculated with
potentially available N (PAN) con-
centrations in manure (Gaskell and
Smith, 2007). Nitrogen availability of
manure can range from 25% to 70%

of total N (Pierzynski et al., 1994);
therefore, PAN:P ratios would be
30% to 75% less than the N:P ratios
presented in Table 2 depending on
manure characteristics and methods
of application. This illustrates that
the use of manure to meet crop N
requirement will generally over-
supply P, exceeding crop removal by
as much as four times. Overapplica-
tion of P is not detrimental to crop
growth or yields, but excess P appli-
cations will increase soil test P
levels far beyond crop requirements
(Daniel et al., 1994). Both high P
application rates and high soil test
P can increase the risk of environ-
mental damage resulting from P los-
ses to surface waters, as discussed in a
later section.

Phosphorus and N concentra-
tions of manures and composts vary
dramatically based on the animal spe-
cies, feeding regime, processing, and
composting substrates (Table 2). In
general, poultry litters have higher P
concentrations and lower N:P ratios
than other manures. Manure from
organically raised livestock may have
lower P concentrations (Haas et al.,
2002), but PAN:P ratios would still
be less than what would be required
by crops. Compost is more frequently
applied in organic production than is
manure because nutrients in compost
are more stable and believed to be
more environmentally benign (Seiter
and Horwath, 2004; Walz, 1999). It
is important to note that composting
manures further decreases N:P ratios
because P is conserved during the
composting process, whereas some
of the N is lost (Table 2). Further-
more, composts have lower N avail-
ability than manures (Hadas et al.,
1996), exacerbating the disparity
between the PAN:P ratio of compost
versus N:P ratio in harvested crop
biomass. However, yard waste com-
post (without added manure) has the
highest N:P ratio of the organically
based N sources listed in Table 2.
Although use of yard waste compost
as a primary N source could help
balance P inputs with P removal,
its availability and relatively low N
concentration would limit its wide-
spread use.

Organic producers using ma-
nures and composts as a major N
source will likely have high soil test
P and their P management strategies
should focus on reducing P losses
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to surface waters. On the other hand,
organic producers who use manures
and composts sparingly or not at
all will likely have greater crop P

removal than P inputs and may
need supplemental P sources to
sustain adequate crop production.
Soil testing and knowledge of

management history will be the
best tools for indicating if P is a
limiting nutrient in the production
system.

Table 1. Average yields, nitrogen (N) removal, phosphorus (P) removal, and N:P ratios for harvested portions of common
grain, forage, fruit, and vegetable crops.z

Crop (common name) Genus and species Yield (Mg�ha–1)y N removal (kg�ha–1)y P removal (kg�ha–1) N:P ratio

Grain crops
Barley Hordeum vulgare 2.2 39.2 7.3 5.3
Corn Zea mays 9.4 151.3 25.9 5.8
Oat Avena sativa 2.9 56.0 9.8 5.7
Rice Oryza sativa 4.0 56.0 9.8 5.7
Rye Secale cereale 1.9 39.2 4.9 8.0
Sorghum Sorghum vulgare 3.8 56.0 12.2 4.6
Wheat Triticum aestivum 2.7 56.0 12.2 4.6
Bean, dry Phaseolus vulgaris 2.0 84.0 12.2 6.9
Soybean Glycine max 2.7 168.1 17.1 9.8

Forage crops
Alfalfa Medicago sativa 9.0 201.7 19.6 10.3
Bluegrass Poa annua 4.5 67.2 9.8 6.9
Coastal bermuda Cynodon dactylon 17.9 336.2 34.3 9.8
Cowpea Vigna unguiculata 4.5 134.5 12.2 11.0
Peanut Arachis hypogaea 5.0 117.7 12.2 9.6
Red clover Trifolium pretense 5.6 112.1 12.2 9.2
Soybean Glycine max 4.5 100.9 9.8 10.3
Timothy Phleum pretense 5.6 67.2 12.2 5.5

Fruit and vegetable crops
Apple Malus pumila 26.9 33.6 4.9 6.9
Orange Citrus sinensis 62.8 95.3 14.7 6.5
Peach Prunus persica 33.6 39.2 9.8 4.0
Cabbage Brassica oleracea var. capitata 44.8 145.7 17.1 8.5
Onion Allium cepa 16.8 50.4 9.8 5.2
Potato Solanum tuberosum 26.9 89.7 14.7 6.1
Spinach Spinacia oleracea 11.2 56.0 7.3 7.6
Sweet potato Ipomoea batatas 18.5 50.4 7.3 6.9
Tomato Lycopersicon esculentum 44.8 134.5 19.6 6.9
Turnip Brassica rapa var. rapifera 22.4 50.4 9.8 5.2

zEakin, 1976.
y1 Mg�ha–1 = 0.4461 ton/acre, 1 kg�ha–1 = 0.8922 lb/acre.

Table 2. Average nitrogen (N) and phosphorus (P) concentrations reported for various manures and composts.

Nutrient source n

N P N:P ratio

Referencesy(g�kg–1)z Maximum Avg Minimum

Manures
Beef cattle 11 15.5 4.5 5.4 3.6 2.0 1,2,3,4
Dairy 16 34.4 8.4 6.6 4.2 1.7 5,6,7,8
Poultry 14 38.2 21.0 2.9 1.9 1.3 6,7,9,10,11,12
Swine 7 39.7 14.0 4.3 2.7 2.0 2,6,7,13

Composts
Beef cattle 15 15.5 7.0 3.6 2.3 1.7 1,3,4,14
Dairy 8 25.5 13.5 3.2 2.0 0.7 14
Poultry 6 23.8 20.3 1.8 1.1 0.6 9,10,14,15
Swine 7 14.0 7.6 2.4 1.9 1.4 13,16
Yard waste 25 14.6 2.5 12.9 6.7 1.1 10,14,17,18,19,20
Yard waste+x 5 15.4 7.9 2.4 1.6 0.4 21,22

z1 g�kg–1 = 1000 ppm.
y(1) Eghball and Power, 1999; (2) Eghball et al., 2005; (3) Larney et al., 2006; (4) Zvomuya et al., 2006; (5) He et al., 2004; (6) Kleinman et al., 2002; (7) Montgomery et al.,
2005; (8) Toth et al., 2006; (9) DeLaune et al., 2006; (10) Faucette et al., 2004; (11) Read et al., 2006; (12) Sleugh et al., 2006; (13) McAndrews et al., 2006; (14) Gagnon,
2004; (15) Sikora and Enkiri, 2005; (16) Singer et al., 2004; (17) Jaber et al., 2006; (18) Lisk et al., 1992a; (19) Lisk et al., 1992b; (20) Michel and Reddy, 1998; (21) Felton
et al., 2004; (22) Klock-Moore, 2000.
xYard waste cocomposted with other nutrient sources.
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Phosphorus sources in
organic agriculture

Phosphorus sources approved
for use in organic agriculture have
diverse properties that affect P avail-
ability and management. Common
P sources include rock phosphate,
manure, and compost, all of which
are frequently used in research stud-
ies. Bone meal and guano are among
the less commonly cited P sources
but can have high P contents (rang-
ing from 7% to 12% and 1% to 9%,
respectively).

PHOSPHATE ROCK. Direct appli-
cation of phosphate rock (PR) to soils
as a P fertilizer has been practiced for
over 100 years. Because direct appli-
cation of PR continues to be an
important P source in developing
nations, there is a wealth of research
addressing soil, crop, and PR effects
on P availability, including three ex-
tensive reviews compiled during the
last 30 years (Kasawneh and Doll,
1978; Rajan et al., 1996; Zapata
and Roy, 2004). Phosphate rock is a
slowly soluble P source. Although the
total P concentration can be relatively
high (greater than 15%), the soluble P
concentration can be very low (less
than 1%). Therefore, a few basic issues
must be considered when evaluating
the use of PR as a direct P source in
agriculture, including PR properties,
soil properties, climate, crop species,
and soil management practices.

Although the phosphate com-
pound found in PR is always some
form of the mineral apatite
[Ca5(PO4)3X, where X is an anion],
the chemical and mineralogical prop-
erties, and therefore solubility, vary
greatly between PR sources. Soluble
P concentration of PR is determined
and expressed as water- and citrate-
soluble P, similar to the methods used
for conventional P fertilizers. Phos-
phate rocks with greater soluble P
concentrations will generally have
greater agronomic effectiveness
(Zaharah and Bah, 1997). However,
both the total P concentration and
the soluble P concentration should
be considered when deciding on PR
sources (Van Kauwenbergh and
McClellan, 2004). Particle size also
affects PR reactivity, in which decreas-
ing particle size down to �150 mm
increases PR effectiveness (Kasawneh
and Doll, 1978). Decreasing PR par-
ticle size to less than 150 mm can be

cost-prohibitive and does not result
in additional agronomic benefit.

Phosphate rock sources can be
generally classified as either sedimen-
tary or igneous. Sedimentary PR has
higher carbonate substitution and up
to 20 times greater specific surface area
than igneous rocks (Van Kauwenbergh
and McClellan, 2004). Increases in
carbonate substitution and specific
surface area increase P solubility and
make sedimentary PR sources better
suited to direct application to soils.
Phosphate rock sources known to
have consistently high P availability
are located in North Carolina and
Gafsa, Tunisia (Table 3); however,
North Carolina PR is only used for
production of processed phosphate
concentrates and cannot be obtained
as a raw phosphate ore now. Phos-
phate rock from the western United
States has among the lowest solubility
of PR worldwide (Van Kauwenbergh
and McClellan, 2004). Although the
PR source mine and mineralogy have
a strong influence on PR solubility
and P availability, this information
can be difficult to obtain for PR sold
on the retail market.

Soil pH is one of the primary soil
factors affecting PR efficacy. When
PR is applied to soils, the apatite
dissolves according to the reaction
shown in Eq. 1 (Lindsay, 1979):

Ca5ðPO4Þ3F + 6H+
� 5Ca2++ 3H2PO4

�

+ F� log K =�0:21: [1]

Although Eq. 1 equation is for
fluorapatite, the general expression
applies equally to other apatite min-
erals. As can be seen in Eq. 1, an
increase in the H+ concentration
(decrease in pH) shifts the reaction
toward the reactants and increases

phosphate concentration. By fixing
the Ca2+ and F– activities at 10–2.5

and 10–4 mol�L–1, respectively, the
phosphate concentration can be deter-
mined as a function of pH as follows:

logðH2PO4
�Þ= 5:43 � 2 pH: [2]

Equation 2 illustrates that when
other variables are constant, each
unit increase in pH decreases phos-
phate concentration by two orders of
magnitude. For example, phosphate
concentration from fluorapatite dis-
solution would decrease from 0.8
mg�L–1 at pH 5 to 0.008 mg�L–1 at
pH 6.

Because Ca2+ is a reaction prod-
uct in apatite dissolution, high soil
Ca2+ concentrations reduce apatite
efficacy as a P source and soil proper-
ties that remove Ca2+ from soil sol-
ution will increase dissolution. Soils
with high cation exchange capacity
and low Ca2+ saturation tend to main-
tain low Ca2+ concentrations in soil
solution, thereby promoting apatite
dissolution (Rajan et al., 1996). High
leaching rates on soils with low cation
exchange capacity can also increase
PR dissolution because the excess
water will move Ca2+ and other reac-
tion products away from the vicinity
of the dissolving apatite (Rajan et al.,
2004). Increasing organic matter
content of the soil can also improve
the effectiveness of PR as a P source
because organic matter increases cat-
ion exchange capacity, organic acids
form complexes with free Ca2+, and
organic matter increases titratable
acidity (Rajan et al., 2004).

It is difficult to make universally
applicable recommendations for PR
application because so many factors
affect PR dissolution and resultant

Table 3. Total and citrate-soluble phosphorus (P) concentrations in phosphate
rock (PR) from various sources.

PR source PR type

Total P Citrate soluble P Citrate soluble P
(g�kg–1)z (% total P)

Algeriay Sedimentary 131 48 37
Gafsa,Tunisiax Sedimentary 127 23 18
North Carolinax Sedimentary 117 20 17
Floriday Sedimentary 157 13 8
Tennesseew Sedimentary 131 11 9
Montanay Igneous 159 8 5
Araxa, Brazilw Igneous 162 6 4
z1 g�kg–1 = 1000 ppm.
yZaharah and Bah, 1997.
xCentre for Industrial Development, 1967.
wVan Kauwenbergh and McClellan, 2004.
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efficacy as a P source for crops. In
general, PR use should be limited to
soils with pH less than 5.5 (Bolan and
Hedley, 1990; Rajan et al., 2004);
however, PR has shown limited suc-
cess on soils with pH as high as 8.0
provided there was adequate irriga-
tion and leaching (Singaram et al.,
1995). Crop response to PR can be
equal to that of commercial phos-
phate fertilizer on low pH soils when
the PR is from a highly available
source and application rates are
greater than 65 kg�ha–1 P (Adediran
et al., 1998; Gatiboni et al., 2003;
Zaharah and Bah, 1997). Crop
response to PR at low application
rates is often less than that observed
with conventional P fertilizers. Dann
et al. (1996) found wheat yield in-
creased with single superphosphate
applications up to 40 kg�ha–1 P but
did not find a response to sedimentary
PR applications although pH was less
than 5.5. Other confounding factors
could have been low rainfall, PR
application method (banded), and
low reactivity of PR source. Low
annual applications of Gafsa PR (30
kg�ha–1 per year) resulted in increased
forage yields for Scholefield et al.
(1999), but crop response was only
half that observed from triple super-
phosphate [TSP; Ca(H2PO4)2�H2O
(0N–20P–0K)] application. Correa
et al. (2005) found corn response
reached a maximum at their lowest
rate of TSP (75 kg�ha–1 P), but corn
yield from Gafsa PR continued to
increase until their maximum P appli-
cation rate of 225 kg�ha–1.

Phosphate rock applications to
soils with pH greater than 5.5 may
require higher rates, greater amounts
of incorporation, and more time to
react before planting (Rajan et al.,
2004). Phosphate rock may not reach
maximum solubility until 4 to 8 weeks
after application (Barnes and Kamprath,
1975). Although lime applications
can benefit crop growth by reducing
Al toxicity, increased pH and Ca con-
centrations tend to reduce the efficacy
of PR. Gatiboni et al. (2003) found
crop response to PR application was
equal to TSP for soils with pH 5, yet
combined application of PR and lime
reduced yield, whereas application of
TSP with lime doubled yields.

There is some evidence that cul-
tural practices can increase the effec-
tiveness of PR. Zaharah and Bah
(1997) found that incorporation of

green manures increased the dry mat-
ter yield and P uptake from soils
fertilized with either sedimentary or
igneous PR. Further research suggests
that the decomposition products of
the green manures increased the avail-
ability of P or dissolution of PR,
thereby increasing P uptake from
between 5% to 9% without green
manure to between 19% to 48% of
applied P with green manure (Bah
et al., 2006). Furthermore, Satter
et al. (2006) found that arbuscular
mycorrhiza also increased P uptake
from Gafsa PR-amended soils, which
may have particular applicability in
organically managed soils. Although
PR has limited solubility and P avail-
ability is highly dependent on soil
characteristics, PR may be a preferred
P source in organic production of
vegetable crops because, unlike ma-
nures and non-National Organic Pro-
gram-compliant composts, there are
not any required waiting periods be-
tween application and harvest (U.S.
Dept. Agr., 2000).

MANURE AND COMPOST. In gen-
eral, manures and composts are good
sources of P with high plant availabil-
ity. Although manures and composts
are organically based nutrient sour-
ces, the majority of P present is inor-
ganic and readily available to plants.
Inorganic P accounts for 75% to 90%
of the total P present in manure and
compost (Eghball et al., 2002).
Unlike N, P is conserved in the com-
posting process and, depending on
the composting process, the water-
soluble P of mature compost may not
be different from that of the original
manure source (Adler and Sikora,
2003). Even compost with very low
water extractable P (less than 0.01%
of total P) was found to have high P
availability, in which P uptake from
compost-amended soils did not differ
from that receiving equivalent addi-
tions of TSP (Sikora and Enkiri,
2005). Other studies have also found
that P uptake from manure and com-
post was equal to or greater than P
uptake from commercial P fertilizers
(Eghball and Power, 1999; Leytem
and Westermann, 2005).

Although P availability of
manure- or compost-based P may be
as great as or greater than that of
commercial fertilizers, the soil P reac-
tions are not the same. Increases
in soil test P, or measures of plant-
available P, are often less for manure-

based P additions than for equivalent
fertilizer P additions (Eghball et al.,
2005; Leytem and Westermann,
2005). Griffin et al. (2003) found
that that calcium chloride (CaCl2)-
extractable P increase was greatest
with monopotassium phosphate
(KH2PO4) addition compared with
beef, poultry, swine, and dairy man-
ures. Furthermore, applications of
dairy manure up to 800 mg�kg–1 P
soil resulted in decreased CaCl2-
extractable P. Research has shown
that the increase in soil-test P after
manure additions is inversely related
to the C:P ratio of the manure (Ley-
tem et al., 2005). Increases in soil-test
P were also inversely related to micro-
bial biomass P, leading to the hypoth-
esis that increased C additions
stimulated microbial activity and
P immobilization. Because manure-
based P has less of an impact on
soil test P than does commercial
fertilizer, it is generally suggested
that manure- and compost-based P
should be considered as 70% available
for soils with low soil-test P but 100%
available for soils testing adequate
or high for P (Eghball et al., 2002,
2005).

OTHER PHOSPHORUS SOURCES.
There are other nutrient sources avail-
able for use in organic production
that can be good sources of P. Bone
meal, prepared by grinding raw ani-
mal bones, is one of the earliest P
sources used in agriculture. Although
bone meal is often cited as an organ-
ically approved P source, it has a
relatively high cost (Parnes, 1986),
there are limited supplies (Bekele and
Hofner, 1993), and research on its
efficacy is limited. The primary cal-
cium (Ca)–phosphate mineral in bone
material is calcium-deficient hydroxy-
apatite [Ca10–x(HPO4)x(PO4)6–x

(OH)2–x (0 < x < 1)], which is
more soluble than PR but much less
soluble than conventional P fertilizers
(Dorozhkin, 2007). Calcium-deficient
hydroxyapatite present in bone meal
would dissolve in soils as follows:

Ca9:5ðHPO4Þ0:5ðPO4Þ5:5ðOHÞ1:5
+ 13H+

� 9:5Ca2++ 6H2PO4
�

+ 1:5H2O log K = 47:03: [3]

As can be seen in Eq. 3, increas-
ing Ca concentrations or increasing
pH would decrease P release from
bone meal. By fixing Ca2+ activity
at 10–2.5 mol�L–1, the phosphate
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concentration can be determined as a
function of pH as follows:

logðH2PO4
�Þ= 11:8� 2:17pH [4]

From Eq. 4, one can calculate
that bone meal could maintain P
concentration of greater than 1800
mg�L–1 at pH 6, but could only main-
tain P concentration of 0.08 mg�L–1

at pH 8.
Available research has shown

that bone meal applications can
increase crop growth and crop P
uptake (Meshram et al., 1999; Nimje
and Potkile, 1997). Phosphorus avail-
ability can be equal to or greater than
that of TSP (Bekele and Hofner,
1993) and P availability increases with
decreasing particle size (Baker et al.,
1989). Residual effects of bone meal
are equal to or greater than that of
TSP (Baker et al., 1989; Bekele and
Hofner, 1993). There are not many
studies that report soil effects on P
availability from bone meal, but it is
generally recommended for use on
acid soils (Roy and Holmes, 1984).

Recent concerns with bovine
spongiform encephalopathy (BSE)
in cattle has raised some concerns
about use of bone meal as a fertilizer
(B. Baker, personal communication).
Although it is conceivable that BSE
could be transmitted from raw bone
meal containing nerve tissue of in-
fected animals to humans through
soil particles on unwashed vegetables,
there are no restrictions on the use of
bone meal by organic farmers in the
National Organic Program rules at
this time. Furthermore, based on a
review by the European Food Safety
Authority (EFSA), there are not any
studies defining the fate of BSE prions
in soils (EFSA, 2004). In addition,
most commercial bone meal products
have been heat-treated to the point
that any nerve tissue is ashed and the
possibility of prion transmission has
been eliminated (B. Baker, personal
communication).

Guano, more commonly known
for its use as an N fertilizer, can also be
used as a P source. Guano is formed
from continual deposition of bird or
bat droppings beneath roosting sites.
As opposed to manure, guano is aged
and contains various minerals that
concentrate inorganic forms of
nutrients. For example, struvite, a
magnesium ammonium phosphate
mineral, has been identified as a

primary component of guano
(Cullen, 1988; Grover et al., 1997).
Struvite has been used as a slow-
release N and P source in the horti-
cultural industry (Bridger et al.,
1962; Terman and Taylor, 1965).
Struvite can also be precipitated out
of swine lagoon liquid (Nelson et al.,
2003). Although it is only slightly
soluble, struvite dissolves in soils as a
result of low NH4

+ concentrations
resulting from the nitrification proc-
ess. As it dissolves, struvite supplies
both N and P to growing plants.
Studies report variable agronomic
effectiveness of guano as a P source,
whereas some studies have found
guano equal to commercial P sources
(Aliyu and Kuchinda, 2002; Amar-
ante and DeDatta, 1982) and other
studies have found the agronomic
effectiveness less than readily soluble
P sources (Medhi and DeDatta,
1997; Zapata and Arrillaga, 2002).

Environmental issues
associated with
phosphorus management

Principles of organic farming sys-
tems set forth by the International
Federation of Organic Agriculture
Movements places environmental
protection as a primary objective of
organic farming systems (Interna-
tional Federation of Organic Agricul-
ture Movements, 1998; Stockdale
et al., 2002). Proper P management
is an important part of environmental
protection in any agricultural system,
especially so in systems that use ma-
nures or composts as nutrient sources,
because P inputs to fresh water eco-
systems are a primary cause of eu-
trophication and water quality
degradation (Correll, 1998). Algal
growth in most freshwater systems is
P-limited; therefore, P inputs increase
algal growth. After rapid algal
growth, or the algal bloom, algal
biomass decomposition reduces dis-
solved oxygen and can result in fish
kills (Sharpley et al., 1994). Phospho-
rus inputs can also shift the dynamics
of the algal community and stimulate
growth of toxic blue–green algae
(Skulberg et al., 1984). Furthermore,
P inputs to salt water have been found
to increase the growth of Pfiesteria
piscicida, a toxic dinoflagellate linked
to fish kills on the eastern coast of
the United States (Burkholder and
Glasgow, 1997). In general, P-induced

algal blooms, low dissolved oxygen,
and fish kills result in foul odors,
reduced recreational value, reduced
biodiversity, and increased treatment
costs for fresh water ecosystems and
water supplies (Pierzynski et al.,
1994). Therefore, organic farming
systems should be designed to limit
P losses through proper management
of P inputs, cropping systems, and soil
resources.

Understanding mechanisms con-
trolling P loss is essential in deter-
mining the appropriate management
strategies for reducing P losses.
Phosphorus losses from agricultural
systems generally occur through
surface runoff and erosion followed
by transport to streams and rivers
in concentrated flow processes
(Sharpley et al., 1994). Phosphorus
is transported in both dissolved and
particulate forms.

Particulate P losses are highly
correlated to erosion rates and soil
test P concentrations, in which in-
creases in either soil test P or erosion
rate will increase P loss (Eghball and
Gilley, 2001; Uusitalo et al., 2000).
As previously discussed, the use of
manures or composts to meet crop N
demands overapplies P. Long-term P
applications in excess of crop demand
have been found to increase soil test P
levels far beyond agronomic require-
ments, resulting in increased poten-
tial for P loss (Chang et al., 2005;
Mikkelsen, 2000; Nelson et al., 2005;
Whalen and Chang, 2001). Increased
soil test P is also correlated to in-
creased dissolved P concentrations in
runoff (He et al., 2006; Sharpley,
1995). Even on soils with relatively
low erosion rates, high soil test P can
result in unacceptable P losses result-
ing from high dissolved P in runoff
(Tarkalson and Mikkelsen, 2004a).
Soils with high soil test P represent
long-term risks of P loss because it
may take many years before crop
removal reduces soil test P to concen-
trations below environmental thresh-
olds (Daniel et al., 1994).

Particulate or dissolved P can
also be lost directly from surface-
applied manures or composts, some-
times referred to as ‘‘source P losses’’
because they are lost directly from the
source. Source P losses can sometimes
exceed soil P losses because of the
high P solubility of some sources and
reduced interaction and adsorption
with soil (Shigaki et al., 2006).
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Excessive source P losses have also
been observed regardless of soil test P
levels (Tarkalson and Mikkelsen,
2004b). Therefore, any surface appli-
cation of manure or compost should
be regarded as an increased risk for P
loss.

REDUCING PHOSPHORUS LOSSES.
The first step in controlling P loss
from an agricultural system is evaluat-
ing the risk of P loss under current
management. Evaluation of P loss
risks will help identify P sources and
P transport pathways, which may be
important targets for best manage-
ment practices (BMPs) aimed at
reducing P loss. Phosphorus loss indi-
ces, conceptualized by Lemunyon
and Gilbert (1993), have been devel-
oped and used in 47 states in the
United States as well as a few Euro-
pean Union countries (Andersen and
Kronvang, 2006; Bechmann et al., 2005;
Sharpley et al., 2003). Phosphorus
loss indices the rate the relative risk
of P loss by evaluating field-specific P
sources and transport factors and
assigning each a P risk rating. Most
state-specific P indices are designed
such that in the process of evaluating
P loss risk, the user also identifies the
major contributing factors to P losses.
Once these factors have been identi-
fied, BMPs can be selected to address
the specific risks.

There are a variety of best man-
agement practices that can be used to
reduce P loss from agricultural sys-
tems. Because P is strongly adsorbed
to soil particles, erosion control is one
of the primary ways to reduce P losses.
A few of the more common erosion
control BMPs are contour farming,
terracing, reduced tillage, grassed
waterways, and cover crops, each of
which will also reduce the risk of P
loss (Hartz, 2006; Sharpley et al.,
2004). Although BMPs that stop
erosion before it begins are preferred,
BMPs designed to trap eroded sedi-
ments as they leave the field such as
grassed buffer strips are also effective
at reducing particulate P losses
(Heathwaite et al., 1998). Because
organic farming systems do not use
herbicides, continuous no tilling may
not be a feasible BMP; however,
short-term no tilling, rotation with
cover crops, grassed waterways, and
field buffers may be particularly well
suited to organic farming.

Although erosion control meth-
ods may reduce the majority of P

losses, they may not reduce and may
even increase dissolved P losses (Parsons
et al., 1994; Uusi-Kamppa et al.,
2000; Zeimen et al., 2006). Dis-
solved P losses can be reduced by
increasing infiltration rates, thereby
reducing runoff volume (Andraski
et al., 2003; Franklin et al., 2007).
Infiltration can be increased through
properresiduemanagementandmain-
taining good soil structure (Grande
et al., 2005). Increasing soil organic
matter, one objective of organic
production, has been found to in-
crease infiltration rates (Lado et al.,
2004).

Maintaining moderate soil test P
concentrations or reducing high soil
test P concentrations can reduce P
lost from both erosion and dissolved
P in runoff. Balancing P inputs with
crop removal is an essential part of
a long-term sustainable solution to
controlling P losses. This may require
producers who currently use animal
manure or compost as the primary N
source to switch to alternate N sour-
ces such as use of legumes as a green
manure. Continual crop removal of P
in absence of P inputs will reduce soil
test P; however, reduction of soil test
P through crop uptake may require
many years (Pierzynski and Logan,
1993).

Phosphorus application BMPs
would be an important part of envi-
ronmentally sound P management
in organic agriculture because of the
frequency of manure or compost
additions. One of the most effective
methods of reducing source P losses
is to incorporate the P source into the
soil through tillage immediately after
application (Tarkalson and Mikkel-
sen, 2004b). Incorporation reduces
the P source interaction with runoff
water and increases P source interac-
tion with soil, both of which tend
to reduce P losses (Daverede et al.,
2004). Phosphorus application tim-
ing can also have a strong impact on
source P losses. Phosphorus applica-
tions immediately followed by rainfall
tend to result in greater P losses than
when several days or weeks separate
the application from precipitation
events (Sharpley, 1997). Application
timing BMPs are specific to climatic
regimes, but in general, manure and
compost applications should be made
during periods with low risk of runoff
being generated from either rainfall
or snow melt (Gilley et al., 2002).

Conclusions
Organic production systems seek

to improve soil organic matter and
biological diversity, which may im-
pact P cycling and P uptake by crops.
Increases in organic matter will be
accompanied by increases in organic
P. Management of cover crops and
potentially enhanced AMF coloniza-
tion can increase the availability of soil
P pool (both organic and inorganic)
by stimulating microbial activity and
release of root exudates. This can help
compensate for low soil P, but will
not supersede the need to replace P
removed by the harvested crop.

Phosphorus fertilization in
organic production systems entails
balancing the P inputs with crop
removal through selection and man-
agement of both N and P inputs.
Organic production systems that do
not rely on manure or composts for
meeting crop N demand may have a
P deficit. In such situations, mainte-
nance P applications equal to crop
removal should be made based on soil
test recommendations. Primary or-
ganically approved P sources are PR,
manure, and compost. Phosphate
rock is most effective at supplying P
in soils with low pH (less than 5.5)
and low calcium concentrations.
Phosphate rock applications made to
soils with pH greater than 5.5 may
not be effective because of reduced
PR solubility. Manure- and compost-
based P has high plant availability,
ranging from 70% to 100% available.
Use of manures and composts require
extra considerations to reduce the risk
of source P loss to surface waters. Best
management practices for reducing
source P losses are incorporation and
proper application timing.

Organic production systems that
use manures and composts as their
primary N source are likely to have
excess P accumulation in the soil, and
P management should focus on
reducing the risks of P loss to surface
waters. Evaluation of P loss risk with
a P index will assist in identification
of soil and management factors likely
to contribute to high P loss as well as
BMPs that can decrease P loss risks.
Best management practices should
focus on controlling both particulate
and dissolved P losses. Economic con-
siderations, local availability, as well
as amount of P required to meet
crop needs will also play a role in a
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producer’s final decision on which
source, or combination of sources, to
use in an organic production system.

Literature cited
Adediran, J.A., F.I. Oguntoyinbo, R.
Omonode, and R.A. Sobul. 1998. Evalu-
ation of phosphorus availability from
three phosphorus sources in Nigerian
soils. Comm. Soil Sci. Plant Analysis
29:2659–2673.

Adler, P.R. and L.J. Sikora. 2003.
Changes in soil phosphorus availability
with poultry compost age. Comm. Soil
Sci. Plant Analysis 34:81–95.

Aliyu, L. and N.C. Kuchinda. 2002. Anal-
ysis of the chemical composition of some
organic manures and their effect on the
yield and composition of pepper. Crop
Res. Hisar 23:362–368.

Amarante, S.T. and S.K. DeDatta. 1982.
Residual effects of phosphorus fertilizers
in lowland rice in the Philippines. Philip-
pines J. Crop Sci. 7:117–122.

Andersen, H.E. and B. Kronvang. 2006.
Modifying and evaluating a P index for
Denmark. Water Air Soil Pollut. 174:
341–353.

Andraski, T.W., L.G. Bundy, and K.C.
Kilian. 2003. Manure history and long-
term tillage effects on soil properties and
phosphorus losses in runoff. J. Environ.
Qual. 35:1782–1789.

Bah, A.R., A.R. Zaharah, and A. Hussin.
2006. Phosphorus uptake from green
manures and phosphate fertilizers in an
acid tropical soil. Comm. Soil Sci. Plant
Analysis 37:2077–2093.

Baker, A.M., J.R. Trimm, and F.J. Sikora.
1989. Availability of phosphorus in bone
meal. J. Assn. Offic. Anal. Chem. 72:867–
869.

Barnes, J.S. and E.J. Kamprath. 1975.
Availability of North Carolina rock phos-
phate applied to soils. North Carolina
Agr. Expt. Sta. Tech. Bul. 229.

Bechmann, M., T. Krogstad, and A.
Sharpley. 2005. A phosphorus index for
Norway. Acta Agr. Scan. Sect. B-Soil
Plant Sci. 55:205–213.

Bekele, T. and W. Hofner. 1993. Effects
of different phosphate fertilizers on yield
of barley and rape seed on reddish brown
soils of the Ethiopian highlands. Fert. Res.
34:243–250.

Berry, P.M., E.A. Stockdale, R. Sylvester-
Bradley, L. Philipps, K.A. Smith, E.I.
Lord, C.A. Watson, and S. Fortune.
2003. N, P and K budgets for crop
rotations on nine organic farms in the
UK. Soil Use Mgt. 19:112–118.

Bolan, N.S. and M.J. Hedley. 1990. Dis-
solution of phosphate rocks in soils. 2.
Effect of pH on the dissolution and plant
availability of phosphate rock in soil with
pH dependent charge. Fert. Res. 24:125–
134.

Bridger, G.L., M.L. Salutsky, and R.W.
Starostka. 1962. Metal ammonium phos-
phates as fertilizers. J. Agr. Food Chem.
10:181–188.

Burkholder, J.M. and H.B. Glasgow.
1997. Pfiesteria piscicida and other Pfies-
teria-like dinoflagellates: Behavior,
impacts, and environmental controls.
Limnol. Oceanogr. 42:1052–1075.

Cavigelli, M.A. and S.J. Thien. 2003.
Phosphorus bioavailability following
incorporation of green manure crops. Soil
Sci. Soc. Am. J. 67:1186–1194.

Centre for Industrial Development.
1967. Fertilizer manual. United Nations,
New York.

Chang, C., J.K. Whalen, and X.Y. Hao.
2005. Increase in phosphorus concentra-
tion of a clay loam surface soil receiving
repeated annual feedlot cattle manure
applications in southern Alberta. Can. J.
Soil Sci. 85:589–597.

Clark, M.S., H. Ferris, K. Klonsky, W.T.
Lanini, A.H.C. vanBruggen, and F.G.
Zalom. 1998. Agronomic, economic,
and environmental comparison of pest
management in conventional and alterna-
tive tomato and corn systems in northern
California. Agr. Ecosystems Environ.
68:51–71.

Correa, R.M., C.W.A. do Nascimento,
S.K. De Sa Souza, F.J. Freire, and G.B.
da Silva. 2005. Gafsa rock phosphate and
triple super phosphate for dry matter
production and P uptake by corn. Sci.
Agr. 62:159–164.

Correll, D.L. 1998. The role of phospho-
rus in the eutrophication of receiving
waters: A review. J. Environ. Qual.
27:261–266.

Cullen, D.J. 1988. Mineralogy of nitro-
genous guano on the bounty islands SW
Pacific ocean. Sedimentology 35:421–
428.

Daniel, T.C., A.N. Sharpley, D.R.
Edwards, R. Wedepohl, and J.L. Lemun-
yon. 1994. Minimizing surface water eutro-
phication from agricultural by phosphorus
management. J. Soil Water Conservation
49:30–38.

Dann, P.R., J.W. Derrick, D.C. Dumar-
esq, and M.H. Ryan. 1996. The response
of organic and conventionally grown
wheat to superphosphate and reactive
phosphate rock. Austral. J. Expt. Agr.
36:71–78.

Daverede, I.C., A.N. Kravchenko, R.G.
Hoeft, E.D. Nafzinger, D.G. Bullock, J.J.
Warren, and L.C. Gonzini. 2004. Phos-
phorus runoff from incorporated and
surface-applied liquid swine manure and
phosphorus fertilizer. J. Environ. Qual.
33:1535–1544.

DeLaune, P.B., P.A. Moore, Jr., and J.L.
Lemunyon. 2006. Effect of chemical and
microbial amendment on phosphorus
runoff from composted poultry litter. J.
Environ. Qual. 35:1291–1296.

Dodd, J.R. and A.P. Mallarino. 2005.
Soil-test phosphorus and crop grain yield
responses to long-term phosphorus fertil-
ization for corn–soybean rotations. Soil
Sci. Soc. Amer. J. 69:1118–1128.

Dorozhkin, S.V. 2007. Calcium ortho-
phosphates. J. Mater. Sci. 42:1061–1095.

Douds D.D., Jr., R.R. Janke, and S.E.
Peters. 1993. VAM fungus spore popula-
tions and colonization of roots of maize
and soybean under conventional and low-
input sustainable agriculture. Agr. Eco-
systems Environ. 43:325–335.

Drinkwater, L.E., P. Wagoner, and M.
Sarrantonio. 1998. Legume-based crop-
ping systems have reduced carbon and
nitrogen losses. Nature 396:262–265.

Eakin, J.H. 1976. Food and fertilizers, p.
1–21. In: W.C. White and D.N. Collins
(eds.). The fertilizer handbook. Fertilizer
Institute, Washington, DC.

Eghball, B. and J.E. Gilley. 2001. Phos-
phorus risk assessment index evaluation
using runoff measurements. J. Soil Water
Conservation 56:202–206.

Eghball, B. and J.F. Power. 1999. Phos-
phorus and nitrogen-based manure and
compost applications:.Corn production
and soil phosphorus. Soil Sci. Soc. Amer.
J. 63:895–901.

Eghball, B., B.J. Wienhold, J.E. Gilley,
and R.A. Eigenberg. 2002. Mineraliza-
tion of manure nutrients. J. Soil Water
Conservation 57:470–473.

Eghball, B., B.J. Wienhold, B.L. Wood-
bury, and R.A. Eigenberg. 2005. Plant
availability of phosphorus in swine slurry
and cattle feedlot manure. Agron. J. 97:
542–548.

Elmaz, O., H. Cerit, M. Ozcelik, and S.
Ulas. 2004. Impact of organic agriculture
on the environment. Fresenius Environ.
Bul. 13:1072–1078.

European Food Safety Authority. 2004.
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