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PREFACE
On request of the Dutch Ministry of Economic Affairs, as well as of the Dutch Product Board
Animal Feed, this study was performed to investigate the retainable phosphorus requirement
and utilisation in laying hens. The modern laying hen has a high egg number and laying
persistence, and probably a different P-requirement than the current estimated requirements.
Furthermore, laying hens housed in non-cage housing systems have a better bone development. It might be that P supply by feed in such systems can be lowered without negative
effects on bone quality and production performance. Determination of the P-requirement, utilisation, and -excretion is important to support the lump phosphorus excretion and to
reduce the phosphorus supply by the feed. The study comprises a literature review and an
animal experiment. The results of the review are described in this report. The study is a
collaborative project between Schothorst Feed Research and Wageningen Livestock
Research.

Marinus van Krimpen and Laura Star
Project leaders

Schothorst Feed Research B.V.
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Introduction

Phosphorus (P) is a very important nutrient in poultry nutrition and is involved in many functions
for laying hens such as bone formation, energy metabolism, cellular structure and egg formation
(Ahmadi & Rodehutscord, 2012). However, 50 to 80% of the P present in grain cereal and
oilseed is bound to phytic acid, the organic form of P which is called Phytate P (PP; Boling al.,
2000; Abudabos, 2012) and this PP is highly unavailable to non-ruminant animals because they
do not contain enough endogenous amounts of phytase to hydrolyze the phytic acid complexes
(Nelson, 1976). According to Fleming (2008), 5 to 15% of poultry flocks might have inadequate
P intake because of variations in P content and availability in diet. Therefore, inorganic P needs
to be added to the diet to meet the hens’ P requirements (Boling et al., 2000; Ahmadi &
Rodehutscord, 2012). In addition, microbial phytase can be supplemented to improve the
availability of P (Carlos & Edwards, 1998).
According to Rose (1997), feed represents already 70% of the cost of production in egg farming
and P is the third most expensive component after energy and protein (Boling et al., 2000).
However, it is generally admitted that thanks to the supplementation in phytase, the cost of P in
the feed has come down, especially when all the P has been replaced. The high commercial P
supplementation prices are due to the growing scarcity of mined phosphate rock. According to
experts, the peak of P extraction is expected to occur before 2040 (Gross, 2010; Neset & Cordell,
2012). To give an example, the commodity price of P rocks raised by 800% in 18 months during
the 2008 crisis (Neset & Cordell, 2012).
More than just an issue of cost, P is pointed out to be one of the major causes of environmental
problems. The amount of P in excess in the diet is directly excreted via the faeces and the urine
(Boling et al., 2000; Abudabos, 2012). The poultry wastes are therefore highly concentrated in P
which constitutes the limiting nutrient for algae and other aquatic plant growth and leads to
eutrophication (Sharpley, 1999).
As a consequence, reduction of inorganic P needs to be considered to minimize the cost in the
feed and the P excretion in poultry manure. Snow et al. (2004) proposed three strategies to solve
this issue. First of all, by feeding poultry closer to their P requirement, secondly, by
supplementing diets with enzymes or other feed additives to improve the availability of P in
plant sources and lastly, by feeding plant ingredients that contain lower levels of PP. All three
approaches will be reviewed in this literature study.
The first chapter of this study aims at clarifying the dynamics of Ca and P, the role of Ca and P
on bone metabolism and mobilization but also the mechanisms of Ca and P absorption, regulation and excretion. The second part’s purpose is to analyze every factor having an influence on
hens P requirements. Due to the overall increase of the length of the laying period in the modern
hens and the recent change in housing system (from battery cages to furnished cages and noncage housing systems), the study will also consider the effect of age and housing on P requirement. The last and third chapter provides updated information on P requirements as reported in
the literature.
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2

Phosphorus and calcium metabolism

2.1

Dynamics in P and Ca during the laying cycle

2.1.1 Egg production
Egg composition
An average egg from egg-laying strain of a domestic fowl weighs 57g and is constituted of
63.8% of albumen, 27.2% of yolk and 9.0% of shell. The main components are water with 74.6%
and protein with 12.1%. The shell weight is 5.1g in average and is composed of 98% of CaCO3
and 2% of protein (Rose, 1997). P is most present in the yolk and less than 0.1% of the P
requirements is intended for the eggshell (de Vries et al., 2010). P is the first most abundant
mineral in the egg (without considering the eggshell) with around 120mg P in a 60g egg
compared to 34mg Ca in the same egg (AEB, 2013). The distribution of Ca in the egg is the
opposite from that of P. Only the eggshell contains already 2.4g Ca per egg of 60g, so almost
0.1% of the Ca is in the egg without shell.
Egg formation
In modern systems, the majority of the eggs (90%) are laid during the morning (Leeson &
Summers, 1978). On average, ovulation occurs 30min after the oviposition and the ovum needs
4h to move from the infundibulum to the uterus, including between 3 and 3.5h in the magnum
where the albumen is formed. After, the ovum stays in the uterus during 18 to 20h to accomplish
the shell deposition (van de Velde et al., 1984; Keshavarz, 1998). Van de Velde et al. (1984) also
precise that the egg calcifaction is only active during 13h out of the 18-20h, it is called the active
period in constrast with the inactive period (Figure 1).

Figure 1.

Scheme of the 24h laying cycle of chickens and quails. The period of eggshell formation is shaded (Van
de Velde et al., 1984).

As a consequence, the largest part of eggshell formation occurs during the dark hours (afternoon
and evening) called the scotophase (de Vries et al., 2010). Kebreab et al. (2009) even go further
in the description of the egg shell timing by indicating that egg shell requires 20h to be 100%
complete and that the rate of formation is the highest between 7 and 13h after the start of the
process (Figures 2 and 3). The period between two ovipositions is close to 24h but slightly
longer, especially for younger hens (Keshavarz, 1998).
Schothorst Feed Research B.V.
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Figure 2. Time course of eggshell
formation. Cumulative eggshell
formation (Kebreab et al., 2009).

2.1.2

Figure 3.

Time course of eggshell formation.
Fractional rate of eggshell formation
(Kebreab et al., 2009).

Dynamics of P and Ca during the day

Proteins
After considering the process of egg formation, it is logical to think that the deposition of
proteins, the main component of albumen and yolk takes place during the morning hours
(Keshavarz, 1998).
Calcium
CaCO3 deposition starts only 5h after oviposition and the requirements for Ca are therefore
greater during the scotophase (Keshavarz, 1998). De Vries et al. (2010) also indicate that the
period of egg shell deposition occurs mostly when Ca intake from feed is low and therefore the
supply from the digestive system is also poor. As a consequence, the period when Ca supply is
low matches with the period when the needs of Ca to produce the eggshell are great. To
compensate this lack, the hen has a special bone mechanism to mobilize Ca from the leg bone
reserves. During the active period (11 to 15h), the laying hen transfers 10% of the total bone Ca
to the egg (Bar et al., 2002; Bar, 2009). In total, 2 to 3g of Ca is provided to the egg (Bar, 2009).
However, when the photo phase starts (moment when the light is switched on), the feed intake
starts again and plasma Ca increases which coincides with the moment when egg deposition
comes to an end and Ca requirements are reduced.
Phosphorus
P is directly related to the Ca dynamics because Ca is stored in bones mostly as hydroxyapatite
(3Ca3(PO4)Ca(OH)2) and is bound to phosphate in a constant ratio of 2.1 to 1. Therefore, when
Ca is moblized from the bone during the eggshell formation, the plasma P level increases and the
P will be immediately excreted by the urine because it cannot be utilized at the moment (de Vries
et al., 2010). According to Keshavarz (1998), the voluntary P intake is higher during the morning
Schothorst Feed Research B.V.
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than the afternoon. This is due to the need to restore P reserves together with Ca in the bones
before eggshell formation (Tolboom & Kwakkel, 1998). The latter is confirmed by Holcombe et
al. (1976) who showed that layers ingest more P during the morning, from 06:00 to 14:00 than
during the afternoon, from 14:00 to 20:00. To finish, Keshavarz (1998) conducted an experiment
on P intake of layers and analyzed the effect of a diet with constant P level (0.4g/kg) along the
day compared to a diet with reduced P level (0.2g/kg) in the afternoon. He did not find any
difference regarding the hens’ performances and concluded that reduced P intake in the
afternoon does not impair the production performances, showing that P requirements are lower in
the afternoon. This finding shows that current dietary P level is higher than P requirements in the
afternoon and that adequate P intake during this period of the day might reduce P excretion.
As it has been demonstrated with Ca, the hen is able to choose his feed according to the P
content of the diet (Barkley et al., 2004). In the first phase of the experiment of Barkley et al.
(2004), hens were fed a normal P diet (2.2g aP/kg DM) or a low P diet (1.1g aP/kg DM). The
low diet was proven to create a deficiency in P. In the second phase, the hens were fed a choice
of normal P or low P diets. With a choice of the normal and low P diets, the hens fed the low P
diet in phase 1 ate a smaller proportion of the low P feed than the hens fed the normal P diet in
phase 1, showing that P deficiency influenced selection for aP. Subsequently, the authors
highlighted the presence of a P sensing mechanism as the appetite for P was demonstrated.
According to a study from Cusack et al. (2003), P is deposited at low concentrations in the
outside parts of the eggshell. This P concentration gradually increases until the end of the
eggshell calcification (Figure 4) which shows that P has only a role in the termination of the
calcification.

Figure 4.

Secondary electron image of polished sections of broiler breeder eggshells from the beginning, middle
and end of lay (Cusack et al., 2003).
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Modelling
The modern methods of modelling enable researchers to be more accurate. Kebreab et al. (2009)
proposed the most updated model in laying hens taking into consideration both Ca and P
dynamics (see the paper for the description of the fitted model). In this model, the Ca and P
absorption stand for the mineral absorption by the duodenum. Ca and P requirements correspond
to the requirements for maintenance and for the egg production (yolk, albumen and shell). Ca
and P deposition is the bone mineralization when the values are positive or bone mobilization
when the values are negative. The photoperiod is fixed to 16h/d. In this model, the feed intake is
assumed to be continuous along the day even though Keshavarz (1998) indicated that the feed
intake usually represents 40% in the first 8h of light and 60% in the last 8h of light.

Figure 6.

Simulated diurnal dynamics of Ca in a
layer at oviposition 1h after light is
switched on (Kebreab et al., 2009).

Figure 5.

Simulated diurnal dynamics of P in a
layer at oviposition 1h after light is
switched on (Kebreab et al., 2009).

In the Figures 5 and 6, oviposition occurs 1 hour after the start of the photo phase as indicated by
the arrow. At t=0, the light is switched on and the intake of feed starts. The graphs show an
increase in Ca and P absorption after this moment. The peaks of P and Ca absorptions occur
around the start of the dark period when feed intakes ceases (t=16).
Due to the assumed continuous process of yolk formation and because the majority of P is
intended to form the yolk, P requirements are considered constant during the day. However,
unlike the eggshell deposition, the yolk needs several days to be formed. As a consequence, the P
deposition is maybe less subject to variations than what Kebreab et al. (2009) considered in their
model. In the first hour of light, P absorption is smaller than P requirements and therefore
mobilization of P and Ca from the bone takes place. In contrast with the rest of the day, in this
first hour, P lacking is responsible for bone mobilization. The P is entirely used for maintenance
and egg production while Ca cannot be used because the eggshell formation has not started yet,
cannot be stored and is therefore excreted in urine.
The trend is totally reversed once the eggshell formation occurs (t=5h). The Ca requirements are
the highest after 11 to 17h after oviposition when eggshell rate is the highest (Figure 2,
considering t=0 as 5h after oviposition). According to the simulations, the P absorption is
Schothorst Feed Research B.V.

8

sufficient to meet the P requirements until t=20h. However, excessive P is excreted in the urine
because it cannot be stored in the bone. In contrast, the Ca absorption is sufficient to meet the Ca
requirements until t=18h and is deposited in the eggshell. From t=18h until the end of the dark
hours, the Ca is lacking for eggshell deposition and need to be mobilized from the bone to
compensate. P is mobilized as well, cannot be used or stored and is therefore excreted in the
urine.
In this simulation, 33% of the available Phosphorus (aP) intake is directly excreted in the urine
because of inadequate levels of Ca. In this situation, 22% of P reduction can be considered in the
diet because P deposition into the bone is higher than P mobilization.

Figure 8.

Simulated diurnal dynamics of Ca in
a layer at oviposition 5h after light is
switched on (Kebreab et al., 2009).

Figure 7.

Simulated diurnal dynamics of Ca in a
layer at oviposition 5h after light is
switched on (Kebreab et al., 2009).

In Figures 7 and 8, oviposition occurs later at (t=5h). The start of the shell forming process is
therefore delayed (t=10h) and the peak of calcite deposition takes place after the end of the
photoperiod (t=18h), when the absorption of Ca from the gut is small. The Ca requirements are
much higher than the Ca absorption, compared to the first situation and strong Ca mobilization
from the bone occurs. Large amounts of P are mobilized and excreted in the urine after t=17h.
However, from t=2h until t=15h, P is the limiting nutrient for the bone formation and Ca in
excess is excreted. In this case, no reduction is possible due to the net P mobilization of bone.
In conclusion, P dynamics are inseparable from the Ca dynamics as Ca and P are bound together
to form the mineral matrix of the bones. P metabolism and requirements are highly dependent
upon Ca, which justifies reviewing also the Ca metabolism and regulation in later chapters.
As explained by Kebreab et al. (2009), Ca and P have different behaviours over a laying cycle
and are often contradictory. For instance, when P is lacking, Ca is in excess and vice et versa. In
addition, dietary P is not sufficient to avoid bone resorption but could be reduced when in excess
P is excreted. In brief, dietary Ca contributes more to the dynamics of P than the dietary P itself.
An increase of Ca intake at the end of the laying cycle to support the eggshell deposition is
suspected to decrease P excretion and to decrease dietary P to fill in the bone with P in the
Schothorst Feed Research B.V.
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subsequent inactive period. For instance, Mongin & Sauveur (1974) proved that presenting Ca
separated from the feed resulted in an increase in Ca intake between 16:00 and 20:00.
However, dietary P is also very important and can be modulated along the day. Before the start
of the eggshell formation, in the morning, P requirement is higher because P is used to restore
the bone content. In the afternoon, P is excreted from bone mobilization and common dietary P is
therefore not adequate and might need to be reduced. Ca and P dynamics in the bone need to be
reviewed to understand the mechanisms and consequences of bone mobilization.

2.2

Bone metabolism

2.2.1 Generalities
Bone functions
The skeleton has many functions for the body. It is a support for the muscles, acts as a protector
of the organs, produces red and white blood cells and provides storage for Ca and P. In addition,
the phosphate and carbonate present in the bone serve as regulators of the acid-base balance in
the body (Mackie et al., 2011).
Bone composition
In adult birds, about 65 % of the bone consists of minerals while the rest is build up from organic
components, such as fibre and collagen (Brook & Marshall, 2001). However, for young birds,
such as chicks, the organic part accounts for 40%. The mineral part of the bones mostly consists
of a crystalline hydroxyapatite-like phase. In brief, bone is made up of hydroxyapatite crystals of
Ca phosphate deposited on an organic collagen matrix (Whitehead & Fleming, 2000). According
to Doyle (1979), Ca and P are the two most abundant minerals in bone with 370 and 170g/kg ash
respectively. In laying hens, between 80 to 90% of the total P is stored in the bones and the rest
in the nucleotides, nucleic acids and phospholipids (Soares, 1995; Brook & Marshall, 2001).
Brook and Marshall (2001) indicated that 99% of the Ca is situated in the bone. It is lower for
broilers as 75% of Ca and 54% of P is stored in the bones (Van Krimpen). The two main types of
bone providing structural integrity are the compact outer layer of the Cortical Bone (CoB) and
the more spongy porous network of the cancellous (or trabecular) bone (CaB; Figure 9), both of
them are forms of lamellar bone (Whitehead & Fleming, 2000).
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Figure 9.

Microscopic structure of compact bone (compact bone = cortical bone; spongy bone = trabecular =
cancellous bone) (ProProfs, 2012).

Bone cells
Three main types of cells are active in the formation of bones. First, the chondrocytes are
responsible for the cartilage development through a process of proliferation, secretion of
cartilage extracellular matrix (ECM) and hypertrophy. When the chondrocytes die, they allow
the invasion of other cells such as osteoblasts and osteoclasts. Among this group of cells,
osteoclasts are responsible for bone breakdown by removing the ECM while the osteoblasts are
responsible for the bone deposition inside the cartilage remnants (Newman & Leeson, 1997;
Mackie et al., 2011). After the complete development of the bones, the process of bone
deposition and bone resorption takes place to mobilize Ca reserves and maintain Ca balances. If
this process becomes unbalanced and osteoclasts are more active than osteoblasts, more bone is
mobilized than deposited and the hen can suffer from metabolic bone disorder such as
osteoporosis (de Vries et al., 2010).
2.2.2 Bone growth during rearing
The skeleton of the laying hen is fully developed before the sexual maturity (de Vries et al.,
2010). The bone growth during rearing takes place with the formation of two structural bone
types: the CaB and CoB (Fleming, McCormack, & Whitehead, 1998a). This development occurs
through the process of endochondral ossification (Figure 10) which consists of the replacement
of a cartilage model by bone tissue (Mackie et al., 2011). This endochondral ossification is based
on the epiphyseal growth plate where resting chondrocytes turn into proliferative chondrocytes.
They form columns of cells and secrete an ECM constituted of collagen. Then, more matrix is
secreted, the chondrocytes start to hypertrophy and the growth takes place in two different
regions: the proliferative zone and the hypertrophic zone. The bone formation starts in the lower
hypertrophic zone. The hypertrophied chondrocytes secrete Alkaline Phosphatase (ALP) that
helps to initiate the formation of hydroxyapatite. The chondrocytes then experience apoptosis
and the formation of osteo-cells starts. The coordinated action of osteclastic resorption and
osteoblastic bone formation leads to the development of trabecular bone which will resorb to
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form the marrow cavity. In brief, the development of the long bones is based on proliferation of
the chondrocytes, hypertrophy and finally mineralization (Whitehead, 2004).
Osteoblasts secrete layers of cortical bone in the perichondrium while, in the endosteal surface,
the osteoclasts begin to resorb bone. This process creates an expanding ring with bone formation
on the outer surface and resorption in the inner. During the early weeks of growth, the ring
expands so rapidly that cavities are not filled in with bone before osteoclastic resorption. As the
growth slows, the degree of infilling increases (Whitehead, 2004).

Figure 10. Endochondral ossification in long bones. A is the start of the cartilage mall and E is the mature bone
(Mackie et al., 2011).

2.2.3 Bone growth during laying
Medullary Bone (MB) development
Bone growth process is common to most of the domesticated animals. Nevertheless, female birds
are unique in the sense that the development of the endosteal cavities in the long bones forms a
secondary type of bone, called Medullary Bone (MB; Taylor, 1970; Dacke et al., 1993). The
development of the MB has been extensively reviewed in the literature (Taylor & Moore, 1956;
Taylor, 1970; Candlish, 1971; Dacke et al., 1993; Whitehead, 2004; Fleming, 2008). At the onset
of sexual maturity (16-18 weeks), the follicular maturation coincides with the secretion of
oestrogens, especially oestradiol, which will drive the formation of the MB, acting in synergism
with androgens. The rise in circulating oestrogens stimulates the osteoblasts to change from a
formation of structural bone to a development of soft tissue and to depose the MB on the
surfaces of the structural bone (Whitehead, 2004; de Vries et al., 2010). When the MB formation
starts, there appear to be little or no further formation of structural bone (Whitehead & Wilson,
1992 cited by Fleming, McCormack & Whitehead (1998)), Fleming, 2008). Taylor & Moore
(1958) also brought evidence that this change from structural bone to MB appears 7 to 10 days
before a pullet starts to lay. The MB formation occurs rapidly during the early laying period and
continues slowly during the rest of the reproductive period (Whitehead, 2004).
Schothorst Feed Research B.V.

12

MB structure
MB is a special type of woven bone mostly found in the marrow of long bones and the highest
content of MB is found in leg bones (especially the femur and tibia; van de Velde et al., 1984;
Dacke et al., 1993; Whitehead & Fleming, 2000; Figure 11). MB is not a structured type of bone
due to the fast speed of bone turnover which prevents a good orientation of collagen in response
to functional loading (Fleming, McCormack, McTeir, et al., 1998). The mineral composition is
comparable to CoB or CaB and consists of a hydroxyapatite lattice (Wilson & Duff, 1991; Dacke
et al., 1993; Whitehead & Fleming, 2000). However, in CoB, the hydroxyapatite crystals are
oriented with respect to the organic matrix while MB has apatite crystals randomly distributed
throughout the matrix (Dacke et al., 1993).

Figure 11. Histological section of bone of a laying hen showing trabecular bone coated with darkly stained MB;
Whitehead & Fleming (2000).

Wilson & Duff (1991) found out that in severe situation of Ca, P or vitamin D deficiency, MB is
poorly mineralized with low ash content. MB provides a labile source of Ca for shell formation
and mobilization of bone minerals (Whitehead & Fleming, 2000), as will be explained later on.
2.2.4 Bone mobilisation during the laying cycle
Proximal TarsoMetatarsus (PTM) and the Free Thoracic Vertebra (FTV)
In order to assess the bone mobilization in the laying cycle, researchers need to measure the
relative volumes of the different types of bone (cortical, cancellous and medullary) to define the
respective proportion for each type of bone. In the experiments, the most common bones
observed are the PTM and the FTV as being respectively representative of the appendicular and
axial skeletons (Knott et al., 1995; Rennie et al., 1997; Fleming, McCormack, & Whitehead,
1998a; Whitehead & Fleming, 2000).
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Ca and P availability is most crucial during the laying period (de Vries et al., 2010). In the laying
hen, approximately 2.4g of Ca is required in 20h to produce a shelled egg of 60g (Etches, 1987;
Bar, 2009). As a result, the transfer of Ca from the blood to the eggshell reaches in average
120mg/h and varies from 100 to 200mg/h. In a laying hen, the plasma Ca concentration is around
200mg Ca/L of blood during the period of shell deposition. When, at the end of the day, the
supply of Ca from the feed is low, the plasma level will go down to 0 in 7-15min if no alternative
source of Ca is available (Etches, 1987). From the amount of Ca needed for eggshell production,
only 60–75% can therefore be provided by the feed and the rest is from osseous origin (Van de
Velde et al., 1984; Fleming, 2008). When the Ca absorption from the gut decreases at the end of
the day because of lower feed intake, the dietary Ca cannot cover the Ca requirements for
eggshell deposition anymore and the hen has to mobilize Ca from the bones. However, by using
coarse limestone (as Ca grits) that solubilises slowly in the gizzard, mobilization of Ca from the
bones can be reduced.
Variations in bone volumes over the reproductive period
According to Fleming, McCormack & Whitehead (1998) the variations in bone volumes is not
uniform in all bone types. First of all, there is a marked loss of cancellous bone (first 10 weeks
after sexual maturity; Figure 12). When hens get older (after 25wks old), the loss of structural
bone continues but at reduced rates. However, they also show a continuous net increase in the
total amount of bone. As a result, the total bone volume is the greatest at 70 weeks. The marked
loss of CaB in both PTM and FTV suggests that the major development of osteoporosis occurs
within the first weeks of egg production. As stated earlier, the onset of maturity determines the
end of the structural bone formation and the ostoclastic resorption therefore leads to a net
depletion of structural bone. At the onset of sexual maturity, the MB is not formed in the PTM
and FTV and the CaB is solicited to supply Ca for the shell deposition. The prevention of early
CaB depletion can result in preventing spinal damage. Secondly, in the bones that are the most
subject to fractures, such as leg and wing bones, there is a considerable loss of structural bone
between 25 and 50 weeks which is mostly CoB in these bones. These observations indicate that
loss of structural bone occurs later in the wing and leg bones than in the PTM and FTV
(Fleming, McCormack, & Whitehead, 1998b). In brief, structural bone volume declines during
the laying period but the accumulation of MB means that total bone volume remain constant or
even increase over the laying period (Whitehead, 2004; Figure 13).
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Figure 12. Structural and strength characteristic of different hens between 15 and 70 weeks in hens fed on diets
containing limestone in powder (C) or particulate form (P; Fleming et al. 1998).

Figure 13. Sections through tibia midshaft of pullets (Whitehead, 2004).

Variations in bone volumes or content over a laying day
Candlish (1971) did not detect any significant change in total volume of the bones during the
day. Although the volume seems to vary the very high standard errors make it difficult to
demonstrate.
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However, he found out that the MB was subjected to significant variations of composition along
the day. There is significantly less hydroxyproline and Ca in MB at times 3, 13 and 18h than at 8
h, when the MB is heavily loaded with Ca.
Van de Velde et al. (1985, 1984) confirmed that the total MB volume does not change during a
laying day, only the degree of calcification. From 22 to 4h, during the inactive period, the MB
matrix is recalcified (van de Velde et al., 1985). This observation was confirmed by Bar (2008).
Ca mobilization from the MB
The MB acts as a temporary depot of Ca for eggshell formation, when requirements are high and
absorption from the gut is low (de Vries et al., 2010). During this period, the fully calcified MB
is replaced by an organic matrix poor in Ca and therefore Ca is released into the blood to supply
the eggshell. When the eggshell is complete, the poorly calcified MB is recalcified during the
following inactive period. The osteoblasts replace the osteoclasts and regenerate the medullary
bone (Whitehead, 2004). The quantity of Ca in bones is higher during days of no shell formation
which indicates that the bone reserves are restored during the inactive period (Schraer & Schraer,
1961; Buss & Guyer, 1984; van de Velde et al., 1984).
The MB is an easy-to-mobilize type of bone
Simkiss (1967) stated that both types of bone (CoB and MB) are different in terms of ease of Ca
mobilization. Wilson et al. (1993) showed a very active remodelling of MB (Figure 14). The MB
is metabolically very active and in continuous turnover compared to the more inert CoB (Taylor,
1970; Candlish, 1971). Candlish (1971) compared the rate of metabolism of both type of bones
(structural and medullary) and concluded that MB can be metabolized 10 to 15 times faster than
CoB. MB has a cell cycle, which is about 25% of the cortical bone, and it is therefore a much
more active remodelling system (Dacke et al., 1993). Even though the mineral structure is
similar, the organic phase is different between both types. According to Kim et al. (2007), the
MB has a three times higher mineral to collagen ratio and a higher non collagenous protein
content than CoB. The latter could be a reason why the MB can mobilize or restore much faster
than a structural type of bone. In addition, Knott & Bailey (2010) explained that this rapid
turnover is made possible by the difference in collagen cross-link profile. MB has a lower
concentration of mature collagen cross-links and a higher level of immature cross-links.
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Figure 14. Undecalcified section of proximal tarsometatarsus (Wilson et al., 1993).

Ca mobilization from the CoB and CaB
MB is the favoured reserve of Ca for eggshell formation. However, in the situation of long- term
Ca deficiency, the structural bone and especially the CoB can suffer depletion (de Vries et al.,
2010). Due to its rich vascular network and its large surface area, the MB is very sensitive to
small variations of circulating PTH. However, when PTH concentrations heavily increase, for
instance during periods of prolonged Ca deficiency, the MB response to PTH reaches its
maximum and PTH has profound effects on CoB (Taylor, 1970). As a consequence, if the hens
are fed with highly deficient Ca diets (0.054% Ca) and keep laying, it is the structural bone
which suffers attrition (Taylor & Moore, 1958). Taylor & Moore (1954) also indicate that when
hens are fed with Ca deficient diets during 7 days, the osteoclastic activity and the volume of MB
remained unaffected, only the CoB was depleted. However, during prolonged Ca deficiency, the
hen responds by increasing the size of the medullary reservoir at the expense of the less labile
CoB. This theory was confirmed by Dacke et al. (1993) and also indicated that MB is restored
from structural bone. Once depleted, CoB can most likely not be repaired.
Recent publications also state that even in normal Ca diets, the structural bones are also subject
to resorption. The osteoclasts are not specific to MB and the large number of osteoclasts can also
resorb Ca from cortical and trabecular types of bone (Whitehead, 2004; Fleming, 2008).
2.2.5 Hormonal regulation of the bone
The bone mass is maintained through a balance between osteoclast and osteoblast activity. The
osteoblasts have specific receptors for PTH and 1,25-(OH)2D3 and both hormones regulate the
ALP activity and the transport of Ca2+ in and out of the bone.
According to Dacke et al. (1993), the osteoclast and osteoblast activity is mainly regulated by
two hormones: the calcitonin and the Parathyroid Hormone (PTH). The main effect of PTH on
Schothorst Feed Research B.V.

17

bone is undoubtedly to increase resorption and when the Ca plasma level is low, PTH indirectly
stimulates osteoclastic bone resorptive activity and reduces osteoblastic activity. PTH, vitamin
D3 metabolites and prostaglandin E2 (PGE2) increase osteoclast ruffled borders, clear zones and
cell size. The PTH does not effect osteoclasts directly because most researchers report an
absence of PTH receptors on osteoclasts and most likely causes the retraction of osteoblasts,
allowing the osteoclasts to develop their processes (Dacke et al., 1993). In contrast, according to
Dacke et al. (1993), calcitonin acts as an inhibitor of bone resorption by inducing cellular
contraction and reducing migration of osteoclasts.
This is showed in terms of osteclasts activity by van de Velde et al. (1984). During the active
period, although the total number of osteoclasts remained constant, the percentage of active
osteoclasts increases from 9.8 to 63.9%, and the resorption surface per osteoclast increased from
23.6 to 33.4 µm.
2.2.6 Extra information
Bone and eggshell quality
Buss & Guyer (1984) conducted a study to compare the differences in bone parameters in hens
from layer breeds producing thick eggshells and from layer breeds producing thin eggshell. They
found no difference between the two lines for bone ash and Ca content of bones and therefore
concluded that bone metabolism is not a cause of thick or thin eggshell and is not involved in the
Ca-related deficiencies in the thin shell line. According to the authors, the hens from thick lines
deposited Ca at a faster rate than hens from thin lines. As the bone parameters do not differ
between both lines, the hens from thick lines have a more efficient absorption of Ca from the
intestinal lumen. Whitehead (2004) also explains that there is no direct relationship between
medullary bone volume and eggshell quality. In the early period of lay, the fast rate of trabecular
bone resorption is explained by the high mobilization of Ca from structural bone to form the
early eggshells. Shell quality is good at the very start of the lay, even when little medullary bone
has been formed.
P content in bone
Rennie et al. (1997) indicate that there is no difference in the volumes of structural bone or MB
when fed P-deficient diets (4.5g tP/kg) compared to diets with normal P levels (6g tP/kg). Bone
was histological normal with no evidence of thickened osteoid seams, indicating that the lower
concentration of dietary P did not result in osteomalacia.
Bone and forms of Ca
Later in this study, we will focus on the effect of Ca forms on P requirements. However, it is
important to state here that feeding birds with particulate forms of Ca can have a beneficial effect
on bone characteristics. Fleming (2008) indicated that the number of osteoclasts is reduced when
hens are fed particulate limestone by improving dietary intake with a slow overnight release of
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Ca. Fleming, McCormack & Whitehead (1998) also proved that providing a particulate source of
Ca results in a decreased loss of CaB and increased accumulation of MB, particularly later in lay.
Greater particles enhance the MB formation, decrease the structural bone resorption and
therefore decrease the severity of some of the characteristics of osteoporosis. It is confirmed by
Guinotte & Nys (1991) who showed that feeding particulate forms of Ca improved the bone
breaking strength of egg-laying hens aged from 64 to 77 weeks.
Osteoporosis
As shown earlier, MB is mobilized to supply Ca for the eggshell formation but the osteoclasts
can also resorb CoB and CaB (Fleming, 2008). Osteoporosis occurs when there is a net
resorption of structural bone (Whitehead & Fleming, 2000). In older hens in particular (>40
weeks of age) osteopenia and the risk of osteoporotic fractures increase (Fleming, 2008). Figure
15 shows the proportional variations of structural bone and MB over the lifetime of a hen. We
can observe a gradual loss of CaB replaced by MB in the PTM.

Figure 15. Change with age in the volumes of different types of bone in the proximal tarsometatarsus (PTM) and
free thoracic vertebra (FTV) in the caged laying hen (Whitehead & Fleming, 2000).

Over time, the hen presents less structural bone and more MB. Unfortunately, according to
Fleming et al. (1998) and Knott et al (1995), the MB contribution to mechanical strength is small
compared to CoB and CaB. Figure 16 shows the mean trabecular bone volume and the MB
volume in relation with the grade of osteoporosis. For example, the grade 0 which corresponds to
“no osteoporosis” is associated with low amount of MB and high volume of structural bone.
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Figure 16. Mean TBV and medullary bone volume (MBV) for each grade of osteoporosis (Knott et al., 1995).

The effect of age on bone is still unclear at this stage and will be discussed later. In brief, the
hens dispose of a secondary MB which acts as a labile source of Ca. At the end of the day, when
Ca needs become larger than Ca supply from the gut, the MB is favoured to mobilize Ca from its
mineral matrix. However, only the degree of calcification is affected, not the volume. In
addition, it is well known that MB does not contribute to the bone strength of the birds unlike
structural types of bone. The MB is favoured compared to cortical and cancellous bone due to its
different collagen organization which makes it easier to resorb and fill in.
However, in case of profound or longer Ca deficiencies, the structural types of bone are favoured
to mobilize Ca resulting in a reduction in bone volumes. This complex bone depletion
contributes to reduce the breaking strength of the bones and lead to osteoporosis.
How the bone responds to Ca or P deficiency has already been discussed in this chapter but the
hen is capable of stimulating also the intestine and the kidney to compensate inadequate supply.

2.3

P and Ca transport and regulation

2.3.1 Concentrations of P and Ca in the blood
According to Maynard et al. (1979), extracellular P varies from 40mg/L to 90mg/L of blood. P
absorption increases as well during periods of eggshell formation, although not as strikingly as
Ca absorption (Hurwitz and Bar, 1965). Frost & Roland (1990) indicated that the plasma P varies
from 44.0 mg/L at oviposition to 52.7 mg/L at 10h post oviposition. The increase of plasma P in
the first hours of shell calcification is directly related with the mobilization of Ca form the
medullary bone for shell formation. According to the poultry site, the volume of blood in a bird
of 2kg is 0,33lbs which corresponds to approximately 150mL of blood volume. As the P content
in the blood varies between 40mg/L and 90mg/L, the total pool of P present in the blood can
range between 6 and 13,5mg.
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The extracellular pool of Ca is higher in egg-laying species (200 to 300mg Ca/L) than in growing
birds in order to ensure a high flow of Ca to the eggshell (Maynard et al., 1979; Etches, 1987).
2.3.2 Hormones involved in P and Ca regulation
Ca and P homeostasis are both maintained through a complex mechanism involving modulating
hormones. The three major molecules playing a role in P and Ca metabolism are vitamin D,
calcitonin and PTH (Bar, 2009; de Vries et al., 2010).
Vitamin D3
Vitamin D3, also named cholecalciferol, is a fat-soluble vitamin that is found almost exclusively
in animals (Veum, 2010). Vitamin D3 is necessary to the bird to absorb, transport and utilize Ca
and P. According to Frost & Roland (1990), vitamin D3 is transported to the liver and
hydroxylated to form 25-hydroxyvitamin D3. This metabolite is transported to the kidney and
further hydroxylated to form 1,25-dihydroxyvitamin D3 (1,25(OH)2D3, as shown in Figure 17).
This hormone is named calcitriol and is classified as a secosteroid hormone because of its
functional roles in Ca and P metabolism (Veum, 2010).

Figure 17. Process of 1,25-dihydroxycholecalciferol production (Soares, 1984).

Parathyroid hormone (PTH)
PTH is a hormone which consists of 84 amino acids with a half-life of 5 minutes. The hormone
is produced in the chief cells of the parathyroid gland and his secretion is directly influenced by
Ca levels. The Ca binds to the Ca receptor, linked to phospholipase C on the chief cells. This
binding reduces the transcription of PTH (Galitzer et al., 2009). In poultry, PTH responds very
rapidly on changes in plasma Ca levels, while 1,25-(OH)2D3 responds much slower. Even
though, the understanding of the interrelations between 1,25-(OH)2D3 is not complete yet. It is
likely that 1,25-(OH)2D3 generally suppresses PTH secretion (Jones et al., 1998; DeLuca, 2008).
Calcitonin
Calcitonin is a hypocalcemic hormone which is produced in the ultimobranchial gland. The
breakdown of this hormone occurs in the liver and the kidney (Brook & Marshall, 2001).
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Calcitonin directly inhibits osteoclastic activity by reducing the motility of the osteoclasts
(Dacke et al., 1993).
2.3.3 Ca transport and regulation
The mechanisms of Ca transport (Bar, 2008; 2009) and regulation (Dacke et al., 1993; Veum,
2010) have been very recently reviewed. The following chapter is mostly based upon those
publications with inputs from earlier studies. Ca transport, regulation and deposition are treated
in three different parts.
In laying birds, a third pathway via the eggshell gland drains Ca2+ and induces a high demand of
Ca2+. As stated by Kebreab et al. (2009), the demand of Ca2+ from the eggshell gland is the
highest when the intestinal lumen becomes completely empty of Ca. Therefore, two mechanisms
are enhanced to compensate for the lack of Ca. First, the absorption of Ca from the intestine is
enhanced. Secondly, as already discussed in the bone chapter, an active bone resorption takes
place (Bar, 2008).
Ca absorption
In terms of absorption efficiency, an increase of dietary Ca reduces relative the rate of absorption
but increases the absolute volume of absorption (Bar, 2009). The Ca2+ absorption in the laying
hen is more intense during the period of shell calcification than during the inactive period. The
Ca transport during the active period (shell formation) accounts for net absorption of about 80%
of the dietary Ca2+ intake in hens while much less (36%) is absorbed during the period of
inactivity (Bar, 2008, 2009).
The apparent absorption of Ca takes mostly place in the duodenum and jejunum of the small
intestine (Hurwitz & Bar, 1965; Hurwitz, 1996). It is confirmed by Bar (2009) who states that
the proximal intestine appears to have greater capability than the distal intestine to absorb Ca2+.
Most of the Ca is absorbed before it reaches the lower ileum, most likely as a result of the high
efficiency of the proximal intestine in absorbing Ca2+.
Ca absorption occurs both by diffusion (passive transport) and active transport (energydependent transport; Hurwitz, 1996). In poultry, up to 50% of the dietary Ca2+ is absorbed by
passive diffusion. Proportion of active transport is greater in situation of longer and larger
plasma Ca2+ deficiency (Veum, 2010). According to Bar (2009), the transcellular mechanism
(active transport) acts predominantly at the proximal intestinal segments, the duodenum and
jejunum, whereas the paracellular transport (passive transport) occurs along the whole length of
the intestine, driven by the electrochemical potential difference (ECPD). The paracellular
transport is more important in animals fed adequate Ca2+.
Ca transport
Vitamin D appears to be the most important factor modulating Ca2+ transport. Its metabolite
form, 1,25-(OH)2D3, binds to vitamin D receptors (VDRs) and then stimulates the synthesis of
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RNAs coding for several vitamin D-dependent proteins such as calbindin D28k, Plasma
Membrane Ca2+ATPase (PMCA) and epithelial Ca channels (TRPVs). In addition, other proteins
appear to be vitamin D dependent: osteocalcin, osteopontin (OPN), collagen type I and carbonic
anhydrase II (CAH; Bar, 2008). Another group of proteins is involved in Ca regulation, the
Na+/Ca2+ exchangers. All the aforementioned proteins are involved in transcellular transport but
a last group is involved in paracellular transport, the tight junction proteins (Bar, 2009).
Vitamin D receptors (VDRs)
The stimulation of Ca-transport proteins by 1,25-(OH)2D3 is operated through the binding to
VDRs. Following the binding of 1,25-(OH)2D3 to a VDR, the receptor is phosphorylated and
thereby simulates the RNAs coding for osteocalcin, osteopontin, calbindins, 24-hydroxylase,
TRPVs and Carbonic Anhydrase (CA). The VDRs level is markedly increased during
maturation, prior to the onset of egg production in order to allow the development of the Ca
transport mechanisms. In the laying hen, the EggShell Gland (ESG) VDRs concentration
represents 33% to 20% of the intestinal VDR content which indicates a lower dependency of the
ESG on the vitamin D3 metabolites compared to the intestine (Bar, 2008; 2009).
Calbindins
In the bird, high levels of calbindins, previously named Ca-binding proteins, are found in the
intestine, the ESG and the kidney. The calbindins are considered to facilitate the movement of
Ca2+ inside the epithelial cells of the Ca-transporting organs (intestine, kidney and ESG).
Moreover, calbindins may act as a buffer, by maintaining a low Ca2+ concentration in close
proximity to the TRPVs pores, and thereby ensuring the “downhill” movement of Ca2+ into the
cell. However, differences exist among the three organs regarding calbindin metabolism.
Whereas the calbindin contents in the kidney and in the ESG are correlated with the mass of Ca
transported (weight unit), the intestinal calbindin is correlated with Ca transport capability (% of
absorption). In addition, whereas intestinal calbindin reflects the change in intestinal change of
1,25(OH)2D3 in the intestinal cell, the ESG calbindin is not a vitamin D dependent protein.
Plasma Membrane Ca ATPase (PMCA)
PMCA uses the energy stored in ATP to extrude Ca2+ out of the cell against the electrochemical
gradient. It is has been clearly demonstrated that intestinal and renal PCMA are modulated by
vitamin D. Nevertheless, as for ESG calbindin, ESG PMCA is not dependent on 1,25-(OH)2D3.
Epithelial Ca channels (TRPVs)
Among the Transcient Receptor Potential Vanilloid family, TRPV5 and TRPV6 are known to
facilitate the entry of Ca2+ into the epithelial cells of the Ca-transporting organs. Most findings
support the idea that TRPVs are vitamin D dependent.
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Carbonic Anhydrase
CAH is involved in bone resorption, bone calcification and Ca transport.
Na+/Ca2+ exchange
The Na+/Ca2+ exchange mechanism is another transporting system involved in the “uphill”
extrusion of Ca2+ (Bar, 2009).
Osteopontin (OPN)
OPN is a glycosylated, highly phosphorylated protein expressed in bone and ESG. OPN appears
to affect migration and maturation of osteoclasts precursors, osteoclast activity and is also
involved in eggshell formation even though its role is not clearly defined (Bar, 2009).
The transcellular transport consists of three major steps. First, the entry of Ca2+ through the
brush border is ensured by TRPV6 and, to a lesser extent, TRPV5. Secondly, the diffusion or
movement to the basal membrane is facilitated by intestinal calbindins. Finally, the energydependent extrusion through the basal membrane results from the low cellular Ca2+
concentration and the higher plasma Ca2+ concentration. This step is facilitated by PMCA. The
entire process is dependent on vitamin D because every step involves vitamin D dependent
proteins.
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Figure 18. Ca and P homeostasis in the laying hen (De Vries, 2010).

Ca regulation
Ca changes in plasma levels are detected by Ca2+-sensing receptors (Bar, 2008). The upper part
of Figure 18 reports the different mechanisms of Ca regulation in case of low or high plasma Ca.
Hypocalcaemia
Hypocalcaemia occurs when body Ca losses exceed absorption, for example, in case of Ca
deposition into the eggshell (DeLuca, 2008). In case of low plasma Ca, the parathyroid gland is
stimulated to secrete PTH, the peptide hormone that responds to short term perturbations (Bar,
2008; Veum, 2010). In case of longer perturbations of Ca concentrations, PTH stimulates the
hydroxylation of 25-OHD3 to 1,25-(OH)2D3 in the kidney, in association with 17-β-oestradiol,
prolactin and GH (de Vries et al., 2010; Veum, 2010). This hydroxylation is also stimulated
directly by lower plasma Ca. 1,25-(OH)2D3 has three main roles on the Ca metabolism. In the
intestine, its secretion increases the efficiency of absorption of Ca. In the bone, 1,25-(OH)2D3
stimulates, in association with the action of PTH, the resorption of the medullary bone to release
Ca. Thirdly, 1,25-(OH)2D3, together with PTH, stimulates the absorption of Ca in the kidney,
consequently reducing Ca excretion (de Vries et al., 2010; Veum, 2010). In the kidney, about 96
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to 99% of the Ca is reabsorbed during filtration, half by transcellular and half by paracellular
diffusion. Most of the reabsorption occurs in the proximal tubule but the regulation takes place in
the distal tubule where 10% of the reabsorption takes place. PTH and 1,25-(OH)2D3 stimulate
absorption of Ca2+ by the kidney (Veum, 2010). The conversion of 25-hydroxyvitamin D3 (25(OH)D3) into 1,25-(OH)2D3 is homeostatically regulated by plasma Ca2+, the secretion of PTH
(Soares, 1984). However, when the levels of Ca are adequate to support eggshell deposition,
1,25-(OH)2D3 stimulates bone mineralization (de Vries et al., 2010).
Hypercalcaemia
On the contrary, high dietary levels of Ca supplied to the hens result in an increase in plasma
Ca2+ which induces the release of calcitonin from the ultimobranchial gland. In case of
hypercalcaemia, calcitonin blocks the resorption of the Ca from the bone in order to reduce the
concentration of Ca2+ in the blood (de Vries et al., 2010; Veum, 2010). Calcitonin is secreted in
laying birds when the plasma level of ionic Ca exceeds 1.5mmol/l (Baimbridge & Taylor, 1980).
Ca excretion is also increased whereas the formation of 1,25-(OH)2D3 is inhibited. The reduction
of 1,25-(OH)2D3 metabolism leads to a reduced efficiency of Ca intestinal absorption (Shafey,
1993). High Ca2+ levels also induce the production of 24,25-(OH)2D3 from 25-(OH)2D3 and from
1,25-(OH)2D3 (24-hydroxylation; Veum, 2010; de Vries et al., 2010).
Prostaglandins (PGs)
As PGs, and in particular PGE2, are drastically more elevated during eggshell formation and falls
after oviposition, it is likely that they are involved in the process of Ca mobilization in avian
species. The understanding of the role of PGE2 on bone resorption is not complete yet (Dacke et
al., 1993).
Ca deposition into the eggshell
The eggshell is mostly composed of Ca2+ and HCO3- bound together to form a solid matrix of Ca
carbonate. Their transport into the eggshell by the ESG is fluctuating over the egg-formation
cycle. The peak of transport occurs 11 to 12h after ovulation and ends 22 to 24h after ovulation.
Most of the ESG proteins, egg membrane and shell matrix are formed in the ESG. Some of the
constituents are structural proteins (collagen) and others have more functional properties (CA,
calbindins, PCMA, VDR). A significant correlation appears between uterine calbindin and shell
Ca because hens laying shell-less eggs have a lower uterine calbindin content (Bar et al., 1984;
Nys & de Laage, 1984) and also show a lower ATPase activity (Castaldo & Maurice, 1990).
Eggshell calcifaction takes place by transcellular or paracellular transport of Ca2+.Two of the
three proteins involved in transcellular transport are present un high concentrations in the ESG
(calbindin, PMCA). It indicates an “uphill” transport and the presence of an active transport.
Balnave et al. (1992) indicate that Ca transport across the shell gland is an active process that
utilizes adenosine triphosphate as the energy source. It is confirmed by Castaldo & Maurice
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(1990) who found that the ATPase activity in the shell gland of hens producing eggs with strong
shells was greater than that of hens producing eggs with weak shells.
Despite the high concentrations of vitamin-D-dependent proteins such as CA, calbindin, PCMA,
VDR or OPN, the vitamin D dependency of ESG transport of Ca2+ is not certain. Even though
most workers found no interaction, Corradino et al. (1968), on the basis that hens fed a vitamin
D-deficient diet, showed lower ESG calbindin, suggesting a possible dependency. The nondependency of the Ca transport proteins on vitamin D shows that the ESG capacity to transport
Ca2+ is not modulated by vitamin D metabolism or Ca2+ homeostasis. In addition, most workers
tend to show that CA is the driving force for Ca2+ deposition.
2.3.4

P transport and regulation

P absorption
As well as Ca, P absorption mostly takes place in the duodenum and jejunum (Hurwitz & Bar,
1965; Veum, 2010). Moreover, as indicated by Wasserman & Taylor (1973), the absorption of P
occurs more rapidly in all parts of the small intestine than Ca. They also state that P absorption is
higher in the duodenum than in the jejunum (Figure 19) and that the rate of P absorption in the
jejunum is linearly correlated with the P concentration in the duodenum.

Figure 19. Phosphate absorption from different intestinal segments (Wasserman & Taylor, 1973).

P is absorbed in the small intestine by two different pathways: paracellular phosphate transport
(passive diffusion) and active transport through the sodium-dependent phosphate co-transporters.
The paracellular phosphate transport depends on electrochemical gradients across the epithelial
layer. This paracellular movement occurs through tight junctions consisting of proteins including
claudins and occludins. Beside this passive transport, a sodium-dependent active transport takes
place and contributes to 30 to 80% of total transport. The ratio between active and passive
transport is highly dependent on the phosphate concentration. The major phosphate transporter
found in the intestine is the Npt2b from the type II sodium dependent family. According to
various studies, Npt2b accounts for between 45 to 90% of the total phosphate transport (Sabbagh
et al., 2011).
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Diets containing low P content result low absolute plasma P and therefore higher relative P
absorption rate (Bar & Hurwitz, 1984; Rao et al., 1991; Frost et al., 1991). The study from Frost
et al. (1991) showed that lower dietary P induced lower plasma P (mg/dL; Figure 20). It is
confirmed by the study of Bar & Hurwitz (1984) in which hens fed a low P diets showed a lower
plasma P (mg/dL). They also demonstrated that the low plasma P levels resulted in a higher P
absorption (% of intake; Figure 21). As a consequence, P absorption from the intestine increases
at low levels of P supply which might partly compensate for the reduced P intake.

Figure 20. The effect of dietary P on plasma P and 1,25(OH)2D3 (Frost et al., 1991).

Figure 21. The effect of dietary P restriction on egg production, egg shell quality and on Ca and P absorption in
laying hens (Bar & Hurwitz, 1984).
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P regulation
P, as well as Ca homeostasis, is maintained through a complex regulatory system although
according to Veum (2010), there is less regulation of P than for Ca. The effects of PTH and
vitamin D might be secondary to those on Ca. An improvement of Ca absorption reduces the
opportunity of Ca to form unabsorbable phytates in the gut and therefore reduces the P availability.
Three major organs are concerned by P regulation. Firstly, in the intestine, when plasma P is low
the concentration of 1,25(OH)2D3 increases in the blood (Figure 20). 1,25(OH)2D3 improves the
efficiency of P absorption via up regulation of the Ntp2b protein when plasma P levels are low.
Npt2b is also found to be stimulated by a low dietary P level through a post- transcriptional
system. However, the Npt2b protein is not sensitive to PTH and this might explain why PTH
does not have any influence in the P metabolism in the intestine (Sabbagh et al., 2011).
Secondly, together with Growth Hormone, 1,25(OH)2D3 stimulates the bone resorption of Ca
and P in case of low plasma P (de Vries et al., 2010).
Thirdly, in case of low plasma Ca, the 1,25(OH)2D3, together with PTH, has a suppressing effect
on renal P resorption. As a consequence, 1,25(OH)2D3, associated with PTH increases P
excretion in urine and reduces plasma P level. However, in the situation of low plasma P, there is
a secretion of 1,25(OH)2D3but not of PTH (Deluca, 1988; Rao et al., 1991). The findings
indicate that, in the absence of PTH, 1,25(OH)2D3stimulates renal resorption and therefore
reduces P excretion. The mechanisms behind this paradox are still unknown (de Vries et al.,
2010).
About 85-90% of the P is reabsorbed during glomerular filtration in the kidney with about half
by paracellular and half by transcellular diffusion. When plasma P is elevated, vitamin D induces
the excretion of P in the kidney to correct the hyperphosphatemia (Edwards, 1973; Veum, 2010).
As indicated by Bar & Hurwitz (1984) and reviewed by Bar (2008), low plasma P do not
increase the renal activity of 25-hydroxyvitamin D3-l-hydroxylase enzyme, responsible for the
synthesis of 1,25(OH)2D3 (Figure 22). However, most findings indicate that in the situation of
low P levels, there is an increase of 1,25(OH)2D3 in the plasma and target tissues (Newman &
Leeson, 1997; Bar, 2008). As a consequence, the mechanism inducing stimulation of
1,25(OH)2D3 by low plasma P levels is still uncertain (de Vries et al., 2010). This could be due to
the fact that low plasma P levels induce 1-hydroxylation of 25-(OH)D3 not in the kidney but in
the intestine or the bone (de Vries et al., 2010).
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Figure 22. Effect of dietary Ca and P restriction on bone ash, egg shell gland, intestinal and kidney Ca-binding
protein, and on kidney hydroxylase activity of laying hens (Bar & Hurwitz, 1984).

Unlike Ca regulation, low plasma P does not induce a secretion of PTH but GH to increase
plasma P levels. The maintenance of P homeostasis only involves 1,25(OH)2D3 which acts less
rapidly than PTH. We can conclude that the response time of the P mechanism is high compared
to Ca2+ mechanism (de Vries et al., 2010).
Both high plasma Ca2+ and P induce the production of another derivate of vitamin D, the
24,25(OH)2D3 from 25(OH)2D3 but also from 1,25(OH)2D3 (24-hydroxylation). The effects of
this molecule on P and Ca2+ are not well understood but it is clear that this metabolite can affect
vitamin D regulation (Jones et al., 1998).
Many other molecules have not been discussed here for several reasons: 1) Some have not been
specifically discussed in egg-laying birds in the literature: thyroid hormone, PTHR1, cytokine
KB ligand, norepinephrine, insulin-like growth factor 1; 2) Some might not have a clear effect on
P and Ca metabolism: Indian hedgehog protein, fibroblast growth hormone, bone morphogenetic
proteins, epidermial growth factor, glucocorticoids, matrix extracellular phosphoglycoprotein,
leptin.
It is clear that P regulation has been much less subject of study than Ca regulation. This can be
explained by the strong dependency of P metabolism on Ca. In addition, P regulation is known to
be less efficient than Ca regulation. For instance, P is only regulated by the slow-process vitamin
D, and not by the PTH. In case of high levels of P, only a stimulation of P excretion can reduce
the plasma P.
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3

Factors influencing P requirements

3.1

Dietary effects

3.1.1 Phosphorus
It is generally admitted that a great majority of the P present in cereal grains and seeds is bound
to phytic acid as Phytate P (PP; Eeckhout & De Paepe, 1994). However, PP has a low
availability in monogastric animals, unless their feed contains phytase enzyme to hydrolyze it
(Nahm, 2008). Approximately 60 to 75% of P in commonly used feedstuffs are not available for
digestion by the hen (NRC, 1994). The available P content of a diet is dependent on three
parameters: the PP content, the non-PP content and the phytase content (Eeckhout & De Paepe,
1994).
PP content
Generally, maize-soybean diets in poultry contain about 2.5g/kg phytate-P or 8.9g/kg phytic acid
(Selle and Ravindran, 2007; cited by Lei et al. (2007)). According to Eeckhout & De Paepe
(1994) and as presented in Figures 24 and 25, the PP content (%) of cereals is as follow: triticale
(0.25), wheat (0.22), rye (0.22), barley (0.22), oats (0.21), sorghum (0.19) and maize (0.19).
Wheat by-products have the highest PP content: wheat fine bran (0.72), wheat fine brand pelleted
(0.78) and wheat midllings (0.53). Those data are similar to the findings of Cromwell (1992;
cited by Nahm (2008)). However, Even though all the authors used the same method (Haug and
Lantzsch method (1983) some feedstuffs have controversial amount of PP. For example, PP/tP
ratio in rapeseed meal is estimated to 17% (Hopkins et at., 1989; cited by Eeckhout & De Paepe
(1994)), 36% (Eeckhout & De Paepe, 1994) or 67% (Lantzsch, 1989; cited by Eeckhout & De
Paepe (1994)). The corresponding values for sunflower meal are 32%, 44% and 75%, while for
soybean meal the respective values are 43%, 53% and 56%. PP content can be predictably
determined in function of total P content as the two parameters are significantly correlated, but
only in wheat, wheat by-products, maize and maize by-products (Figure 23). However, phytase
content cannot be predicted from total P content in any of the available feedstuffs (Eeckhout &
De Paepe, 1994).
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Figure 23. Linear relationship between PP (%) and tP (%) for wheat and wheat by-product (+) and maize and
maize by-products (Eeckhout & de Pape, 1994).

Figure 24. Total P, phytate-P and phytase activity of feedstuffs with phytase activity of more than 100 units/kg
(Eeckhout & De Pape, 1994).
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Phytase activity
Eeckhout & De Paepe (1994) indicated that cereals such as rye, triticale, wheat and barley have
higher phytase activity than others. It is also remarkable how wheat by-products present
considerably higher phytase activity than any other feedstuffs (Figure 24). Maize, oats and
sorghum have no sufficient phytase activity to hydrolyze phytic acid in appreciable quantity
(Figure 25).

Figure 25. Total P, phytate-P and phytase activity of feedstuffs with phytase activity of less than 100 units/kg
(from Eeckhout & De Pape, 1994).
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A remarkable finding is the reduced phytase activity in pelleted wheat bran compared to nonpelleted one. This might be due to heat treatment during pelleting (Eeckhout & De Paepe, 1994).
Plant phytase is heat-labile and may be eliminated when diets are steam- pelleted at high
temperatures in excess of 85°C (Selle et al., 2009).
P availability
Kiarie & Nyachoti (2010) investigated the scientific literature to determine the P availability of
most feedstuffs in swine, poultry and ruminants. Their findings regarding poultry production are
presented in Figure 26.
P in maize is for 21% available to poultry. However, when maize is presented as DDGS, the
availability is about 76%. Eeckhout & De Paepe (1994) predicted a higher bioavailability of
maize when it is moist ensiled because it induces a reduction of the PP content. (Nahm, 2008)
also noticed the considerably higher P availability of corn gluten feed, because of the presence of
moisture in the steeping process prior to removal of the starch.
Wheat, wheat bran and wheat middlings have a higher P bioavailability than maize, respectively
39%, 41% and 30%, due to high intrinsic phytase activity. Nahm (2008), based on Cromwell
(1989), found a lower availability of P in maize with an average of 14% and a higher availability
in wheat (50%).
The bioavailability of P in soybean meal (SBM), the most common protein source in nonruminant diets, is low at around 20% for poultry. Interestingly, soybean hulls have a high P
availability for poultry (119%), although the relevance of this value is not large, because of the
low P content of soybean hulls. In the CVB tables, soybean hulls is associated with a digestibility
close to 75%.
Rice is the cereal which presents the lowest P availability. This is mostly of interest for poultry
farmers in Eastern Asia.
Animal protein sources present considerably higher P availabilities compared to plant stuffs. For
example, as indicated in the CVB tables, fishmeal presents a P content of 22-25g P and a
digestibility of 73%. The two main inorganic phosphate sources, dicalcium phosphate and monocalcium phosphate, present P bioavailability close to 100% for poultry.
Genetically modified low-phytate feedstuffs such as maize (Spencer et al., 2000) and soybean
meal (Sands et al., 2003) have higher P bioavailability and true digestibility values than the
conventional feedstuffs.
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Figure 26. P availability of different feed stuffs (%; Kiarie & Nyachoti (2010)).

Supplementation of inorganic forms of P
Shastak et al. (2012) compared two different sources of P in broilers: Anhydrous monosodium
phosphate and the anhydrous dibasic Ca phosphate. P retention and prececal P digestibility were
higher for monosodium phosphate than dibasic Ca phosphate.
Keshavarz (1994) compared monobasic and dibasic phosphate. Supplemental levels of dibasic
phosphate did not have an adverse effect on performance and did not affect shell quality whereas
performance was seriously impaired by a supplemental level of monobasic phosphate. However,
the levels used in the study were considerably greater than commonly used levels of P.
The common maize-soybean meal diet is known to present a low availability in P for poultry.
The various levels of P availability for feedstuffs show that poultry diets can be modulated to
include feedstuffs with a high P-availability to poultry (wheat by-products, genetically modified
corn, ethanol by-products). The incorporation of such products could reduce the P
supplementation levels and will be discussed later.
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3.1.2 Influence of Ca source, particle size and dietary level
Egg producers mostly use two sources of Ca, limestone and oyster shell (Soares, 1995). Both
forms provide Ca as Ca carbonate and contain about 38% of Ca (Saunders-Blades et al., 2009).
Effect of origin of Ca source
Most of the studies agree on the absence of effect of Ca origin (seashell, oyster shell or
limestone, regardless of particle size and Ca level) on body weight, egg-day production or egg
weight (Miller & Sunde, 1975; Guinotte & Nys, 1991; Grizzle et al., 1992; Saunders-Blades et
al., 2009). Moreover, bone parameters such as bone weight, bone-breaking strength and bone
percentage ash do not vary between the Ca sources (Cheng & Coon, 1990; Guinotte & Nys,
1991; Saunders-Blades et al., 2009). However, the effect of Ca source on eggshell quality is
controversial, even though most studies have reported no difference between particulate limestone and oyster shell (reviewed by Roland (1986); Saunders et al. (2009)).
Effect of particle size of Ca source
As for origin of Ca, particle size does not affect egg production nor body weight (Miller &
Sunde, 1975; Cheng & Coon, 1990; Guinotte & Nys, 1991; Grizzle et al., 1992; Keshavarz &
Nakajima, 1993; Saunders-Blades et al., 2009). However, most studies demonstrated a positive
effect of greater particle size on bone quality such as total or trabecular bone mineral density,
cortical area, total or cortical bone mineral content, bone weight or bone-breaking strength
(Guinotte & Nys, 1991; Rennie et al., 1997; Fleming et al., 1998). As for the origin of Ca source,
the effect of particle size on eggshell quality is controversial in the literature. Although most
studies suggest a positive effect of greater particle size of Ca in eggshell quality (Cheng & Coon,
1990; Keshavarz & Nakajima, 1993), Saunders-Blades et al. (2009) reported no difference with
regards to the particle size. This difference might be explained by the degree of oyster shell or
particulate limestone in exchange of the ground limestone diet. Saunders-Blades et al. (2009)
replaced only one third of the ground limestone by particulate Ca while the other studies
replaced two thirds to 100%. Cheng & Coon (1990) investigated the levels of daily intake of Ca
(2.0, 2.5, 3.0, 3.5, 4.0 and 4.5g) and six different sizes (average United States Screen Number 6,
8, 12, 18, 35, and 100 corresponding to sieve diameters of 3.36, 2.38, 1.68, 1.02, .50, and .1
5mm, respectively). Any of the treatment affected the egg production and egg weight. However,
the parameters related to shell quality were depressed by fine Ca source (Figure 27). Regarding
the bone parameters, the particle size does not affect the bone ash content of the bones but fine
Ca sources depressed the bone-breaking force and bone ash and organic matter concentrations
(Figure 28).
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Figure 27. Effects of source(s), size and Ca intake level (ca) on various shell quality traits (Cheng & Coon, 1990).

Figure 28. Effects of treatments on various femur parameters (Cheng & Coon, 1990).

In the experiment from Rennie et al. (1997), the use of the diet oyster shell (50% of the limestone
replaced by crushed oyster shell) did not induce a different amount of trabecular bone but
induced a higher amount of MB in the PTV and in the FTV. It also increased the level of ALP
(Figure 29).
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Figure 29. Proportions of trabecular bone and MB expressed as mean percentages and logit transformations of the
percentages, in the PTM and FTV at 68 weeks of age given different dietary treatments (Rennie et al.
1997).

In the study from Skřivan et al. (2010), two diets were used: a diet containing Ca carbonate in
fine limestone particles (diet with limestone particles <0.5mm), and a diet containing Ca
carbonate in coarse limestone particles (diet with 91% of particles larger than 0.8mm and smaller
than 2.0mm). The Ca content was constant with 38g/kg of feed. In this study, feeding the diet
containing coarse limestone particles improved shell weight by 0.2g, the shell thickness by 4µm
and the shell Ca content by 2mg/g DM. Skřivan et al. (2010) therefore determined that a larger
particle size of 0.8 to 2mm should be considered rather than fine ground limestone.
Saunders-Blades et al. (2009) compared four Ca sources (A, B, C limestone and oyster shell) and
2 particle size combinations (ground= 100% ground or mix =66% ground and 33% large
particle). They also tested in vitro solubility and stated that oyster shell has the highest in vitro
solubility. In this study, feed consumption, body weight, egg production, egg weight and egg
specific gravity did not differ among treatments (Figure 30). However, hens fed the mixed Ca
particle treatments had greater feed consumption compared to those fed 100% ground Ca source.
The mixed Ca treatments also had positive effects on tibia quality (trabecular density, trabecular
and cortical volumes, cortical mineral content, bone weight and breaking strength).
In conclusion, particulate size of Ca should be provided to the poultry diets to enhance bone
quality and probably eggshell quality.
Large particles of Ca have a lower solubility (Saunders-Blades et al., 2009) and therefore the
gizzard empties more slowly at night, resulting in better meeting of the Ca requirement in the
dark hours and a greater utilization of Ca from the Ca source (Scott et al., 1971; Mongin &
Sauveur, 1979). It is confirmed by Cheng & Coon (1990) who measured the solubility in vitro of
the Ca sources and found out that the shell quality traits and bone parameters related to solubility
provide a better fitted line than when related to particle size (Figure 31).
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Figure 30. The effects of Ca source and particle size on laying hen tibia quality at 74 wk of age (Saunders-Blades
et al., 2009).
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Figure 31. Cheng & Coon, 1990

Moreover, coarse particle of Ca maintain a higher blood level of Ca which reduces the necessity
of bone resorption to deposit Ca into the eggshell (Guinotte & Nys, 1991). In addition, Fleming
(2008) proved that the number of active osteoclasts is reduced when hens are fed particulate
limestone, reducing overall bone resorption. As a consequence, greater particle size has a
positive effect on bone-breaking strength and bone percentage ash (Guinotte & Nys, 1991).
Dietary Ca levels
As stated by Taylor (1965; cited by Selle et al. (2009)), PP can chelate to cations such as Ca and
form mineral-phytate complexes. However, the Ca-phytate complexes are insoluble and
therefore resistant to hydrolysis by phytase. This is supported also by Driver et al. (2005), who
stated that Ca and P are antagonists to each other in the gut of broiler chickens. When high
concentrations of Ca are provided, the two minerals tend to form non-soluble complexes resulting in lower P absorption (Hurwitz & Bar, 1965; Rama Rao et al., 2006). The formation of
mineral complexes between Ca and P and their effect on phytase efficiency has been extensively
reviewed by Härtel (1990).
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The role of Ca is contrasted since it has a deleterious digestive effect on P utilization by
monogastrics (Létourneau-Montminy et al., 2010) and high levels of dietary Ca are known to
decrease the availability of PP (Damron & Harms, 1965; Ballam et al., 1984; Soares, 1995; Lim
et al., 2003; Rama Rao et al., 2006; Selle & Ravindran, 2008; Nahm, 2008; Selle et al., 2009). To
give an example, Van der Klis et al. (1997) showed that increasing dietary Ca levels from 30 to
40 g.kg-1 in non-supplemented P diets reduced ileal phytate degradation from approximately
33% to 9% in laying hens. Six studies are reviewed below to determine the ideal dietary Ca level
for laying hens (Cheng & Coon, 1990; Clunies et al., 1992; Keshavarz & Nakajima, 1993;
Chandramoni et al., 1998; Lim et al., 2003; Fleming, 2008). Most of the studies consider that
3.0% Ca is too low to ensure best eggshell quality and advice at least 3.5% Ca (Table 1).
Table 1.

Ca recommendations from six publications

Author(s)

Ca levels (%)

Ca recommendations

Cheng & Coon (1990)

2.0, 2.5, 3.0, 3.5, 4.0, 4.5

3.0% is enough to ensure best shell weight, shell
specific gravity, shell thickness and bone breaking
strength

Clunies et al. (1992)

2.5, 3.5, 4.5

3.5% is recommended for the
deformation and highest shell Ca (g)

Keshavarz & Nakajima (1993)

3.5, 4.0, 4.5, 5.0, 5.5

Levels of Ca above 3.5% do not bring any
beneficial effects on eggshell quality and egg
production

Chandramoni et al. (1998)

2.6, 2.9, 3.2, 3.6, 3.9

The optimal hen performances are obtained with
3.6%

Lim et al. (2003)

3.0, 4.0

3.0% Ca decreases egg specific gravity, eggshell
strength, and eggshell thickness.

Fleming (2008)

/

The Ca level should be 3.5% diet to benefit best
eggshell quality

lowest egg

In brief, even though origin of Ca (oyster shell or limestone) has no effect on production, a larger
particle size of Ca source has positive effects because it releases Ca more slowly over night. It is
therefore expected to reduce P excretion due to a lower mobilization of bone Ca despite the lack
of studies to prove it. The dietary Ca level is very delicate to determine because it should ensure
a good eggshell quality, but it is also known that high levels reduce P availability. If we consider
the feeding of low P-diets to laying hens, the common dietary Ca level might induce lower
degradation of PP. The addition of phytase brings a new perspective because high dietary Ca
levels impair the efficacy of phytase. According to Selle & Ravindran (2007), the Ca level
should be kept to the strict minimum in phytase supplemented broilers diets. This statement can
be transposed in laying hens diets even though the level of Ca needs is much higher.
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3.1.3 Magnesium
In broilers, Magnesium (Mg) supplementation has been shown to reduce the body weight and
bone ash (Damron & Harms, 1965; Figure 32). However, as compared to high levels of dietary
Ca, Mg does not produce such a great effect on production performance. Mg reduces membrane
permeability but is not accumulated by mitochondria, as with Ca. According to McCuaig et al.
(1972), the depressive effects induced by high levels of Mg are due to the decrease in phytase
intestinal activity in chicks by binding to P.

Figure 32. Tibia ash and body weight of chicks fed diets containing two levels of P from two sources with and
without supplemental Mg (2,000 ppm; Damron & Harms, 1965).

According to Kim et al. (2013), Mg is a very important nutrient for eggshell quality and is the
second most present mineral in the eggshell (MgCO3), ranging from 0.44 to 1.88% of the weight
of the eggshell (Hossain & G. Bertechini, 1998). In laying hens, no effect of dietary Mg (1.7 to
7.7g/kg) was found on egg production, Mg content in eggshell or bone and egg weight (Atteh &
Leeson, 1983; Hossain & Bertechini, 1998). Hossain & Bertechini (1998) only found a
significant interaction between levels of Mg and aP for feed consumption and egg weight. In
aged laying hens (19 month old), bones present lower Mg concentration but similar Ca
concentration compared to younger hens (Roland et al., 1977; Figure 33). It is therefore
suspected that aged hens have higher Mg requirements than those suggested by NRC (1994) of
0.4g/kg. Kim et al. (2013) proved that supplementation of Mg (2.3, 2.6 or 3.0g/kg Mg) on aged
laying hens of 72 weeks has beneficial effects on eggshell strength.
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Figure 33. Relationship of hen age and induced Ca stress on tibia mineral content (Roland et al., 1977).

3.1.4 Isoflavones
Isoflavones are one type of phyto-oestrogens and possess an oestrogen-like activity. They act by
binding to oestrogen receptors and are known to have positive effects on cancer, osteoporosis
and plasma cholesterol. However, in hens, the effects of supplementary soy isoflavones are not
well documented. In the study of Sahin et al. (2007), soy isoflavones improved egg production,
egg quality and bone mineralization. However, this study was conducted on aged quails and
under a depressive environment (34°C). Among isoflavones, daidzei becomes increasingly
popular as a dietary supplement. A study from Shi et al. (2013) proved that total P in the blood
was affected by supplementation of daidzein and that it increased the P retention in the blood.
However, in the study of Ni et al. (2007), serum P was not affected by dietary daidzein unlike
serum Ca.
3.1.5 Aluminium
Nelson et al. (1968) already indicated that levels of aluminium (Al) have a great influence on P
bioavailability. Elliot & Edwards (1991b) confirmed this hypothesis in broilers explaining that
Al can bind with P in the intestinal tract and form insoluble AlP. This results in the reduction of
retention of P and PP. Therefore, increased levels of Al significantly reduce weight gain, feed
efficiency, and percentage bone ash.
In laying hens, egg production and feed intake are significantly lower when P not bound by Al
(PNB) is very low (0.03% and 0.18%). Egg production even ceased before the end of the
experiment in 0.03 % PNB-diet. Plasma P was also lowered when dietary Al diet was increased.
However, all the adverse effects were reversed by increasing level of P in the diet (Rossi et al.,
1990). Addition of supplemental Al of 0.3% has adverse effects on egg production and P
metabolism (Hussein et al., 1987; 1989)
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3.1.6 Zeolite
Zeolite has been proven to affect tibia bone parameters such as reduction of ash rate or P content
(Leach et al., 1990; Elliot & Edwards, 1991b; Abas et al., 2011) and to have a positive effect on
eggshell quality (Roland et al., 1985; Frost et al., 1992). Edwards (1987) also stated that addition
of 1% zeolite lowers the broilers performance when P-deficient diets are fed. Chung & Baker
(1990) reported a reduction of bone weight.
The effect of Sodium Zeolite A (SZA), the most common form of dietary Zeolite, on plasma P is
controversial. Watkins & Southern (1989) reported a depressive effect of dietary SZA on plasma
P whereas Frost et al. (1992) did not notice any effect. However, it is commonly agreed that high
dietary SZA impairs P utilization and affects P metabolism (Edwards, 1987; Chung & Baker,
1990; Leach et al., 1990; Elliot & Edwards, 1991b; Watkins & Southern, 1992). Zeolite,
however, increases Ca utilization (Chung & Baker, 1990; Elliot & Edwards, 1991b; Frost et al.,
1992), which could explain the improvement found in eggshell quality.
The large effect that zeolite has on P metabolism results from the binding of phosphate ions with
Al ions released from dietary SZA (Edwards, 1987; Chung & Baker, 1990; Frost et al., 1992;
Abas et al., 2011). Frost et al. (1992) indicated that the beneficial effect of zeolite on eggshell
quality and increased Ca absorption does not result from the increased production of 1,25(OH)2D3 as suspected.
However, surprisingly, in the study of Eleroğlu et al. (2011), plasma P, tibia weight, tibia volume
and tibia ash P were not influenced by the presence of zeolite. They concluded that there were no
synergetic or antagonist effects of zeolite with P.
3.1.7 Boron
Boron (B) is essential for bone and mineral metabolism and B deficiency influences ALP activity
(Hunt & Nielsen, 1981; cited by Dupre et al. (1994); Nielsen & Shuler, 1992) and plasma P
levels (Hunt, 1989; Hegsted et al., 1991; Nielsen & Shuler, 1992; Dupre et al., 1994). In
addition, diet supplemented with B increases the serum inorganic P levels (Hunt, 1989; Eren,
2004). However, the cause of this increase is not well known. It could be attributed to an
improvement of the absorption or a reduction of the excretion.
Moreover, live weight, egg production and feed consumption are depressed with a high
supplementation level of B (400mg/kg; Eren, 2004). Egg specific gravity and feed conversion
are not influenced by dietary B, whereas egg shell thickness increases with higher B
supplementation (10 and 200mg/kg; Eren, 2004)
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3.1.8 Organic acids
In order to reduce expensive supplemental inorganic phosphate, organic acids (OA), and especially citric acid (CA) can be added to the diet to improve P utilization in chicks (Boling, et al.,
2000; Boling-Frankenbach et al., 2001; Brenes et al., 2003), although it has deleterious effects on
weight gain and tibia ash (Boling-Frankenbach et al., 2001; Brenes et al., 2003). BolingFrankenbach et al. (2001) also indicated that supplemented CA reduces the aP requirement by
0.1% of the broiler diet.
In laying hens, addition of CA does not improve egg production or egg weight (Boling, Douglas,
Snow, et al., 2000; Sari et al., 2012) and reduces feed efficiency (Boling et al., 2000; Nezhad et
al., 2007). Unlike in broilers and unlike phytase supplementation, additional CA does not
improve P utilization (Boling et al., 2000; Nezhad et al., 2007; Sari et al., 2012). Nezhad et al.
(2007) suggested that the absence of effect of CA on P utilization might result from the much
higher dietary Ca levels (3.8%) of laying hens, compared to chicks. According to Erdman
(1979), phytate binds to Ca and CA, a strong chelator of Ca, removes Ca or decreases Ca binding
to the phytate molecule making it less stable and more susceptible to endogenous phytase
(Boling et al., 2000; Boling, Douglas, Snow, et al., 2000). The hypothesis is that the high dietary
Ca level in the laying hen diet (3,8% compared to 1% in chicks) results in the binding of the CA
non-phytate Ca. As a result, there is still ample Ca available for binding to phytate, and the CA is
not available to bind to the Ca in the Ca-phytate complex (Boling, Douglas, Snow, et al., 2000).
Addition of CA is sometimes considered as a solution to lower the pH in the gizzard and
therefore facilitate the absorption of Ca and P because microbial phytase is more active at low
pH (2.5 or 5.5; Brenes et al., 2003). When CA is supplemented in association with phytase, the
response to phytase should be, in theory, enhanced. However, in the experiment from Brenes et
al. (2003), growth response to phytase was negatively affected by CA. Moreover, according to
(Boling, Webel, et al., 2000), as CA is an organic acid metabolized in the body, it is not expected
to greatly affect gut pH. They also state that the findings concerning the effect of dietary CA on
gastrointestinal tract pH are inconsistent. The only positive effect of CA on hen performance is
the additional increase of egg production when hens are fed a phytase-supplemented diet
combined with CA (Sari et al., 2012).
3.1.9 High Available Phosphorus corn
High Available Phosphorus (HAP) mutation on corn was developed by USDA scientists. This
mutation, in turn, was bred into a hybrid by Pioneer, using the low phytic acid 1-1 (1pal-1) allele
of the corn LPA1 gene (Snow et al., 2003).
The HAP corn has low levels of PP (38%) compared to normal corn (68%; Eeckhout & De
Paepe, 1994). Therefore, using HAP corn could help nutritionists to reduce the addition of
expensive inorganic P.
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Ceylan et al. (2003) measured egg production, feed consumption, eggshell percentage and
mineral retention and excretion of hens fed two different diets (HAP corn and not HAP corn with
five levels of nPP: (0.40, 0.35, 0.30, 0.25, 0.20% + phytase). Hens fed HAP corn show the same
performances than hens fed normal corn and higher levels of PP. Use of HAP reduced Ca
utilization but this was overcome by phytase utilization. It is probably because HAP components
can bind to Ca and reduce its digestibility. Waldroup et al. (2000) showed advantages in growth
performance, tibia ash, P retention and P excretion for HAP corn in chicks, benefiting from the
higher content of available P. Huff et al. (1998) demonstrated that diCa phosphate
supplementation can be reduced by at least 24% in broiler diets when HAP corn is used without
affecting chick performance or health. Finally, Snow et al. (2003) fed hens with diets containing
HAP corn, normal yellow dent corn (0.1% P) and a positive control (0.45% P). The results show
that the HAP-diet shows similar egg production and egg mass than the positive control although
body weight and feed intake were impaired. They concluded that hens can be fed HAP cornsoybean meal diets containing little P supplementation without adversely affecting the
production performance.
3.1.10 Corn Distiller’s Dried Grain with Solubles
Distiller’s dried grains with soluble is a by-product of ethanol production where DDGS is
obtained from the dry milling process of maize, using fermentation with the yeast
Saccharomyces cerevisiae (Deniz, Gezen, et al., 2013).
CDDGS contain low levels of PP and appreciable amounts of phytase activity, 21% and 385
FTU/kg, respectively, compared to 68% and 15 FTU/kg, for normal corn. The fermentation
process that distiller's grains undergo seems to increase the P availability probably as a result of
partial phytate hydrolysis (Eeckhout & De Paepe, 1994). The bioavailability of DDGS is 54%
(NRC, 1994) but Amezcua et al. (2003) found the bioavailability to be ranging from 69 to 102%
in chicks. Although most of the studies demonstrate a reduction of P digestibility when feed is
heat treated (Jongbloed & Kemme, 1990; Schlemmer et al., 2001; Blaabjerg et al., 2010),
Amezcua et al. (2003) report higher P bioavailability of DDGS when they are autoclaved
compared to when they are not, 87 and 75%, respectively.
Deniz et al. (2013) fed hens with diets containing five inclusion levels of CDDGS as 0 (basal
diet), 5%, 10%, 15% or 20%. Feeding until 15% of CDDGS does not affect performance
parameters (egg-day production, egg weight or feed intake) or egg quality parameters (thickness
and shell strength). As inclusion rate of CDDGS increased, addition of diCa phosphate
decreased, leading to an overall reduction of diet cost. The inclusion rate of 15% without
comprising performance was also confirmed by Roberson et al. (2005). Wamsley et al. (2013)
reported that an increasing inclusion rate of 16% in chicks did not negatively affect production
performance. It was also found that the use of CDDGS decreases the total P present in the
poultry manure (Deniz, Gezen, et al., 2013). However, it is not relevant to suggest standard
inclusion rate of CDDGS in a diet because its digestibility is dependent on the way of processing
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and on the variability of protein digestibility. The use of CDDGS is still controversial and a
precise recommendation cannot be provided.
3.1.11 Vitamin D3
Most of the work done on effects of inclusion of vitamin D3 metabolites has been with broiler
chickens, where it has been proven to have beneficial effects on PP retention and feed efficiency
(Roberson & Edwards, 1994), body weight and bone ash (Mitchell & Edwards, 1996) and tibial
dyschondroplasia (Edwards et al., 1992; Roberson & Edwards, 1994). Mohammed et al. (1991)
also highlighted that high cholecalciferol levels can have an influence on the utilization and
retention of PP in broilers. See also Nahm (2008) for further explanations on broilers.
As explained in the part about P regulation, vitamin D3, and especially its active metabolite form
the 1,25-(OH)2D3, has a major influence on P metabolism. In brief, 1,25-(OH)2D3 can make PP
more available to poultry. However, in laying hens, the use of 1,25-(OH)2D3 does not result in
such positive effects compared to broilers. In the study from Koksal et al. (2012), the addition of
0.06% 1,25-(OH)2D3 into the diet did not result in a significant difference in production
performance. Bilal et al. (2010) found no difference in serum Ca, serum inorganic P and ALP
activity between hens fed phytase supplemented diets and hens fed phytase and 1,25-(OH)2D3
(400U/kg) supplemented diets. Carlos & Edwards (1998) showed that the addition of 5µg/kg of
vitamin D3 numerically improved the body weight, the bone ash and the PP retention of hens, but
without significant difference. Also no effect on egg weight or egg production was noticed in this
study. In contrast to these findings, in their first experiment, Frost & Roland (1990) showed that
inclusion of any of the vitamin D3 metabolites used (lα-(OH) D3 or 1,25-(OH)2D3) at any of the
five dietary levels (0, 0.75, 1.50, 3.00 and 4.50 µg/kg feed) did affect eggshell quality or
production criteria.
In their second experiment, Frost & Roland (1990) showed that 1,25-(OH)2D3 increased
percentage of shell, shell weight, egg breaking strength, egg production, feed consumption, and
egg weight when 0 ICU D3/kg of vitamin D3 was fed, but it had no effect at higher levels of
vitamin D3. Tibia weight and tibia breaking strength were also increased by adding 1,25(OH)2D3 to the diet. They concluded that laying hens metabolize enough 1,25-(OH)2D3 from
dietary vitamin D3 to sustain shell quality but not to maintain bone quality. Finally, Bolukbasi et
al. (2005) discovered that supplementation of vitamin D3 (3000 U/kg) significantly increased the
level of Ca in the eggshell, proving that vitamin D3 improves Ca deposition by increasing Ca
absorption. It also increases P deposition in the eggshell but only in case of low-Ca diets (0 and
1%).
Keshavarz (2003) compared the effect of two sources of vitamin D3 (1,25-(OH)2D3 and 25-OHD3), which were provided at a level of 2,760IU/kg. the substitution of 1,25-(OH)2D3 by 25-OHD3did not produce any effect on egg shell quality or production performance.
It can be concluded that among the different components of poultry diets discussed above, OA,
daidzein, Vitamin D3 and B do not have significant effects on P metabolism, except for B on P
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retention. It is surprising that dietary supplementation of vitamin D3 does not improve production
performances or P retention, but this finding can be explained by a sufficient endogenous amount
of vitamin D3. Mg, SZA and Al show significant depressive effects as a result of a binding to P,
which renders it less available. However, dietary Mg is found to be low compared to the real
needs in aged hens. Finally, only HAP corn and CDDGS present positive results on P and can be
used to reduce supplemental inorganic P without adversely affecting production performances.
Phytase supplementation will be discussed later in this study.
3.2

Effect of age

Effects of dietary P on laying hens performance have been extensively studied over the last
decades (Keshavarz & Nakajima, 1993; Gordon & Roland, 1997; Carlos & Edwards, 1998;
Boling, Douglas, Johnson, et al., 2000; Keshavarz, 2000; Boorman & Gunaratne, 2001; Bar et
al., 2002; Sohail & Roland, 2002; Marounek et al., 2008; Skřivan, Englmaierová, et al., 2010;
Lei et al., 2011; Ahmadi & Rodehutscord, 2012). Most of these papers deal with hens in first
cycle production (21-70 wk of age), however, only a few study the effects of age on P
metabolism and P requirements (Carlos & Edwards, 1998; Boling, Douglas, Johnson, et al.,
2000; Bar et al., 2002; Sohail & Roland, 2002; Snow et al., 2004) and only two focus on P
requirements of hens older than 70wk (Bar et al., 2002; Snow et al., 2004).
3.2.1 Physical aspects as affected by age
Number of eggs laid per day is significantly lower in aged hens than in young hens (Garlich et
al., 1982; Izat et al., 1984; Bar et al., 1988, 1999). Bar et al. (1988) indicated a greater decline
along a clutch in the aged than in the young hens regarding shell density (30/39 compared to
82/91wk old hens). It is well documented that egg weight and body weight increase along the
reproduction period (Garlich et al., 1982; Bar & Hurwitz, 1987; Bar et al., 1999; Kim et al.,
2005). However, shell quality as defined by shell thickness, percentage shell or shell density
among the studies is significantly altered by age (Abe et al., 1982; Garlich et al., 1982; Izat et al.,
1984; Bar & Hurwitz, 1987; Bar et al., 1988, 1999). Reduced shell density generally results in an
increase in broken eggs along with age (Bar & Hurwitz, 1987; Bar et al., 1988). Kim et al.
(2005) found no influence of age on bone parameters such as bone volume, fresh weight, ash
concentration or bone breaking strength in neither tibia nor femur.
3.2.2 Physiological aspects as affected by age
Abe et al. (1976) suggested that the reduction of shell density along the production period might
be due to a defect in vitamin D metabolism. However, Bar & Hurwitz (1987) showed that the
production of 1,25(OH)2D3 by the kidney and its concentration in the plasma were similar in
young hens (30wk) and aged hens (82wk) in normal Ca diet (3.6% Ca). They also indicate that
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intestine and ESG calbindin, a vitamin D dependent protein, are similar in both groups. These
results are confirmed by Yosefi et al. (2003) and extended to 117 wk-old hens. They concluded
that vitamin D metabolism is constant among layers regardless of age when hens are fed with
normal Ca diets (3.6% Ca).
The only physiological difference regarding age found in the study from Bar & Hurwitz (1987)
is the adaptive capacity to respond to Ca deficiency (1.9% and 1.4% Ca). As stated earlier,
1,25(OH)2D3 regulatory mechanism is responsible for the increase in Ca absorption in response
to Ca deficiency. Bar & Hurwitz (1987) observed a change in 1,25(OH)2D3 production in
response to a Ca deficiency in young hens but not in older ones (Figure 34). As a consequence,
although young and old hens have similar vitamin D metabolism, old hens lose their capacity to
respond properly to Ca deficiency. As during a production cycle, hens are often subjected to Ca
deficiency, such as at the end of the day, it results in reduced Ca deposition in shell and impaired
eggshell quality, especially in hens older than 70wk.

Figure 34. Plasma Ca, kidney 1-hydroxylase, plasma 1,25(OH)2D3 and bone ash as influenced by age and dietary
Ca (Bar & Hurwitz, 1987).

Shell thickness decreases in old hens, in spite of their greater bone reservoir of Ca (Garlich et al.,
1984). In addition, Bar et al. (1999) indicated that when young hens face severe Ca deficiency, it
results in the production of eggs with reduced shell density. Older hens respond by stopping to
lay or, for some, by correcting partially and for a short period shell thickness. This Ca
homeostatic mechanism is not vitamin D dependent, but most likely PTH dependent.
3.2.3 P requirements and phytase supplementation as affected by age
Boling et al. (2000) evaluated the effects of dietary P and supplemental phytase in a long term
experiment (50 wk) in young hens (starting at 20 wk of age) and in old hens (70 to 76 wk of
age). Young and old hens were fed various dietary P (0.1, 0.15, 0.2, 0.25, 0.45% aP) during the
entire. The young hens showed signs of impaired egg production from the 8th week when fed
unsupplemented diet (0.1% aP), whereas old hens demonstrated a reduced egg production
already from the 3rd week when fed unsupplemented diet (0.1% aP). These results show that
older hens are more sensitive to dietary P deficiency than hens early in their production cycle.
This lower adaptive capacity to P deficient diets in old hens was confirmed by Sohail and Roland
(2003). In their study, they fed 21-wk-old hens and 47-wk-old hens with four levels of dietary P
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(0.1, 0.2, 0.3, 0.4% nPP). The effect of a P-deficient diet (0.1% nPP) on the rate of egg
production in older hens was much faster compared with egg production in younger hens. Sohail
& Roland (2003) proposed two explanations to this phenomenon. First, the ability of hens to
utilize PP might decline with age. Secondly, aged hens might have more depleted P bone content
which reduces the bone capacity to respond by resorption to P deficiency.
The first hypothesis had already been tested by Scheideler and Sell (1987; cited by Carlos &
Edwards (1998)), Ravindran et al. (1995; cited by Marounek et al. (2008)), Carlos & Edwards
(1998) and Marounek et al. (2008). Ravindran et al. (1995) and Marounek et al. (2008)
concluded that older birds hydrolyse PP more efficiently than younger ones because more
endogenous phytase is present in the gastrointestinal tract of older birds. However, Scheideler &
Sell (1987) and Carlos & Edwards (1998) indicated that older hens have a reduced utilization of
PP. The controversy of this subject does not allow any certain conclusion and further
investigation needs to be considered.
However, the second hypothesis has been denied by several studies (Gordon & Roland, 1997;
Keshavarz, 2000; Snow et al., 2004; Kim et al., 2005) who indicated that mineral bone content is
not altered by P-deficient diets. Snow et al. (2004) concluded that P depletion is not ocurring as a
result of aP treatments or at increasing age using a fixed Ca level.
A third hypothesis could be a less efficient Ca absorption in aged than in young hens inducing an
increased binding of Ca to P and, as a result, a reduced P availability. Unfortunately, there is not
enough available information to deny or confirm this hypothesis.
Carlos & Edwards (1998) investigated the effects of supplemental 1,25(OH)2D3 and phytase on
24 wk old hens and 56 wk old hens. Both young and old laying hens are able to utilize large
amounts of PP when 600 FTU/kg phytase and, to a lesser extent, 5ug/kg 1,25(OH)2D3 are added.
The only difference between both groups of hens was the PP retention. In young hens, PP
retention increased from 43 to 63 or 76.6 when phytase or a combination of phytase with
1,25(OH)2D3 was added. However, in the old hens, the magnitude of increase was higher (0.70 to
64.8). The PP retention of hens fed a diet without supplemental phytase or 1,25(OH)2D3 is much
higher in young hens than in older hens. The reason of this result is still unknown but it was also
confirmed by Scheideler & Sell (1995) and by Marounek et al. (2008).
Bar et al. (2002) investigated the Ca and P requirements of aged laying hens of 57, 66, 80 and 92
weeks of age. They found out that the Ca requirements of aged hens are slightly higher than the
NRC recommendations of 3.25g/day. They recommend more than 3.6g/d after 57 weeks of age
to sustain normal hen performances. They also state that a better eggshell quality can be obtained
when aged hens are fed 5.5g/d during a period of 10 to 12 weeks. They agree with previous
findings that 2.0 to 2.3g/kg aP (1.0g/kg of added Pi) is sufficient for young hens to maintain hen
performance when dietary Ca varies between 32.5 to 40g/kg. However, they advise to increase to
4.5g/kg aP (1.0g/kg added Pi) for hens older than 57 weeks. As they recommend dietary Ca to be
higher than the normal range applied in poultry, they also state that the dietary P must be
increased by 0.6g/d to compensate for it. But this increase can be avoided by use of supplemental
phytase.
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Snow et al. (2004) studied the effect of 7 dietary treatments (0.10, 0.12, 0.14, 0.16, 0.18, 0.20,
and 0.45% aP) on hens aged from 21 to 108wk of age. In this study, at 64wk of age, hens were
subjected to a 10d-fast and then fed two different molt-recovering diets. The nutritionally-molt
recovery diet contained 16% CP, 2% Ca, and 0.45% aP while the corn molt recovery diet
contained 8.5% CP, 0.02% Ca, and 0.08% aP. After the feeding of the molt recovery diets, the
hens were returned to the same aP level that had been fed from 21 to 63 wk of age, and they
remained on these dietary treatments until 108 wk of age. The results of the study are graphically
presented in Figure 35.

Figure 35. Hen-day egg production from hens fed different aP levels from 21 to 108 wk of age (Snow et al., 2004).

In the first cycle, from 21 to 64wk, only hens fed 0.18 or 0.20% aP had similar egg production
than 0.45% treatment from 21 to 63 wk of age. However, P excretion was significantly lower
than the 0.45% treatment. The authors therefore recommend approximately 0.18% aP or 198mg
aP/hen per day in this laying period. In the second cycle, from 77 to 108wk of age, significant
reductions in hen-day egg production, egg mass, and feed efficiency occurred when hens were
fed all aP treatments compared with 0.45% aP. It can therefore been concluded that laying hens
can be fed low aP diets (0.18% AP) during the first-cycle period without compromising hen
performance and survivability during and immediately following the induced molt period. In the
second cycle, although 0.18% and 0.20% AP diets could maintain similar egg production than
0.45% aP until the last 12 weeks, all the P treatments failed to sustain egg production until the
end of the production cycle. As a conclusion, aP requirement was higher in the second cycle than
in the first cycle and the second cycle requirement was in excess of the 0.20% aP treatment.
Snow et al. (2004) therefore recommend further research to determine precise P requirements of
post-molted hens. (Pelicia et al., 2009) indicated that 0.25% aP is sufficient to sustain egg
performance and quality of post-molted hens. Very recently, Khalaji et al. (2013) investigated
the aP requirements of post-molted hens by using the broken-line. The hens were kept from
85wk-old to 102wk old. In their study a 0.21% aP diet could not support egg production during
the second cycle but hens fed 0.3% aP diet had similar production performances than hens fed
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0.47% aP diet. In their study, the P requirement of aged hens varies according to the performance
criteria chosen. As a result, the minimum aP requirement for aged laying hens ranges from 1.7 to
2.4g/kg of diet and aP requirement for maximizing egg production and egg mass is 2.8g/kg of
feed.
Even though its main topic was the comparison of two different housing systems and not the
effect of age, the work from (Neijat et al., 2011) can be used to study the age effect. In their
study, Ca and P dynamics were analyzed from 19 to 63 week of age. The results concerning the
P balance over the laying period are available in Figure 36. The graph shows a lower P balance
as the age advances.

Figure 36. Effect of age (period) on P-balance (%) in laying hens (Neijat et al., 2011).
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Table 2.

Review of studies comparing hens of different ages

Author(s)

Age hens (weeks)

Main conclusions

Bar et al., 2002

57, 66, 80 and 92

For aged hens, Ca requirement for best shell quality are
higher than NRC recommendations (3.25g/d). Dietary P
content needs to be at least 4.5g/kg to maintain hen
performance. However, increased dietary Ca induces higher
needs regarding dietary P (use of phytase to compensate).

Boling et al., 2001

18 compared to 76

Aged hens are more sensitive to P deficiency as they show
signs of impaired performances earlier than young hens (diet
with 0.1% P). However, this can be compensated by a diet
with 0.45% aP or by supplemental phytase.

Carlos and Edwards, 1998

24 compared to 56

In both experiments, phytase had a positive effect on BW
and increased plasma dialyzable P, tibia bone ash, and PP
retention. PP retention increased from 43% to 63 or 77%
when phytase or combination phytase with 1,25-(OH)2D3
was added. With the older hens, the magnitude of increase
was higher (0.70 to 65%). Phytase, and to a lesser extent
1,25-(OH)2D3, can be used to increase the utilization of PP
by laying hens.

Khalaji et al., 2013

From 85 to 102

The minimum aP requirement for aged laying hens ranges
from 1.7 to 2.4g/kg of diet and aP requirement for
maximizing egg production and egg mass is 2.8g/kg of feed.

Marounek et al., 2008

20 compared to 47

Older hens hydrolyse phytate more efficiently than young
hens. The P retention was significantly higher in younger
hens, presumably due to a higher P requirement for bone
mineralization in young birds.

Pelicia et al., 2009

90 to 108 weeks

The lowest avP level fed (0.25%) is sufficient to maintain the
performance and the egg quality of semi-heavy commercial
layers after molting

Sohail & Roland, 2000

21 compared to 47

The effect of a P-deficient diet (0.1% nPP) on the rate of egg
production in older hens was much faster compared with egg
production in younger hens.

Snow et al., 2004

From 21 to 108

The authors therefore recommend approximately 0.18% AP
or 198mg aP/hen per day in this laying period. aP
requirement was higher in the second cycle than in the first
cycle and the second cycle requirement was in excess of the
0.20% aP treatment.

Molting
Molting is sometimes used to extend laying hen performance. Molting induced by fasting is the
most applied method although it has depressive consequences on bone strength and indirectly
animal welfare. Two other molting methods have been reviewed by Berry & Brake (1984) who
compared fasting with high zinc diet and low sodium diet. Fasting and high zinc treatments
produced a cessation of egg production within five days after the initiation of treatment. Egg
production was reduced but did not cease in the low sodium treatment. The fasting treatment
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resulted in the greatest degree of body and organ weight loss, while these effects were the least in
the low sodium treatment.
In general, duodenal Ca uptake, shell weight, shell thickness and egg production increase
immediately after an induced molt before declining during the subsequent period (Garlich et al.,
1982; Al-batshan et al., 1994). However, bone characteristics, such as bone mineral content,
need more time to come back to its previous level (Al-batshan et al., 1994). In the study of
Mazzuco & Hester (2005), induced molt was detrimental to skeletal integrity with a depressing
effect on the BMD. Hen humerus never recovered after the molt and tibia BMD recovered late,
only when the hen showed reduced rate of egg production (Figure 37).

Figure 37. BMD measured in live hens subjected to a molt between 76 and 80 wk of age as compared with nonmolted control hens (Mazzuco & Hester, 2005).

These results confirmed the findings of Garlich et al. (1984) who also showed that feed-removal
molt decreased femur weight and density in laying hens. Bone density and relation with molt was
studied in the paper of Kim et al. (2007). They investigated the effects of different molting
treatments: pre-trial control (PC), fully fed (FF), Fed Withdrawal, 90% alfalfa:10% layer ration
(A90), 80% alfalfa:20% layer ration (A80), and 70% alfalfa:30% layer ration (A70) in 80wk-old
hens. Obviously, the hens fed the 100% layer ration (FF) had significant higher feed, energy,
protein, Ca, and P intakes compared with the other groups (Figure 38).
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Figure 38. Feed, energy, total protein, Ca and P intakes of hens fed different diets during a 9-d molt period (Kim et
al., 2007).

Gregory & Wilkins (1996) reported no broken bones in hens younger than 25 weeks, but with
increasing age, they found a gradual rise of fresh broken bones and old breaks. The latter can be
explained by observations of Wilson et al. (1992), who indicated that trabecular bone volume
decreased between 25 and 60 weeks old hens.
Aged hens and in particular post-molted hens show depressed production performances (egg
production, egg quality and bone quality) compared to young hens. The latter can be explained
by the fact that older hens lose their capacity to respond properly to mineral deficiencies. In
conclusion, the P requirements of aged hens (>70wk) are higher than first cycle hens and range
from 0.20 to 0.25 % aP. P requirements of young hens will be discussed in chapter 3.
3.3

Effect of housing

The effects of different housing systems, and especially outdoor systems, have been extensively
studied on hen performance (Hughes et al., 1985; Mench et al., 1986; Abrahamsson & Tauson,
1995; Vits et al., 2005), on egg quality (Hughes et al., 1985; Mench et al., 1986; Duncan et al.,
1992; Wall et al., 2002; Van Den Brand et al., 2004), on skeletal integrity (Nørgaard-Nielsen,
1990; Duncan et al., 1992; Hughes et al., 1993; Abrahamsson & Tauson, 1995; Jendral et al.,
2008) and on behavioural aspects (Mench et al., 1986; Nørgaard-Nielsen, 1990; Duncan et al.,
1992).
According to Vits et al. (2005), furnished cages, in order to meet the demand of the EU directive
1999/74/EG, need to provide 750 cm2 of floor space per hen, perches, a nest box, a dust bath and
devices to shorten the nails. However, all studies do not compare conventional cages as defined
in the EU regulation. Some might deal with only aspects of it (presence of perches, higher cage
density) or completely different systems (deep litter, outdoor free range system). The results are
therefore to be taken into consideration very carefully.

Schothorst Feed Research B.V.

55

3.3.1 Effect on production performance
Egg production
Egg production was found to be comparable in aviary housing systems (tiered wire floors and
litter) and battery cages (Abrahamsson & Tauson, 1995). However, Hughes et al. (1985)
indicated that hens placed in free-range groups (38 birds per cage) presented higher egg
production than birds in conventional cages. This result is confirmed by Mench et al. (1986),
who found higher egg production in hens housed in floor pens (25 birds per cage, same density
than single-bird cages) or single-bird cages (1/1394cm²) than in low density cages (2/2788cm²)
or high density cages (2/1394cm²). Feed efficiency or egg weight did not vary among systems.
Van Den Brand et al. (2004) compared hens housed in outdoor free range system and battery
cages. From hatching until 11 weeks of age, all birds were housed in two-deck breeder cages. At
11 weeks of age, hens were randomly assigned to one of two housing systems. As outdoorhoused birds matured later than the other group, they had delayed first oviposition (21wk
compared to 18wk). Egg weight and production were therefore lower at the start of the laying
period in free range hens but they reached the same levels at the end of the reproductive period.
Although free-range birds presented a faster increase in egg production as age was advancing,
there was finally no difference between both groups in terms of egg production.
Eggshell quality
Duncan et al. (1992) reported a higher proportion of cracked eggs from hens housed in cages
with perches. Hens were observed laying on top of the perches. The “perch-effect” was also
reported by Vits et al. (2005) and Wall et al. (2002). Nevertheless, in other studies, hens housed
in conventional cages presented more cracked eggs than in a free-range group (Hughes et al.,
1985). It is supported by the lower eggshell strength found in eggs from cage-group hens
compared to range-group hens (Mench et al., 1986; Hughes et al., 1993). The latter is in
accordance with the findings of Van Den Brand et al. (2004), who found that in conventional
cages, hens show a declining eggshell thickness over the reproductive period whereas, in outdoor
systems, the eggshell quality remains constant.
Bone parameters
Hens in aviary systems showed stronger tibia and humerus compared to battery cages
(Abrahamsson & Tauson, 1995). According to Duncan et al. (1992), perches improved the tibiabreaking strength, whereas Hughes et al. (1993) did not find any difference in bone strength.
However, Hughes et al. (1993) reported a more severe osteoporosis development in hens without
access to perches and found a correlation between trabecular bone volume and time spent on the
perches. Humerus and tibia strength were lower in battery cages than in deep-litter hens
(Nørgaard-Nielsen, 1990).
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Behavioural parameters
Perches reduce feather damage (Duncan et al., 1992). Increased cage density has no effect on
fear-related response. Activity such as head movement or tonic immobility is not affected by
cage density (Lee & Moss, 1995). The latter is not confirmed by Mench et al. (1986) who
suggests that birds in pens have more locomotion and show more activity by using nest boxes.
3.3.2 Comparison between conventional cages (CC) and enriched cages (EC)
Only three studies compared current furnished cages to former conventional cages (Wall et al.,
2002; Vits et al., 2005; Jendral et al., 2008). In the study from Wall et al. (2002), hens housed in
conventional cages presented a lower percentage of broken eggs than eggs from furnished cages.
As stated earlier, this difference comes from the design itself of the cages. Vits et al. (2005)
reported stronger eggshells from hens housed in furnished cages than in conventional cages.
These results indicate that increase in broken eggs in furnished cages results from the presence of
perches.
Moreover, bone strength, bone mineral density, bone mass, cortical bone mass and area were
significantly greater in furnished cages than in conventional cages -same diets were fed to hens
in both systems- (Vits et al., 2005; Jendral et al., 2008). In addition, Vits et al. (2005) indicated
that the high standards of conventional cages for production and egg quality were met in
furnished cages.
3.3.3 P metabolism as affected by housing system
Already in 1961, Singsen et al. suggested an alteration of P requirements according to the type of
housing. However, since that time, P requirements as affected by housing have only been studied
by Sohail et al. (2001) and Neijat et al. (2011).
Sohail et al. (2001) investigated the effect of cage density on P requirements of laying hens.
Hens were housed at three cage densities (300, 400 and 600cm² per hen) corresponding to four,
three and two hens per cage and fed four nPP levels (0.15, 0.25, 0.35 and 0.40%). Cage density
had a linear and quadratic effect on feed consumption. Reduction of hens from four to three hens
per cage resulted in an increase of 4g/hen/d of feed consumption. Further reduction of cage
density did not affect feed consumption. The most substantial effect in this study is the egg
production. The nPP levels and cage density have significant interactions. Increase of cage
density from two to four hens per cage had a much greater adverse effect on egg production at
0.15 and 0.25% NPP than at 0.35 and 0.40% nPP which means that a low dietary P might be
sufficient to sustain egg production at low density but not at high bird density (Figure 39). Cage
density had no influence on egg weight and almost no effect on egg specific gravity. The authors
concluded that cage density influences the P requirement (g/kg) of modern hens.

Schothorst Feed Research B.V.

57

Table 3.

nPP levels, cage density, feed intake, mg nPP/day and hen day production of laying hens (Sohail et al.,
2001).

nPP level (%)

Cage
density

FI (average)

mg
nPP/d
(average)

Hen
production
(average)

0.15

2/cage

99

148.5

75.1

0.15

3/cage

101

151.5

73.4

0.15

4/cage

97

145.5

65.5

0.25

2/cage

99

247.5

80.1

0.25

3/cage

101

252.5

78.0

0.25

4/cage

97

242.5

74.7

0.35

2/cage

99

346.5

81.7

0.35

3/cage

101

353.5

79.6

0.35

4/cage

97

339.5

78.4

0.4

2/cage

99

396

80.3

0.4

3/cage

101

404.0

78.5

0.4

4/cage

97

388.0

75.7

day
(%)

On average over the experiment period, the feed intake does not vary linearly as cage density
increases (Table 3). Even with very similar daily nPP intake among the cage density treatments,
there is a strong variation of the hen day production. The reduction of hen day production is
more important in hens fed 0.15% nPP than in hens fed higher amounts of nPP. As a conclusion,
the hens housed in the 2/cage system have a better P utilization than hens housed in 4/cage
systems.

Figure 39. Egg production in function of the percentage of nPP in the diet and the cage density (Sohail et al.,
2001).
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Neijat et al. (2011) compared the Ca and P dynamics in hens housed in enriched or conventional
cages. The hens were fed Ca levels of 4.2, 4.3 and 4.4% and available P levels of 0.45, 0.43 and
0.41%, respectively for phase 1 (19-42wk), phase 2 (43-54wk) and phase 3 (55-63wk). Egg
production and egg weight did not differ between the two systems. Hens housed in conventional
cages deposit more Ca into the eggshell and into the manure which results in higher Ca balance.
Birds kept in conventional cages tended to excrete larger amounts of Ca, mobilized more Ca
from bone resorption and therefore P as well which leaded to a decrease in P retention. The
reduction in P excretion in EC-housed hens corroborates this finding. However, the overall mean
P balance is similar between the two groups. The higher Ca balance and the reduction of Ca and
P in the manure indicated improved BMD and bone strength for hens housed in enriched cages.
The latter agrees with the findings of Vits et al. (2005) and Jendral et al. (2008). Neijat et al.
(2011) found out that the Ca intake was higher in CC, which also agreed with Mench et al.
(1986). In fact, as expressed in % of Ca intake, both systems are similar which indicates higher
efficiency of Ca utilization in EC. As a conclusion, the authors suggested a better utilization of
Ca and P in hens housed in non-cage housing systems.
In brief, it is widely accepted that new housing systems have improved hen welfare. It is
comforting that most studies show comparable or even higher performances with animal welfarefriendly systems (egg production, eggshell quality). Regarding P, cage density is known to
increase P requirements of hens. Finally, enriched cages show a better utilization of Ca and P
through lower Ca and P excretion and higher Ca balance.

3.4

Heat stress

In terms of climate effect on P requirements, P retention by birds exposed to heat stress is
reduced coupled with increased urinary P excretion (Belay et al., 1992). Usayran et al. (2001)
demonstrated that high temperature depressed the plasma inorganic phosphate levels. During
heat stress, the hen will mobilize more Ca from its medullary leg bone which means more P in
circulation in the blood and an adverse effect on the shell formation (Leeson & Summers, 1991).
However, according to Persia et al. (2003), heat stress did not adversely affect performance
levels except in the case of low-P diets. Sahin et al. (2007) also stated that heat stressed hens
showed a reduction in feed intake and resulting in a reduced egg production and egg quality.

Schothorst Feed Research B.V.

59

3.5

Health status

3.5.1 Fatty liver syndrome
Harms et al. (1985) reported that plasma P was significantly higher for old hens with FLS
compared to the normal young hens. The authors also found that the old non-laying hens have
higher plasma P levels than those that were not laying. The results are in accordance with those
from Miles et al. (1982) who indicated that high levels of plasma P found in their study (between
5.98 and 7.56mg/100mL) compared to the literature are the result of the FLS of the hens.
However, the mechanisms behind this increase of plasma P and the effect on the P requirements
are not explained yet.
3.5.2 Osteoporosis
Osteoporosis in laying hens is defined as a decrease in the amount of fully mineralized structural
bone, leading to increased fragility and susceptibility to fracture. It contrasts with another cause
of bone mineral loss, osteomalacia, in which defective mineralization of bone tissue occurs, with
thick seams of a poorly mineralized organic matrix. Both conditions will lead to poor quality
bone, but osteomalacia is primarily associated with nutritional deficiencies of Ca, P, or vitamin
D, whereas osteoporosis is a more complex problem (Whitehead & Fleming, 2000).
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4

P requirements

4.1

Expression of P availability

As the papers of this review come from all over the world, there is no consensus on how to
express P availability. Even though it is not recommended to use nPP and aP levels interchangeably, we will consider in this review that nPP and aP are basically the same. In this
review, all the P levels extracted from the scientific publications are confronted to the feed intake
level and therefore expressed in mg aP/day/hen in the summarizing tables.
Available P (aP) is that part of dietary total P that, at marginal level of P supply, can be utilized
to cover the P requirement of the animal. Availability describes the potential of a diet or a raw
material. This definition of aP is different from previous interpretations that were linked to the
binding form of P or to a certain approach of determination. The NRC (1984, 1994) for example
considered only non-phytate P available to poultry, and used the terms available P and nonphytate P interchangeably. The system used in Germany also ignores the fact that phytate P is
available to a certain extent and implies that non-phytate P has an availability of 70 %,
irrespective of its origin In the French system, the term aP refers to the proportion of P retained
in the animal’s body compared to a highly available reference source, assumed to have a
biological value of 100 (monoCa phosphate).Bone mineralisation parameters (% tibia or toe ash)
were used as response criteria in the French system. The system that is in use in The Netherlands
is based on quantitative measurements of retainable P.
Total P (tP) comprises all P contained in a feed as chemically analysed, irrespective of the
binding form.
Phytate P (PP) is all the P contained as phytic acid (myo-inositol-1,2,3,4,5,6-hexakis dihydrogen
phosphate, InsP6) and its salts.
Non-phytate P (nPP) is the difference between analysed tP and analysed PP. The nPP fraction is
composed of different organic and inorganic compounds. The composition of the nPP fraction
varies between feedstuffs. This implies that the availability of nPP for animals is not constant.
For this reason, and because a variable proportion of PP also can be utilised by birds, it is not
appropriate to use the terms aP and nPP interchangeably.
Retainable P (rP) is that proportion of dietary total P that is deposited in the body of an animal.
The determination of rP needs animal studies with quantitative determination of P intake and P
in excreta (faeces plus urine). Alternatively, rP can be determined by using an indigestible
marker.
Relative bioavailability of P uses responses in bone data (ash content, breaking strength, etc.) or
other biological data (e.g. body weight gain, blood inorganic P concentration). Responses to a
certain P source are compared with the response to a standard reference P source (review from
(Rodehutscord, 2012).
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4.2

P requirements of first-cycle hens

4.2.1 P recommendations (NRC, industry)
The 1994 NRC recommendation of P intake for laying hens was (250mg nPP/day) already
considerably lower than 10 years before (350mg/day; NRC, 1984; NRC, 1994). In addition,
Ceylan et al. (2003) also stated that recommendations from breeding companies are even higher.
For instance, Hy-Line International recommends 380mg P/day per hen. However, recent studies
reported that P requirements of modern hens are lower than what is usually recommended
(Punna & Roland, 1999; Keshavarz, 2000; Snow et al., 2004; Skřivan, Englmaierová, et al.,
2010; Lei et al., 2011; Ahmadi & Rodehutscord, 2012). As nutritional requirements depend upon
animal genetics and system design, only recent studies (2000s) are considered in this part.
4.2.2 P recommendations (literature)
Although the exact requirements of P are not clear yet, because of interfering parameters such as
oviposition time (Kebreab et al., 2009), levels of Ca (Van der Klis et al., 1997; Rama Rao et al.,
2006), age (Bar et al., 2002; Snow et al., 2004; Pelicia et al., 2009) or housing (Sohail et al.,
2001; Neijat et al., 2011), many recent studies have been trying to precisely determine the P
needs of laying hens.
First of all, nutritionists have to be aware that the P requirement of laying hens varies for
different performance criteria. For instance, Sohail & Roland (2002) stated that 0.3% aP diet was
not sufficient to maintain eggshell specific gravity, although it was sufficient to maintain bone
quality compared to the 0.4% aP diet. Also, feeding 0.15% aP diet did not adversely affect egg
production or egg weight but it was not sufficient to maximize the bone quality of hens
compared to 0.3% aP diet.
In some studies, the use of low-P diets did not induce depressive effects on production
performance (0.175% aP; (Musapuor et al., 2006), 0.15%; (Boling, Douglas, Johnson, et al.,
2000), 0.16% (Boorman & Gunaratne, 2001)). However, Lei et al. (2011) showed that a
reduction from 0.26% aP diet to 0.14% aP diet resulted in decreased feed intake, egg production,
bone quality and increased mortality although no change in egg shell quality was noticed. Liu et
al. (2007) showed that a reduction from 0.28 to 0.15% aP in a hen diet significantly depressed
egg production and eggshell quality. Punna & Roland (1999) reported reduced feed intake, egg
production, bone mineral density and increased mortality in hens fed 0.1% aP diet. However, it is
commonly recognized that low-P diets have several advantages. First, Snow et al. (2004) and
Rama Rao et al. (2006) observed a reduced P excretion by feeding diets lower in P, respectively
from 0.45% aP to 0.16% aP and from 0.45% aP to 0.3% aP. More surprisingly, Lim et al. (2003)
showed that reducing nPP levels from 0.25% to 0.15% resulted in an improvement of egg
specific gravity and eggshell thickness.
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Table 4.

nPP or aP (%), mg aP/kg feed, feed intake (g/day) and mg aP/day of 10 studies

Author(s)
Sohail & Roland (2002)
Musapuor et al. (2006)

nPP or aP
(%)

mg aP/kg feed

Feed intake
(g/day)

mg aP/day

0.3

3

84

252

0.4

4

82

328

0.175

1.75

96.3

168.5

Boling et al. (2000)

0.15

1,5

114

171

Boorman & Gunaratne (2001)

0.16

1,6

105

168

Lei et al. (2007)

0.26

2.6

117.7

306

0.14

1.4

1112.4

157

0.28

2.8

97.4

272.7

0.15

1.5

94.1

141.1

0.1

1.0

76.2

76.2

0.45

4.5

109

490

0.16

1.6

106

170

0.45

4.5

63.2

284

0.3

3.0

55.8

167

0.25

2.5

111

277

0.15

1.5

110

165

Liu et al. (2007)
Punna & Roland (1999)
Snow et al. (2004)
Rama Rao et al. (2006)
Lim et al. (2003)

The most recent study specifically dedicated to precisely determine the P requirements of
modern laying hens by dose-response was performed by Snow et al. (2004). Their results
indicate that first-cycle hens require approximately 0.18% or 198mg aP/hen per day.
Finally, Ahmadi & Rodehutscord (2012) confronted by linear modelling the results of 12
equivalent studies in terms of diet (90% corn + SBM, 3,6 to 3.7% of Ca) and age (first cyclehens, aged from 36 to 72 weeks; Table 5). This study constitutes the most updated and reliable
assessment of the P requirements in modern laying hens. Analysis of the model revealed that
diets containing 0.22% nPP resulted in high performance with regards to egg production, egg
mass, and feed efficiency.
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Table 5:

Description of data used in the meta-analysis (Ahmadi & Rodehutscord, 2012)
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4.2.3 Phytase supplementation
The role and efficiency of phytase on P, Ca Zn, amino acids and energy has been largely
discussed in pigs and poultry diets (Kornegay, 2001). This author explained that Ca and P have a
high capacity to bind to phytic acid and to form unavailable phytate complexes. The utilization
of PP by monogastrics requires that phytate is hydrolyzed to inositol and phosphate (Ballam et
al., 1984). This is accomplished with phytase (myoinositol hexaphosphate phosphohydrolase).
Phytase is a special type of phosphatase that catalyzes the stepwise removal of inorganic
orthophosphate from phytate (Nelson, 1976).
Low-P diets (0.1-0.15% aP)
However, compared to broilers, phytase supplementation in diets for laying hens has been the
subject of fewer publications. The use of microbial phytase in laying hens diets has been
reviewed by Selle & Ravindran (2007). In layers, the authors confronted 14 studies including
(Gordon & Roland, 1997; Carlos & Edwards, 1998; Boling, Douglas, Johnson, et al., 2000;
Keshavarz, 2000; Jalal & Scheideler, 2001; Ceylan et al., 2003; Francesch et al., 2005) whose
characteristics and main conclusions are presented in Table 6. As a consequence, only studies
published after 2007 are considered in this part with some referencing to the review of Selle &
Ravindran (2007).
Nine studies not discussed in the review of Selle & Ravindran (2007) will be discussed below
and their Material & Methods are presented in Table 7.
According to Wu et al. (2006), the inclusion of phytase in a P-deficient diet (0.11% nPP)
restored levels of egg production and egg mass to levels similar to hens fed the control diet
(0.38% NPP). It is generally agreed that P-deficient diets result in lower production performance
and that phytase supplementation can reverse the performance. The low-P diets presented in this
part vary from 0.1 to 0.15% nPP.
In this situation, studies agree that feed intake is improved by the use of phytase (Rama Rao et
al., 1999; Punna & Roland, 1999; Jalal & Scheideler, 2001; Musapuor et al., 2006; Wu et al.,
2006; Lei et al., 2011). Supplemental phytase also increases weight gain (Van der Klis et al.,
1997; Sari et al., 2012).
Most studies also show that egg production is increased by phytase inclusion in low-P diets (Van
der Klis et al., 1997; Rama Rao et al., 1999; Punna & Roland, 1999; Keshavarz, 2000; Lim et al.,
2003; Wu et al., 2006; Sari et al., 2012). However, Jalal & Scheideler (2001) did not find any
significant influence of supplemental phytase on egg production of hens fed 0.25, 0.15 or 0.10%
aP-diets, confirmed by Musapuor et al. (2006) using diets of 0.175 or 0.25g/kg aP.
The same trend was observed in egg weight, which is generally increased by the use of phytase
in low-P diets (Van der Klis et al., 1997; Rama Rao et al., 1999; Punna & Roland, 1999; Wu et
al., 2006). Nevertheless, Jalal & Scheideler (2001) found an improvement of phytase on egg
mass but no significant difference on egg weight confirmed by Musapuor et al. (2006).
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Table 6.

Summary of phytase supplementation of diets for laying hens (Selle & Ravindran, 2009)
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Table 7.

Material & Methods of comparable studies regarding use of phytase supplementation

Author (s)

Age of hens
(wk)

aP levels
(% aP or nPP)
0.33

Deniz et al., 2013

Sari et al., 2012

Lei et al., 2011

Liu et al., 2007

Wu et al., 2006

116

383

300

117

135

0.36

0/300

138

497

0.39

0/300

141

550

72

23

56

23

5.9/6.3
0

105.8

116

500

112.6

155

0.26

0

117.7

306

0.14

0

112.4

157

0.14

5000

117

0.28

0

97.4

0.15

0

94.1

0.15

300

0.11

19

141

3.3

147
168.5

0.25

97.7

244.25

0.26

0

92.8

241

0.26

300

91.5

238

0.11

0

84.2

92.6

0.11

300

91.5

100.6

21

3.4/3.3

272.7

96.3

2.3 / 3.3

111

277

110

165

0/300
0.15

Punna & Roland, 1999

98

3.8

164

0/500/
1000

30

21

Ca level
(%)

3.9

0.25
Lim et al., 2003

mg aP/day

0

0.175
Musapuor et al., 2006

Feed
intake
(g/day)

64
0.115

Tahmasbi et al., 2012

Phytase
level
(FTU/kg)

3.8/4.9

3.0/4.0

0.1

0

69.1

69.1

0.1

300

83.4

83.4

0.2

0

83.7

167.4

0.2

300

83.6

167.2

0.3

0

85.7

257.1

0.3

300

79.8

239.4

0.4

0

82.5

330

0.4

300

83.2

332

4.0

Supplemental phytase also improves absorption and retention of P in low-P diets (Van der Klis et
al., 1997; Lim et al., 2003; Musapuor et al., 2006; Wu et al., 2006). Phytase inclusion improves
plasma P (Sari et al., 2012). As well as for P, Ca absorption and retention is increased by
addition of phytase in the diet (Gordon & Roland, 1997; Van der Klis et al., 1997; Lim et al.,
2003; Wu et al., 2006).
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The most interesting finding regarding phytase benefits concerns the reduction of fecal P in
manure. Excretion of P has been proven to be reduced with inclusion of phytase in the diets
compared to higher aP-diets (Deniz et al., 2013; Lim et al., 2003). For instance, Wu et al. (2006)
showed a decrease of 56% of P excretion when hens fed low-P diets is supplemented with
phytase and Boling et al. (2000) discovered that excretion is reduced by 50% without having
depressive effects on performances when changing from a 0.45% P diet to a 0.1%+phytase diet.
Egg quality is very controversial and mostly depends on the amount of Ca included in the basal
diet. According to several studies, eggshell quality is not influenced by supplementary phytase
(Boling, Douglas, Johnson, et al., 2000; Lim et al., 2003; Francesch et al., 2005; Musapuor et al.,
2006; Lei et al., 2011; Deniz et al., 2013), whereas Gordon and Roland (1998) reported that
phytase supplementation in diets with low nPP (0.1%) improved egg specific gravity which is
confirmed by Liu et al. (2007) with hens fed 0.15% P diet. Lim et al. (2003) also reported
superior eggshell quality through a reduced number of broken eggs due to phytase inclusion. In
addition, according to Liu et al (2007) phytase improved eggshell thickness but not eggshell
hardness which is supported by Um & Paik (1999). High eggshell thickness is not always
resulting in eggshell hardness.
It is commonly admitted that there is an improvement in bone quality when phytase is added to
diets containing between 0.10 and 0.15% nPP (Carlos & Edwards, 1998; Punna & Roland, 1999;
Boling, Douglas, Johnson, et al., 2000). Musapuor et al. (2006) also showed an increase in bone
P content because of phytase supplementation. Addition of phytase improves tibial
mineralization in hens in late lay given available Ca and P diets (Deniz et al., 2013) and phytase
restores the impaired bone quality of hens fed P-deficient diet (Lei et al., 2011).
Phytate increases endogenous releases of amino acids and phytase improves energy digestibility
in laying hens (Cowieson et al., 2004; Francesch et al., 2005; Liu et al., 2007). Van der Klis and
Versteegh (1991) indicated that phytase supplementation improved the ileal absorption of
nitrogen. Agbede et al. (2009) denied the latter because they did not find any significant effect of
phytase on AA digestibility. Snow et al. (2003) showed that phytase depressed the digestibility
of 17 amino acids by 2.3%. However, when the diet included meat-and-bone meal or wheat
middlings, phytase increased average amino acid digestibility by , 3.1% and 3.7%, respectively.
High P-diets (>0.20% aP)
As stated by Selle & Ravindran (2007), the effect of phytase supplementation is directly
influenced by the dietary levels of non-PP. For instance, Hughes et al. (2008) found that the
addition of phytase to a diet with 0.15% nPP significantly increased total egg production but had
no effect when a diet with 0.25% nPP was fed. This is also supported by Punna & Roland (1999)
who observed that phytase restored all deficiency symptoms in hens consuming 0.1% aP but
showed no influence on hens fed aP levels >0.2%. Snow et al. (2003) reported that phytase
supplementation of diets with 0.25% nPP did not affect hen performance. Lastly, in the study
from Tahmasbi et al. (2012) who used phytase supplementation on diets containing more than
0.36% aP, no effect was observed on egg production, shell thickness or broken eggs, eggshell
specific gravity, tibia bone weight or tibia P content.
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When using phytase, supplementary inorganic P can be reduced without adversely affecting the
hen performances. In addition, providing phytase to a P-deficient diet can reduce P excretion in
manure and therefore the environmental impact of poultry production. It is thus recommended by
most studies to feed hens with low P-diets ranging from 0.1 to 0.15% available P supplemented
by 300 or 500FTU/kg (Gordon & Roland, 1997; Carlos & Edwards, 1998; Punna & Roland,
1999; Boling, Douglas, Johnson, et al., 2000; Lim et al., 2003; Wu et al., 2006; Liu et al., 2007;
Lei et al., 2011; Deniz, Gezen, et al., 2013). Ahmadi & Rodehutscord (2012) delivered a more
precise recommendation of laying hens P requirements when supplemental phytase is added to
the diet. They recommend a diet containing 0.22%, 0.18%, 0.15% or 0.14% nPP when the
phytase level is, respectively, 0, 150, 300 or 400 FTU/kg feed.
The low P-diets (0.10-0.15% aP) have depressive effects on hen performance such as egg
production or egg quality. However, the effects are reversed by use of supplemental phytase
(300-500FTU/kg). Phytase has been proven to have no effect when hens are fed high P-diets
(>0.20%). Finally, literature recommends levels of 0.16 to 0.20% aP to sustain egg production or
egg quality and levels of 0.10 to 0.15% aP when phytase is added to the diets. The last
remarkable finding is that supplemental phytase can reduce the P excretion of hens fed low Pdiets (0.15% aP) compared to high P-diets (>0.45% aP) without phytase.
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5

Conclusion

Age and housing are two crucial parameters of the system which have significant effects on
laying hens P utilization and requirement. For hens aged from 20 to 70 weeks, the P requirements are well documented and poultry scientists generally agree on 0.16 to 0.20% aP in the diet.
When hens get older, studies show depressed performances, especially egg production and
eggshell quality. Unfortunately, in the literature, only physiological changes regarding Ca are
explained but not regarding P. As hens get older, they lose their capacity to respond to Ca
deficiency. As a consequence, when Ca is lacking at the end of the day, the old hens have
reduced stimulation of Ca absorption and mobilization from the bone. The Ca utilization seems
to be the limiting factor compared to P of good technical results in old hens. However, even
though the P utilization as affected by age has not been studied so far, researchers have
highlighted that current dietary P levels are insufficient when hens get older and advice to feed
hens with diets containing between 0.2 and 0.25% aP.
The effects of new housing systems are controversial in the literature. The enriched cages and
non-cage systems present improved bone quality, egg production and eggshell strength.
However, the presence of perches results in an increase of broken eggs. In general, the
alternative housing systems induce a better P and Ca utilization with reduced P excretion, which
might lower the P-requirements.
P utilization can be optimized by feeding poultry closer to their requirement. For example, the
use of particulate forms of Ca and the reduction of dietary P in the afternoon are ways to reduce
the excess of P in the diet. P utilization can also be improved by feeding hens with enzymes or
feed additives. Phytase is the most efficient feed additive to improve availability of P. Finally,
HAP corn and CDDGS are examples of ingredients which can be added to the diet to reduce the
use of inorganic P because they contain less PP compared to other plant ingredients.
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6

Summary

Phosphorus is an important nutrient for laying hens, e.g. for bone development and egg
formation, but also plays an important role in environmental contamination. Research on the
phosphorus requirement of laying hens is dated. Schothorst Feed Research and Wageningen
Livestock Research, therefore, started a research project to determine the phosphorus requirements of modern laying hens. The research was subsidised by the Dutch Ministry of Economic
Affairs and the Dutch Product Board for Poultry and Eggs. The outcome of the literature study
will be described below. The results of a related animal experiment will follow later.
The modern laying hen with a high egg number and laying persistency probably has a different
phosphorus requirement than birds from 20 to 30 years ago. Besides, laying hens housed in noncage housing systems have a better bone development. It might be that P supply by feed can be
lowered without negative effects on bone quality and production performance. Determination of
the P-requirement, -utilisation, and -excretion is important to support the lump phosphorus
excretion and to reduce the phosphorus supply by the feed.
Importance of phosphorus for the laying hen
Laying hens will use the phosphorus (supplied by the feed) e.g. for bone development and egg
formation. The use of phosphorus is closely related with the calcium metabolism of the birds.
Calcium binds to phosphorus and will be in this form deposited in bone. As soon as calcium is
mobilised from the bone for egg shell formation, phosphorus will be come available either.1 Only
a small amount of phosphorus will be deposited during egg shell formation. The other part is
excreted by the laying hens almost immediately.
Factors affecting the phosphorus requirement
A majority of the P present in cereal grains and seeds is bound to phytate. Poultry does not have
enzymes in the gastro-intestinal tract to hydrolyze the phytate. Therefore, the phytate bound
phosphorus has a low availability. To improve availability, the enzyme phytase is often added to
the feed. Furthermore, inorganic phosphorus from minerals can be added to the feed to satisfy
the requirement of the birds.
The phosphorus requirement differs for different (production) criteria. The phosphorus
requirement for optimal laying rate and egg weight is lower compared to high bone quality, and
this is lower than for high egg shell quality. However, age of the birds affects phosphorus
requirement and production performance. Aged laying hens have a lower egg production and
often a poorer egg shell quality. Poor egg shell quality is often ascribed to a reduced calcium
absorption from the intestine and bones. Utilisation of calcium seems to be the limiting factor for

1

Formation of the egg shell will be around 18 hours, of which 8 hours will be during the dark period and laying
hens will not eat during this period. Therefore, calcium from the feed is not available during the total dark period. As
a result, calcium mobilisation from the bone will take during the last part of the dark period.
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egg shell quality and not the utilisation of phosphorus. However, effect of age on phosphorus
utilisation is not studied well yet. Several researchers argue that the current recommendations for
phosphorus level in feed are too low for aged laying hens.
Since 2012, laying hens have to be housed in systems were they can express more natural
behaviours like walking and foraging. Studies on the effect of housing system on production
performance and bone strength are difficult to compare, because use of different systems
(enriched cages, floor housing, aviary, with and without outdoor) and because of differences in
floor space per hen. However, the general tendency is that laying hens housed in non-cage
systems lay more high quality eggs. Besides, bone strength of these birds is improved. The role
of phosphorus in the improved production and egg shell quality is not clear yet. Only two studies
were performed to test the phosphorus requirement in (enriched) cages with different floor space
per hen. Laying hens housed at a lower density had a higher feed intake and as a consequence a
higher phosphorus intake, suggesting that phosphorus level in feed can be reduced when birds
are housed at a lower density. Laying hens in enriched cages with a comparable density as in
battery cages did not have a better production performance, but did have a better bone strength
and a lower excretion of calcium and phosphorus in manure. Utilisation of calcium and
phosphorus seems to be improved in laying hens housed in enriched cages.
Effects of diseases on phosphorus requirement is unknown. A bird that is ill will reduce feed
intake resulting in a lower phosphorus intake. Egg production will drop or even stop, reducing
the phosphorus requirement. It is only known that birds with fatty liver syndrome, with a normal
feed intake, have an increased phosphorus blood level, being higher in aged birds than young
birds with fatty liver syndrome.
Conclusion
Age and housing system probably are twee important factors in the phosphorus requirement and
utilisation of laying hens. On the one hand, aged laying hens have a less active bone metabolism
to utilise calcium and phosphorus well. On the other hand, egg production will decrease in aged
birds, thereby reducing the requirement for phosphorus. Laying hens housed in non-cage systems
seem to have an improved phosphorus utilisation and perhaps a lower phosphorus requirement.
The performed animal experiment has to prove the effect of age and breed on phosphorus
requirement and utilisation of the modern laying hen housed in an aviary system.
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The experiment
The current knowledge on phosphorus requirement and utilisation is based on dated results from
circa 20 to 30 years ago and were determined in laying hens housed in battery cages until 60
weeks of age. To determine the requirement and utilisation of the modern laying hen in a noncage system an experiment was performed with LSL Classic and Dekalb White birds. Birds are
housed in the layer facility of Schothorst Feed Research containing 36 aviary pens, with 330
birds per pen. The experiment consists of six dietary treatments differing in phosphorus level.
Production performance are followed from 36 to 90 weeks of age. Furthermore, phosphorus level
in manure, eggs and carcasses is determined at several moments to clarify the phosphorus
deposition and excretion. Results are expected in the course of 2014.
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Samenvatting

Fosfor is een belangrijke voedingsstof voor leghennen, onder andere voor botontwikkeling en
eivorming, maar speelt ook een grote rol bij milieubelasting. Onderzoek naar de fosforbehoefte
van leghennen is gedateerd. Schothorst Feed Research en Wageningen Livestock Research zijn
daarom om een onderzoek gestart naar de fosforbehoefte van de huidige leghennen. Het onderzoek in mogelijk gemaakt met subsidie van het ministerie van EL&I en Productschap Pluimvee en
Eieren. De uitkomst van de literatuurstudie zal hieronder worden toegelicht. De resultaten van
het bijbehorende dierexperiment zullen later volgen.
De moderne leghen met een hoge productie en goede legpersistentie heeft waarschijnlijk een
andere fosforbehoefte dan de hennen van 20 à 30 jaar geleden. Daarnaast hebben leghennen in
alternatieve huisvestingssystemen een betere botontwikkeling, waardoor ze mogelijk toe kunnen
met een lagere fosforvoorziening via het voer. Vaststellen van de fosforbehoefte, -benutting en uitscheiding is noodzakelijk ter onderbouwing van de forfaitaire fosfaatuitscheiding en om de
fosforvoorziening verantwoord te kunnen verlagen.
Belang van fosfor voor de hen
Leghennen nemen fosfor op via het voer en gebruiken dit vervolgens voor onder meer botontwikkeling en eivorming. Het gebruik van fosfor is nauw verbonden met het calciummetabolisme van leghennen. Calcium bindt aan fosfor en wordt in deze vorm opgeslagen in de botten.
Zodra het calcium uit de botten nodig is voor vorming van de eischaal wordt dit vrijgemaakt en
hiermee komt ook fosfor weer vrij.2 Slechts een klein deel van de fosfor wordt gebruikt en
vastgelegd bij de eischaalvorming. De rest van de fosfor scheiden de leghennen vrijwel direct uit.
Factoren van invloed op de fosforbehoefte
Het grootste deel van fosfor in granen en zaden is gebonden aan fytaat. Pluimvee heeft geen
enzymen in het maag-darmkanaal om dit fytaat af te breken. Hierdoor komt het aan fytaat
gebonden fosfor niet beschikbaar. Om de fosfor beschikbaar te maken wordt veelal het enzym
fytase toegevoegd aan het voer. Daarnaast wordt vaak niet-plantaardige fosfor uit mineralen aan
het voer toegevoegd om aan de behoefte van de leghennen te voldoen.
De fosforbehoefte is verschillend voor verschillende (productie)criteria. De fosforbehoefte voor
een goed legpercentage en eigewicht is lager dan voor een goede botkwaliteit, en deze is weer
lager dan voor een goede schaalkwaliteit. Echter, de leeftijd van de leghennen beïnvloedt de
fosforbehoefte en de productieprestaties. Oude leghennen hebben een lagere eiproductie en vaak
een slechtere eischaalkwaliteit. De slechtere schaalkwaliteit wordt veelal toegeschreven aan de
verminderde calciumopname vanuit de darm en de botten. De benutting van calcium lijkt dan

2

Vorming van de eischaal duurt ongeveer 18 uur, waarvan 8 uur tijdens de donkerperiode waarin de leghennen geen
voer opnemen. Hierdoor hebben de hennen niet de gehele donkerperiode beschikking over calcium uit het voer.
Calciumopname vindt gedurende de donkerperiode dan ook deels plaats vanuit de botten.
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ook eerder de beperkende factor voor schaalkwaliteit dan de benutting van fosfor. Echter, het
effect van leeftijd op de fosforbenutting is nog niet in kaart gebracht. Verschillende onderzoekers
stellen dat de huidige adviezen voor het fosforgehalte in het voer te laag zijn voor oude
leghennen.
Sinds 2012 moeten leghennen in huisvestingssystemen gehouden worden, waarin ze meer
bewegingsvrijheid hebben en actiever zijn. Studies naar het effect van huisvesting op productieprestaties en botsterkte zijn echter lastig te vergelijken, omdat er verschillende systemen zijn
(verrijkte kooien, scharrel, volière, met of zonder uitloop) met veelal een verschillende
bezettingsdichtheid. Toch is de algemene trend dat leghennen gehouden in alternatieve systemen
meer eieren leggen van betere kwaliteit. Ook de botsterkte van deze hennen is beter. In hoeverre
fosfor een rol speelt bij de betere productie en eischaalkwaliteit is niet duidelijk. Slechts in twee
studies is gekeken naar de fosforbehoefte in (verrijkte) kooien met verschillende bezettingsdichtheid. Leghennen gehouden bij een lagere bezettingsdichtheid hadden een hogere voeropname en hierdoor ook een hogere fosforopname, waardoor hennen bij een lagere bezettingsgraad toe zouden kunnen met een lager fosforgehalte in het voer. Leghennen in verrijkte kooien
met een vergelijkbare bezettingsdichtheid als in batterijkooien hadden geen betere productieprestaties, maar wel een betere botsterkte en een lagere uitscheiding van calcium en fosfor in de
mest. De benutting van calcium en fosfor lijkt dan ook beter bij leghennen gehouden in verrijkte
kooien.
Het effect van bepaalde ziekten op fosforbehoefte is niet duidelijk. Een zieke hen zal minder eten
en hierdoor zal ook de fosforopname om laag gaan. Eiproductie zal ook omlaag gaan of zelfs
stoppen, waardoor de fosforbehoefte afneemt. Alleen van leghennen met leververvetting, waarbij
de voeropname niet is aangepast, is bekend dat ze een hoger fosforgehalte in het bloed hebben.
Dit is tevens hoger bij oude leghennen met leververvetting dan bij jonge hennen.
Conclusie
Leeftijd en huisvesting zijn waarschijnlijk twee belangrijke factoren in de fosforbehoefte en
-benutting van leghennen. Oudere hennen hebben enerzijds een minder actief botmetabolisme
om calcium en fosfor goed te benutten. Anderzijds is bij een dalende productie minder fosfor
voor vorming van eieren nodig. Leghennen gehouden in alternatieve systemen lijken echter een
betere fosforbenutting te hebben en hebben hierdoor wellicht een lagere fosforbehoefte. Het in
dit kader uitgevoerde experiment moet uitwijzen wat het effect van leeftijd en ras is op de
fosforbehoefte en –benutting van de moderne leghen in een volièresysteem.
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Het experiment
De basisgegevens over de fosforbehoefte en –benutting zijn gebaseerd op gegevens van circa 20
à 30 jaar geleden en zijn vastgesteld bij leghennen gehuisvest in batterijkooien tot 60 weken
leeftijd. Om de behoefte en benutting van de moderne leghen in een alternatieve huisvesting vast
te stellen is een experiment opgezet met LSL Classic en Dekalb White leghennen. De hennen
zijn gehuisvest in de leghennenfaciliteit van Schothorst Feed Research bestaande uit 36
volièrehokken. In elk hok zijn 330 hennen opgezet. Het experiment bestaat uit zes
voerbehandelingen die verschillen in fosforgehalte. De productieprestaties van de leghennen
worden van 36 tot 90 weken leeftijd vastgelegd. Daarnaast wordt op verschillende momenten het
fosforgehalte bepaald in mest, eieren en karkas om hiermee de vastlegging en uitscheiding van
fosfor in kaart te brengen. Resultaten worden in de loop van 2014 verwacht.
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