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Abstract

5.1 Introduction

Livestock manure traditionally has been
considered and used as a valuable resource
by farmers to improve crop production.
Livestock manure is rich in nutrients
(nitrogen (N) and phosphorus (P)) and thus
has been land applied to enrich soils. But
land application of manure nutrients in
excess of crop requirements can lead to
saturated soil and loss of nutrients to surface
water via runoff. Environmental concerns
with P from animal agriculture are significant
because livestock manure has always been
land applied to meet crops’ N requirement,
resulting in P application in excess of crops’
P requirement. The problem is aggravated
with the intensification of livestock production, and now animal agriculture has
been identified as a primary source of water
quality impairment in many regions. But
intensification and continuous advancement
of livestock production is required to meet
the increasing demand of food supply to
feed a growing global population. Therefore,
management strategies are needed that
will improve livestock production while
supporting the environmental and social
pillars of sustainability. Nutritional strategies are economically and environmentally
efficient tools to reduce P excretion by
livestock. This chapter discusses nutritional
strategies including precision feeding, phase
feeding and approaches to improve feed P
availability.

Intensification of livestock production in
recent decades has resulted in challenges
with appropriate manure utilization/
disposal. Manure is rich in phosphorus (P)
because the P utilization efficiency of
livestock is less than 50%. Manure is usually
land applied as fertilizer at a rate to meet
crops’ nitrogen (N) requirement; this results
in soil P saturation. Accumulated P in soil
can reach water bodies via runoff and
cause eutrophication, impairing aquatic
ecosystems.
If intensification of livestock and
advancement of livestock production continues, perpetual impairment of water
quality is expected. But continuous
improvement in livestock production is
required to maintain the global economy
and to meet the increasing demand of food
supply. Global demand for animal protein is
increasing, and this trend is expected to
continue as the global population is
estimated to reach 9 billion by 2050.
Intensification of livestock production is
one of the options to maintain global food
security, but a sole focus on intensification
threatens the sustainability of the livestock
industry by widening the gap between
industry practices and societal perceptions
and expectations (von Keyserlingk et al.,
2013). Therefore, approaches are needed
that increase the efficiency of animal protein
production while supporting the environ-
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mental and social pillars of sustainability.
Nutritional strategies to reduce nutrient
excretion meet this criterion.
5.2 Livestock in P Pollution
Livestock production in the USA has evolved
into an intensive production system, with
the vast majority of animal products
originating from animal feeding operations
(AFOs, defined as farms that include
confinement for 45 days or more in a year).
In the span of 15 years from 1982 to 1997,
the number of AFOs increased by 10%
(USDA, 2001). A similar trend was observed
in manure production as AFO-generated
manure approximately quadrupled from
133 million tonnes (Mt) in 1997 to >500 Mt
in 2003 (USEPA, 1998, 2003). The largest
AFOs are defined as concentrated animal
feeding operations (CAFOs). CAFOs account
for a small portion of livestock farms but
accounted for half of manure P produced by
all livestock farms in 1997 (up from 27% in
1982; Kellogg et al., 2000).
Manure is a rich source of nutrients (N
and P) and is used as fertilizer to enhance
crop production. Spatial intensification of
livestock production creates problems, as
the amount of manure produced per year
overwhelms the assimilative capacity of
cropland. Manure has traditionally been
land applied to meet crops’ N requirements,
but because manure N and P are in imbalance
relative to crop needs, this practice leads to
accumulation of soil P. A summary of US soil
tests indicates that soil from areas of
intensive animal agriculture had excessive P.
In 1996, the majority of soil tested by several
soil-testing laboratories in the north-east
was categorized as high or very high in soil
test P (Sharpley, 1999).
Once soil is saturated with P, it can reach
surface water via runoff, increasing the risk
of eutrophication, especially in fresh water
(Sharpley and Tunney, 2000). A series of
whole-lake experiments confirmed that P
was the limiting nutrient for algal bloom in
fresh water (Schindler, 1977). In the USA, an
estimated 20% of agricultural impairment
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of water quality is from CAFOs, and more
than 50% of the agricultural impairment for
lakes and estuaries is by nutrients (USEPA,
1998). The source of nutrients contributing
to water pollution varies regionally, and
therefore a manure distribution problem
may be local, regional, national or international. The semi-arid climate in the central
and western regions of the USA, for instance,
makes manure disposal less problematic as
the risk of P runoff to surface water is less
due to limited rainfall and the distant
location of water bodies from farms (USEPA,
2012). The opposite scenario is observed in
the Chesapeake Bay Watershed area, with its
dense livestock population. In this region,
manure contributes 27% of annual P load to
Chesapeake Bay (Kleinman et al., 2012).
The P imbalance resulting from the land
application of manure in excess of crop P
needs is a global problem. In 62% of the
global cropland area with surplus P, manure
P application was in excess of crops’ P use
(MacDonald et al., 2011). The authors
estimated that global recoverable manure P
was 10 Mt in 2000. As is true regionally and
nationally, global P surpluses result from
dense livestock population in areas with
inadequate cropland to assimilate manure P
(Jongbloed and Lenis, 1998; Shigaki et al.,
2006; Pathak et al., 2010; Wang et al., 2011).
The association of P surpluses with
intensified livestock population is not
limited to one species; dairy, beef, swine and
poultry production have all been identified
as major contributors of P to eutrophic
water bodies (Gaskin et al., 2001; Pote et al.,
2003; Nelson and Mikkelsen, 2005; James et
al., 2007; Fisher et al., 2009; Chebud et al.,
2011).
At the county level, surplus manure P is
more common than surplus manure N. In
1997, 155 counties in the USA had surplus
manure N from CAFOs as compared to 337
counties with excess manure P (USDA,
2001). Therefore, limiting manure application to the P needs of crops (P-based
nutrient management) is one way to reduce
soil P accumulation and P runoff to surface
water. Shifting manure application limits
from N to P means increased acreage
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required for manure spreading, greater cost
of manure application and an increase in the
number of farms that need alternative ways
to dispose of manure. All of these have
significant economic impacts on the
livestock sector.
5.3 Assessment of Requirement and
Overfeeding
Increased awareness of the problem of P
accumulation on livestock farms and the
impacts of P-based nutrient management
regulations led to an effort to develop and
implement nutritional strategies to
minimize P excretion without impairing
production (VandeHaar and St-Pierre,
2006). P is one of the macrominerals
required for almost all living organisms with
critical physiological functions including
bone accretion, energy metabolism, rumen
microbial growth (in ruminants), cell
membrane structure, transport of fatty
acids and nucleic acid structure. More than
80% of the total body P is in bone, and bone
plays a role in regulating blood P by
resorption (Ternouth, 1990). Therefore,
bone accretion or replenishment of P in
depleted bone is critical to maintain animal
performance and production. As P is not
synthesized in the body, P must be provided
via dietary sources, but supplementation of
P in excess of requirement and storage
capacity results in excretion of P via faeces
and urine or excreta (Knowlton et al., 2004).
Therefore, precise assessment of dietary P
requirement is critical from both nutritional
and environmental perspectives.

5.3.1 Dairy cattle

The assessment of the P requirement of
lactating cows has always been a matter of
confusion, with variation within a feeding
standard or between feeding standards used
in different countries (Tamminga, 1992).
The difficulty in assessing P requirements
precisely is because of variation in factors
that influence the P requirement, (e.g.
physiological stage of production, dietary
nutrient availability and the approach of
calculating the requirement). In the USA,
the National Research Council (NRC) uses
the data from relevant animal experiments
to calculate dietary P requirements. The
current NRC recommended dietary P supply
for lactating cows accounts for the
requirement of absorbed P for milk production, maintenance, growth and reproduction (NRC, 2001). The resulting absorbed
P requirement is divided by the estimated
availability of feed P to calculate dietary P
supply required to maintain production and
performance. The requirement of total P as
grams of total absorbed P and as a per cent
of dietary dry matter (DM) is presented in
Table 5.1. It is important to note that even
though total absorbed P requirement (g day–
1) does not change for a particular stage of
production, dietary P requirement (% of
dietary DM) changes if DM intake (DMI) or
feed ingredient changes.
The dietary P requirement of lactating
cows for a specific age and stage of production
is lower in current NRC recommendations
(NRC, 2001) than it was in previous NRC
recommendations (NRC, 1989), and the
NRC recommended higher dietary P in 1989

Table 5.1. P requirement for Holstein lactating cows (600 kg body weight; milk
yield: 40 kg day–1) at different dry matter intake (DMI).a
DMI
(kg day–1)

Absorbed P requirement
(g day–1)

Dietary P requirement
(per cent of dietary DM)

21.8
23.2
23.9
25.3

58
59
60
61

0.41
0.38
0.38
0.36

Note: aNRC (2001) predicted P requirement adapted from Knowlton et al. (2004).
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than it did in 1978. This discrepancy was due
primarily to the change in assumed P
availability. Dietary P availability in
ruminants is variable and difficult to
measure, and thus contributes to imprecise
assessment of P requirement (Park et al.,
1999; Bravo et al., 2002, 2003; Kincaid et al.,
2005; Mjoun et al., 2008; Wang et al., 2008;
Martín-Tereso et al., 2009). This usually leads
to inclusion of safety margins, and
subsequently to excess dietary P.
In the 1978 and 1989 NRC recommendations, a single value was used for P
availability (55 and 50%, respectively). In
current NRC recommendations (2001),
assumed P availability varies by type of feed
(64, 70 and >75% for forages, concentrates
and minerals, respectively). This attempt to
account for variability in the availability of P
from different sources has improved the
precision of dietary P requirement calculation, but variation in P availability
within a type of feed (forage or concentrate)
still contributes to uncertainty.
The dietary P requirement for mediumto high-producing cows is about 0.31–
0.35%; animals start showing deficiency
symptoms when dietary P concentration is
<0.30% of dietary DM (Valk and Šebek,
1999; Wu et al., 2000; NRC, 2001; Wu et al.,
2001). In 2001, a survey involving 98 dairy
farms in the Chesapeake Bay Watershed
indicated that 93% of the farms were
overfeeding P (Dou et al., 2003). The
situation has improved since then (Harrison
et al., 2012). In a nationwide 2010 survey,
just 8.5% of the respondents felt that the
current NRC (2001) recommendation of P
for dairy cows was too low, but 40% of the
respondents indicated P overfeeding, for
multiple reasons.
In addition to the uncertainty about
dietary P requirement, other factors contributing to the overfeeding of P to dairy
cows are: the perception that high dietary P
will improve reproductive performance;
variation in feed P concentrations; and the
inclusion of high P and relatively inexpensive
by-product feed ingredients. The notion that
increasing dietary P will improve reproductive performance probably originates
from the studies with range or beef cattle, as
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mentioned by Satter et al. (2002) and
Knowlton et al. (2004) in their review of
animal management strategies to reduce P
pollution. But in those studies, dietary P was
much lower than the current recommendation (NRC, 2001).
Large variation in P concentration within
a feed ingredient also contributes to P
overfeeding in dairy cows. Satter et al.
(2002) calculated within-feed ingredient
variation in P concentration for the
feedstuffs listed by the NRC (2001) and
reported ~15% coefficient of variation.
Coefficient of variation for P concentration
ranged from 20–26% and 14–36%,
respectively, in hay and silage samples
analysed by the Northeast DHI Forage
Laboratory during one 12-month period
(Kertz, 1998). Coefficient of variation was
lower for concentrates than for forages (3
versus 11%) in 170 samples from nine
regions in the USA (Jarrett et al., 2011). The
degree of regional variation was higher than
variation by feed type (2–30% versus
3–11%). Another reason why dietary P in
dairy cattle diets often exceeds requirements
is the increasing popularity and inclusion of
nutrient-rich, high P by-products to the
dairy cattle diet. Most of these by-products
are good sources of protein, but also very
high in P content.
5.3.2 Beef

As in dairy, the P requirement for beef cattle
is calculated using a factorial method by
dividing the sum of P requirements (for
maintenance, growth, pregnancy and
lactation) by the absorption coefficient of P.
The current beef NRC (1996) recommendation uses a fixed absorption coefficient of 0.68 to calculate dietary P
requirement. As per current NRC calculations (1996), the P requirement of feedlot
steers weighing between 200 and 450 kg is
approximately 15–26 g day–1, equivalent to
0.20–0.30% dietary P (of dietary DM) when
feed intake is 10–12 kg day–1 (Table 5.2).
There are several reports that the NRC
(1996) recommended dietary P supply for
feedlot cattle is higher than necessary. This
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Table 5.2. P requirement for growing and Únishing Angus cattle at different body weight and average
daily gain. (From NRC, 1996.)
Body weight (kg)
Function

200

Maintenance
Growth (ADGa kg day–1)
0.5
1
1.5
2
2.5

250

300

350

P requirement (g

day–1)

400

450

5

6

7

8

10

11

6
11
16
21
26

5
10
15
19
24

5
9
13
18
22

4
8
12
16
19

4
8
11
14
17

4
7
10
13
15

Note: aADG = average daily gain.

is likely because the P requirement for gain
and P availability in the 1996 NRC
recommendations were calculated from data
published 20–60 years ago (Ellenberger et
al., 1950; Tillman et al., 1959; Martz et al.,
1990). The P requirement of yearling steers
with an average daily gain (ADG) of 1.5 kg
day–1 was evaluated by feeding a range of
dietary P from 0.14 to 0.34% of DM. These
grain-fed finishing steers required 0.14% or
less dietary P, about 70% of the current
(NRC, 1996) recommendation (Erickson et
al., 1999). In a similar experiment with
feedlot calves, 0.16% P was found to be
adequate (Erickson et al., 2002). Geisert et
al. (2010) confirmed the results of Erickson
et al. (1999) and concluded that the P
requirement of finishing feedlot cattle was
between 0.10 and 0.17% of dietary DM,
much lower than the NRC (1996) recommendation. These results suggested that
NRC (1996) overestimated the P requirement
of grain-fed feedlot cattle and supplementation of P was not necessary.
Similarly, Brokman et al. (2008) reported
that P supplementation was not necessary
for Holstein steers raised on pasture, given
that high-quality grass was provided.
5.3.3 Swine

The assessment of P requirement for swine
was originally with an empirical approach
(NRC, 1979). Several studies were conducted
to estimate the P requirement of pigs at

different physiological stages, and until the
late 1980s, the P requirement of swine was
reported as total P (NRC, 1979; Combs et al.,
1991). There has always been a discrepancy
in P requirements between individual
studies and NRC recommendations, largely
because of the variation in P availability in
different feed ingredients. The widespread
adoption of exogenous phytase in swine
diets has allowed reductions in dietary (and
hence manure) P (Selle and Ravindran,
2008), but also contributes to the variation
and uncertainty of feed P availability. The
impact of phytase feeding is discussed in
more detail later in this chapter. Thus,
estimates of P requirements for swine
continue to vary between studies or NRC
standards (NRC, 1998; Hastad et al., 2004).
A first step toward an improved assessment system to estimate the P requirements
of swine was the expression of P requirement
as available or digestible P required in grams
per day or per cent of diet (NRC, 1988;
Ketaren et al., 1993; Hastad et al., 2004;
Ruan et al., 2007). The data set limitations
inherent to the empirical approach continued to constrain progress, because evolving production systems and changing
genetics and nutrition of pigs were not
accounted for. Only a limited number of
studies were available to estimate empirical
P requirement in growing-finishing pigs,
and 60% of the studies were conducted 20 or
more years ago.
For these reasons, direct assessment of P
requirement from empirical results was
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replaced by derivation of P requirements
using nutrient-based models in the current
NRC revision (NRC, 2012). In the current
NRC recommendations (NRC, 2012),
standardized total tract digestible (STTD) P
is estimated, by refining or adding several
model parameters such as whole-body P
retention, endogenous P loss, marginal
efficiency of using STTD-P intake and P
requirement for maximal growth as a proportion of P required for maximum wholebody P retention. With this refinement,
model-derived requirements of STTD-P for
all stages of pigs were lower than estimated
in the previous NRC recommendations
(NRC, 1998; Table 5.3).
In swine, as in other species, uncertainty
about P requirement and the difference in P
requirements between individual pig and a
group of pigs contributes to overfeeding of P.
Overfeeding of P to pigs at 110–150% of the
NRC (1998) recommendation for swine from
the 1980s to the mid-1990s was revealed in a
survey by Kornegay and Verstegen (2001).
Environmental loading of P via faeces
changes with production stage, as faecal P
excretion (as a per cent of P intake) varies
with age. The maximum contribution (up to
75% of total lifetime P excretion) is during
the growing stage (Poulsen et al., 1999).
5.3.4 Poultry

As with dairy, beef and swine, the NRC
publication is the centralized and recognized
reference for nutrient requirements in
poultry, but the most recent NRC
recommendation for poultry (NRC, 1994) is
almost 20 years old. Dietary requirements
are reported as a concentration of nonphytate P (nPP). In the current NRC
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recommendations (NRC, 1994), dietary P
recommendations for broilers, laying hens
and turkeys are based on empirical research
from 1952 to 1983, 1949 to 1987 and 1954
to 1986, respectively. Thus, recent studies
have shown that the dietary concentration
of nPP found to maintain the production
and performance of broilers and laying hens
is lower than that recommended by the NRC
(NRC, 1994; Fig. 5.1). In contrast, although
the published dietary P recommendation for
turkeys (Fig. 5.1) are based on similarly old
studies, they seem to match well reported
results for actual P requirement of turkeys
(Roberson, 2004).
In the early 1990s, there were few studies
evaluating the P requirement of broilers, but
most studies confirmed overestimation of P
requirement for broilers by the NRC (NRC,
1994). The nPP requirement for broiler
chicks (0–3 weeks of age) was 0.32 and
0.37–0.39% for optimum body weight (BW)
and tibia ash, respectively (Waldroup et al.,
2000). For the same response criteria, nPP
requirement for broilers of age 3–6 weeks
was 0.19 and 0.33%, respectively (Yan et al.,
2001).
To refine P feeding (and also reduce feed
costs), the broiler industry is shifting from a
three-phase feeding programme (as in most
studies and the current NRC recommendations) to a four-phase feeding programme. This contributes to imprecise
assessment of P requirement for broilers.
The fourth stage is referred to as the
withdrawal phase, and P requirements are
less in this stage than in the finisher stage.
Dhandu and Angel (2003) reported P
requirements of 0.20 and 0.16% for finisher
and withdrawal phases, respectively, as
compared to 0.30% for the finisher phase
recommended by NRC (1994).

Table 5.3. P requirement for growing-Únishing pigs. (Adopted from NRC, 2012.)
Body weight (kg)
20–50

50–80

80–120

Year of NRC publication
1998
STTD P,a per cent of diet 0.30

2012
0.24

Note: aSTTD P = standardized total tract digestible P.

1998
0.26

2012
0.21

1998
0.21

2012
0.18
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Turkeys

0.7

nPP requirement per cent of diet

Broilers

Layers

0.6

0.5

0.4

0.3

0.2

0.1

0
0–3

3–6

6–8

0–6

6–12

12–18

>18

0–4

4–8

8–12

12–16

16–20

20–24

Range of age (weeks)
Fig. 5.1. Non-phytate phosphorus (nPP) requirements of broilers, layers and turkeys (NRC, 1994).

As with broilers, the P requirement of
growing pullets is also overestimated by
NRC (1994), as reported by Keshavarz
(2000). Non-phytate P concentration
required for optimum performance of
pullets was 0.20, 0.15 and 0.10% at 0–6,
6–12 and 12–18 weeks of age, respectively,
as compared to 0.40, 0.35 and 0.30%
recommended by NRC (1994).
As in other species, variation in P
content and bioavailability of P in feed
partially explains overfeeding of P to
poultry (the inclusion of a margin of safety;
Huyghebaert et al., 1980; Waibel et al.,
1984). For instance, the use of animal
by-products as a protein source is common
in the poultry industry, and P concentration
varies not only between these ingredients
but also within feed ingredients (coefficient
of variation for P concentration in bone
and meat meal from different sources:
9–17%; Waldroup, 1999). Also, advances in
genetics result in continual gains in
nutrient utilization and growth efficiency
in all species of poultry (Havenstein et al.,
2003). These changes justify continuing
investment in research on nutrient
requirements.

5.4 Nutritional Strategies for
Minimizing Environmental Load of P
Nutritional strategies are more efficient
than most other best management practices
to reduce environmental loading of P
contributed by livestock as they improve the
economy of the livestock industry, reducing
feed cost and reducing manure disposal
costs, and thereby reducing the environmental burden of the food animal industry.

5.4.1 Ruminants: dairy and beef cattle
Remove excess dietary P

In ruminants, faecal P excretion is correlated
positively with P intake (Knowlton and
Herbein, 2002; Geisert et al., 2010; Ray et
al., 2013). In the field, overfeeding of P to
dairy and beef cattle is very common
(Erickson et al., 1999; Dou et al., 2003;
Arriaga et al., 2009). The perception that
increasing dietary P will improve
reproductive performance in dairy cows has
persisted, but the literature data clearly
indicate the opposite. For instance, no
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difference in the occurrence of reproductive
problems was observed in Holstein cows fed
dietary P close to the NRC (2001)
recommendation and in excess of its
recommendation (0.37 versus 0.57% of
dietary DM) (Lopez et al., 2004). In another
experiment, decreasing dietary P from
0.49% to 0.40% or 0.31% of dietary DM did
not influence the reproductive performance
of lactating cows negatively during a 306day trial, and P excretion (g day–1) decreased
by 23% when dietary P decreased from 0.49
to 0.40% (Wu et al., 2000).
Similarly, dietary P does not affect milk
production, except in severe deficiency.
Reducing dietary P in early lactation
Holstein cows did not affect milk yield and
composition (Knowlton and Herbein, 2002),
and total P excretion decreased by 20 and
57% when dietary P was reduced from 0.67
to 0.51% and from 0.51 to 0.34% of dietary
DM, respectively. Similarly, Odongo et al.
(2007) did not observe any negative effect of
reducing dietary P from 0.42 to 0.35% (DM
basis) on the production of lactating
Holstein cows, but faecal P excretion
decreased. Milk production was not affected
in dairy cows fed 0.31% dietary P during the
first two-thirds of lactation, but in the last
one-third of lactation, cows fed these very
low P diets yielded less milk as compared to
those fed 0.40 or 0.49% dietary P (Wu et al.,
2000). This indicated the lowest threshold of
dietary P to maintain production in dairy
cows. In current feeding systems, dairy cows
are fed high-concentrate diets, often with
high-P feed ingredients, and thus it is nearly
impossible to formulate a dairy ration with
<0.33–0.35% P.
The impact of reducing overfeeding on P
loading from livestock farms is dramatic.
Kebreab et al. (2008) used a mechanistic
modelling approach to simulate faecal P
excretion by Ontario dairy cows. Reduction
in dietary P from 0.42% to 0.35% reduced
total P contribution from dairy farms by
1300 t year–1.
As in the dairy industry, excess P can be
removed from beef cattle diets without
impairing production and performance.
Reduction in dietary P did not affect daily
gain, feed efficiency, bone ash and rib bone
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breaking strength when steers were fed
0.14% dietary P (per cent of dietary DM) as
compared to higher dietary concentrations
(0.34, 0.29. 0.24 and 0.19% of dietary DM)
(Erickson et al., 1999). Similarly, the
combined results of two experiments with
finishing beef cattle suggested that dietary P
could be reduced to 0.17% of dietary DM
without affecting daily gain, feed efficiency,
carcass quality and phalanx ash (Geisert et
al., 2010). This will result in a greater than
40% reduction in faecal P excretion.
Improving P bioavailability

A second strategy to reduce P excretion by
all species of livestock is to improve the
bioavailability of feed P, allowing further
reductions in dietary P. Bioavailability of P
in feed ingredients depends primarily on the
form of P in feed and the animal’s capability
to degrade organic forms of P into absorbable
inorganic forms. Ruminants are blessed
with the presence of microbial phytase in
the rumen to degrade and utilize phytate P,
the major form of P in grains (Yanke et al.,
1998). Ruminal phytase activity can vary
with type of feed and dietary phytate P
concentration, and hence P bioavailability
can vary even in ruminants (Godoy and
Meschy, 2001). In addition, dietary phytate
P degradation or P digestion varies with type
of feed ingredient and feed processing (Park
et al., 2000; Kincaid et al., 2005; Mjoun et al.,
2008; Martín-Tereso et al., 2009). Therefore,
the selection of feed ingredient is an
important criterion in the effort to improve
dietary P availability.
Supplementation of exogenous phytase
has yielded great improvements in P
availability in swine and poultry diets (see
below), but the practice has less benefit in
ruminant diets. Ruminal phytase activity
leaves less opportunity for supplemented
phytase to increase the release of inorganic
P from phytate molecules. There are mixed
reports about the advantage of supplementing the ruminant diet with
exogenous phytase (Bravo et al., 2002;
Kincaid et al., 2005; Knowlton et al., 2007).
The results from these studies indicated that
the advantage of exogenous phytase in
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improving P availability might be achieved
only if ruminal phytate hydrolysis by
endogenous phytase was somehow limited
and dietary P was at or below the P
requirement of the animal (Jarrett et al.,
2014).
5.4.2 Non-ruminants – swine and poultry
Remove excess dietary P

As in all species, eliminating P overfeeding
to pigs will reduce P excretion. Thirty-six
finishing boars were fed 0.15, 0.20 and
0.30% dietary available P (Varley et al.,
2010). Digestibility of DM, ash and fibre was
not influenced by dietary P, and faecal and
urinary P output decreased with decreasing
dietary P. Further, reductions in dietary P to
below 0.20% resulted in decreased ADG,
feed efficiency and bone ash. Therefore,
there is no need to feed pigs over the NRC
(1998) recommendation. Further research is
needed to evaluate the effect of feeding P
close to the current NRC (2012) recommendation on the performance and nutrient
excretion by pigs.
As in cattle, faecal P excretion in poultry
increases gradually as dietary P increases
from deficient to the point that tibia ash
content reaches maximum, and excretion
increases sharply thereafter. Turkeys and
broilers excreted 19–33% and 10–17% less
total P when they were fed closer to their
genus-specific nPP requirement (Maguire et
al., 2004). Reducing dietary nPP concentration from 0.30 to 0.24 and to 0.15%
resulted in a 19 and 30% increase in P
retention by white leghorn laying hens
without compromising egg production and
egg quality (Panda et al., 2005). Therefore,
reduced overfeeding is a potential strategy
to reduce P excretion by poultry.
Multi-phase feeding

The concept of phase feeding is based on the
use of multiple diets to match the continuously changing nutrient requirements
of growing pigs (or other species) as closely
as possible, and phase feeding became
popular in the swine industry during the

1990s to reduce nutrient excretion by pigs.
With age, the BW of growing pigs increases
and the STTD-P requirement (g day–1) also
increases. But the needed dietary STTD-P
concentration decreases due to increased
feed intake with age. For example, the
STTD-P requirement for pigs increases from
1.2 g day–1 at 5–7 kg BW to 5.95 kg day–1 at
100–135 kg BW, but the required dietary
STTD-P concentration decreases from 0.45
to 0.21% (NRC, 2012).
Data on the effect of phase feeding on P
excretion by pigs are scarce. When different
feeding regimens (one-, two-, three- and
four-phase feeding) were compared, he
performance of pigs was not influenced, but
N excretion reduced with multi-phase
feeding (Lee et al., 2000). In that experiment,
daily P excretion was numerically lower in
the multi-phase feeding programme than in
the one-phase feeding programme, but the
effect as not statistically significant, likely
due to the confounding effect of faecal DM
excretion. With assumptions about BW gain
and feed:gain ratio for different phases, the
effect of phase-feeding strategies can be
estimated (Knowlton et al., 2004). For
instance, when one-phase feeding with
constant dietary P (0.50% of diet) was
compared with three-phase feeding with
dietary P of 0.50, 0.45 and 0.40% of diet to
achieve feed: gain of 0.42, 0.34 and 0.27 for
pigs, of 20–50, 50–80 and 80–120 kg BW, P
intake and subsequent excretion might be
decreased by 12.5% (Knowlton et al., 2004).
Similar or even better improvements in
the precision of P feeding can be achieved
with poultry by using a four-phase feeding
system. Several trials have evaluated and
determined the nPP requirement of broilers
in a four-phase feeding system (Angel et al.,
2000; Ling et al., 2000). The replacement of
average commercial usage with a four-phase
feeding system can reduce dietary nPP by 5,
15 and 40% in grower, finisher and
withdrawal phases, respectively (Angel et al.,
2000).
Improving P bioavailability

The availability of P in feed is critical from a
nutritional and environmental aspect, as
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offering less available P than required will
impair animal production and health, and
available P in excess of requirement will
result in increased excretion of P in a form
that is most susceptible to runoff. In grains,
a significant proportion of total P is present
as phytate (Eeckhout and De Paepe, 1994;
Ravindran et al., 1994; Steiner et al., 2007).
Phytate P is not available to non-ruminants,
as they lack the enzyme phytase required to
degrade phytate to inorganic P. There has
been a plethora of studies demonstrating
the impact of improving P availability and
reducing phytate P in feed ingredients
commonly fed to non-ruminants.
Exogenous phytase has been used
extensively in swine diets to improve dietary
P bioavailability. In barrows, supplementation of 2500 and 12,500 U of Escherichia
coli phytase kg–1 to a diet deficient in
available P (0.15% below NRC, 1998,
recommendation) improved average daily
gain (ADG) and increased the breaking
strength and ash weight of the metacarpal
bone as compared to a no-phytase diet
estimated to be adequate in available P
(Veum et al., 2006). When compared with a
P-adequate diet, supplementation of 500,
2500 and 12,500 U of E. coli phytase kg–1
diet increased P absorption and reduced P
excretion by 35, 42 and 61%. The effect of
phytase on production and P excretion has
been observed at all phases of swine growth.
The addition of phytase (500, 750 and 1000
U kg–1 diet) to a diet calculated to be deficient
in available P to nursery, growing and
finishing pigs had no effect on ADG, feed
efficiency and bone ash (Brana et al., 2006).
Rather, phytase supplementation improved
apparent P digestibility (by 22–44% of
P-adequate diet) and available P increased
by 0.06–0.17 g U–1 phytase consumed.
There are similar studies that reported
a reduction in P excretion by pigs with
phytase supplementation to a low-P diet.
Supplementation of phytase at 166, 333 and
500 U kg–1 of low-P diet reduced P excretion
by 4, 18 and 23% and 17, 19 and 22% in
grower and finisher phase, respectively, and
phytase supplementation at 500 U kg–1 diet
was equivalent to 0.87–0.96 g inorganic P
from dicalcium phosphate (Harper et al.,
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1997). In a similar study, phytase supplementation to a low-P diet resulted in
reduced P excretion as compared to pigs fed
a P-adequate diet, and phytase supplementation at 450 U kg–1 diet was
equivalent to 0.2 g inorganic P kg–1 of
maize–soybean meal-based finisher diet
(Veum and Ellersieck, 2008).
As in pigs, the avian digestive tract lacks
the phytase enzyme, so supplementation of
poultry diets with exogenous phytase has
been widely adopted to improve P
availability. There are several reports of P
excretion being reduced by 15–61% in
broilers fed a diet supplemented with
phytase (Simons et al., 1990; Żyła et al.,
2001; Paik, 2003). Supplementation of a low
nPP diet with phytase resulted in a 17–24%
and 7–24% reduction in total P excretion by
broilers and turkeys, respectively, as
compared to P-adequate diets (Maguire et
al., 2004). Reduction of litter P to a similar
extent was reported by Leytem et al. (2008)
and McGrath et al. (2010) when broiler diets
were supplemented with phytase.
5.5 Novel Feed Ingredients
The development of genetically modified
low-phytate grains (maize, soybeans) is
another approach in improving P availability
in feed for non-ruminants. Feeding lowphytate soybean increased apparent P
digestibility in pigs as compared to pigs fed
on regular soybeans (Powers et al., 2006).
Excretion of total and water-soluble P
decreased by 19 and 15% with low-phytate
soybean meal and decreased further (by 27
and 18%) with the addition of phytase to the
low-phytate soybean diet. Similarly lowphytate barley also reduced P excretion by
pigs (Htoo et al., 2007).
The effects of phytase and low-phytate
grains appear to be additive. Faecal P
excretion decreased by 12 and 15% in pigs
fed diets with low-phytate maize and lowphytate soybeans as compared to the pigs
fed diets with regular maize and soybeans
(Hill et al., 2009). In the same experiment,
faecal P excretion decreased further in pigs
fed a low-phytase diet supplemented with
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phytase as compared to pigs fed a diet with
regular feed and no phytase.
The low-phytate feed approach is
successful in the poultry industry as well. A
transgenic variety of maize developed by the
US Department of Agriculture (USDA) and
named ‘high available phosphate corn’
(HAPC) is similar to its wild variety in total
P concentration, but the P is six times more
available than in its wild counterpart.
Replacing normal yellow dent maize with
HAPC in the diet of male broilers resulted in
8–23% reductions in P excretion, irrespective
of age and dietary nPP (Yan et al., 2000).
Likewise, P excretion was 33 and 43% less in
1- to 10-day-old chicks fed low-phytate
maize and barley-based diets as compared to
chicks fed a wild-type grain-based diet
without and with P supplementation,
respectively (Jang et al., 2003).
The advancement of recombinant DNA
technology has allowed researchers to produce transgenic plants capable of expressing
microbial phytase in the endosperm of
seeds, another means of providing microbial
phytase to non-ruminants. The efficacy of
a variety of maize expressing an E. coliderived phytase gene in maintaining
performance and P digestion has been
evaluated (Nyannor et al., 2007). Diets with
the maize expressing the microbial phytase
gene were equivalent to microbial phytase
(16,500 U kg–1 diet) in maintaining animal
performance and in reducing faecal P
excretion.
Another innovative approach of reducing
P excretion in pigs is the development of
phytase transgenic pigs, but this approach is
expensive and controversial. Golovan et al.
(2001) developed transgenic pigs expressing
phytase and reported that true P digestibility
was higher in transgenic weanling and
growing-finishing pigs as compared to their
non-transgenic counterparts (48 versus
88% and 52 versus 99%, respectively). This
resulted in a 75 and 56% lower concentration
of P in faeces of weanling and growingfinishing transgenic pigs than in nontransgenic pigs. Due to controversy about
the possibility of meat from genetically
engineered pigs in the food system, support

for this research programme was withdrawn
and the last ‘Enviropigs’ were slaughtered in
2012 (Schimdt, 2012).
5.6 Conclusion
Animal agriculture always has been and still
is considered one of the major contributors
to water quality impairment. The intensification of livestock production has
yielded great benefits in terms of food
supply, but has aggravated the problem of P
imbalance by concentrating manure. While
several management strategies may be
adopted, nutritional management strategies
have been identified as the most powerful
and economically viable solution. Further
research is needed to refine the P
requirements of livestock species and to
improve dietary P availability. Continued
progress will improve the efficacy of
nutritional strategies, allowing continued
increases in animal protein with reduced
environmental loading of P.
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