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ABSTRACT
1. The amount of calcium and phosphorus in the empty, feather-free bodies of Cobb 700 breed males 
and females was measured from hatch to 15 weeks of age.
2. A four-phase ad libitum feeding programme was used to feed 400 chicks of each sex. Feeds 
contained commercial levels of calcium and phosphorus which met or exceeded the requirements 
for energy, protein and amino acids. All birds were weighed weekly. Ten birds per sex were sampled 
at 0, 7, 14, 28, 42, 56, 70, 84 and 105 d of age. Defeathered birds were minced, freeze-dried and then 
analysed for protein, ash, calcium and phosphorus content.
3. Amounts of Ca in males and females at 105 d averaged 54 and 37 g, respectively, and 105 d P 
content in males and females averaged 35 and 27 g, respectively. The allometry of ash, Ca and P with 
empty, feather-free body protein was assessed. Ash was isometric with body protein, while an 
allometric exponent greater than 1 was established for Ca and P with body protein.
4. The allometric models and means for Ca and P relative to body protein were compared with models 
and means found in the literature. Comparison of the Ca/protein ratios with previous data suggested 
that modern broilers may not reach their potential bone mineral deposition with current dietary 
guidelines, even when growth rates were maximised.
5. Theoretical allometric relationships between Ca and P in bone and bone-free body and body 
protein have now been proposed. The allometric relationship between Ca and P and empty, feather- 
free body protein offers a suitable way to model the growth of these minerals in the broiler body.
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Introduction

Recommendations for calcium (Ca) and phosphorus (P) in 
broiler feeds may be used in least-cost feed formulation for 
birds at different ages. However, these have limited use to the 
nutritionist who seeks to maximise financial performance, 
limit environmental impacts and promote broiler welfare. 
Different feeding strategies are needed as economic conditions 
and production objectives change. Furthermore, interactions 
between Ca and P, as well as additives such as phytase, may 
affect the ability of birds to use the minerals present in feed 
(Reis et al. 2023). Diet composition affects the efficacy of 
phytase. For example, Ca levels in feed will affect the amount 
of available P released (Amerah et al. 2014; Sommerfeld et al.  
2018) and increasing levels of non-phytate P (nPP) may reduce 
phytate P (PP) degradation (Shastak et al. 2014). The following 
paper proposes that nutritionists use an alternative approach 
that predicts broiler responses to Ca and P and is integrated 
with an established broiler growth model (EFG Software 2019).

Modelling broiler nutrition applies the factorial method 
(WPSA 1985). This is an approach that seeks first to establish 
the amounts of the nutrient that are required for potential 
growth and maintenance (Salisbury et al. 2021). Once these 
are known, the capacity of the formulated feed to meet 
requirements can be assessed. This requires a prediction of 
feed intake, which should be based on the theory regarding 
how the animal attempts to reach its ideal state within the 
constraints imposed by its environment and feed (Emmans  

1981). Furthermore, an understanding of the availability of 
the Ca and P in the feed is needed. This may require a model 
of minerals available from a complete feed, rather than the 
combination of digestible minerals from individual feed 
components (Reis et al. 2023). The diet may then be opti
mised to achieve the production objectives (Gous and Berhe  
2006).

The growth of protein, fat and water in the broiler’s body 
is well understood and can be modelled accurately when feed 
composition is known (Emmans 1981; Emmans and Fisher  
1986; Gous et al. 1999). However, this is not the case for Ca 
and P. The composition of body ash during growth has 
seldom been reported for broilers (Caldas et al. 2019; 
Dieckmann 2004; Hurwitz and Plavnik 1986). The 
Gompertz equation is appropriate for describing the poten
tial growth of each chemical component from hatching to 
maturity (Emmans 2022), i.e. when conditions (feed, envir
onment, health) do not limit performance. Feather-free- 
body protein (FFBP), water, fat and ash share a common 
rate of maturing with empty, feather-free body (EFFB). 
Hence, it has been established that the chemical components 
of EFFB can be calculated from body protein, using allome
try (Emmans 2022). If the allometric exponent (b) is 1, then 
an isometric relationship exists between the two variables (i. 
e. directly proportional to one another). If b > 1, the ratio 
between W and FFBP will increase over time and if b < 1, this 
ratio will decrease.
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While ash has been shown to be isometric with FFBP 
under ideal conditions (Gous et al. 1999), the composition 
of EFFB ash during growth has seldom been reported for 
broilers (Dieckmann 2004; Hurwitz and Plavnik 1986). The 
changes in body Ca and P must be established from hatch to 
a body weight close to maturity if the Gompertz parameters 
are to be estimated and allometric relationships tested. 
Caldas et al. (2019) reported BW (including feathers, after 
6 h of feed deprivation), water, body protein, fat, ash, Ca and 
P up to 60 d of age. Gompertz curves were fitted to the data, 
but allometry between chemical components was not inves
tigated. The rates of maturing in terms of protein, Ca and 
P were the same in this study, suggesting that allometry 
might be established. This appeared to be the longest dura
tion study published since Hurwitz and Plavnik (1986), 
which ran for 70 d of age. Neither of these approached full 
maturity in broilers.

If birds are to be fed precisely to meet their requirements, 
it is necessary to measure the potential accumulation of Ca 
and P in the broiler body. Relationships between feather-free 
body protein, which have been established for other chemical 
and physical components (Gous et al. 2019b), allow the 
potential growth of Ca and P in bone and soft tissue to be 
modelled directly. The possible allocation of Ca and P into 
bone and soft tissue as subsets of total body content have yet 
to be explored.

The following paper describes a study in which Ca and 
P allocation were measured. Ash samples used in the study 
were from a more comprehensive evaluation of the Cobb 700 
genotype, described in Gous et al. (2024). Unlike other 
strains currently used in commercial production, this strain 
has not been previously assessed to establish its potential 
growth parameters.

Materials and methods

One-day-old male and female Cobb 700 broiler chicks were 
housed in floor pens in an environmentally controlled room, 
with fresh pine shavings added to used litter as bedding. Each 
pen was provided with an appropriate number of nipple 
drinkers and hanging feeders with a commercial-style feed 
pan. Upon arrival, the entire population of 1000 chicks was 
group weighed and counted to obtain a mean weight for each 
sex. Twenty chicks of each sex were then randomly selected 
and weighed as a group to confirm that their weight fell 
within 2% of the calculated amount based on the population 
mean. A total of 400 chicks were selected for each sex (800 
birds in total) and were assigned randomly to one of 20 
replicate pens. Each pen measured 1.22 × 1.52 m, providing 
0.093 m2 per bird. The trial continued for 15 weeks. Broilers 
had free access to water and feed. Light was continuous for 
the first 24 h after placement, and a 16 h daylength was used 
for the remainder of the trial (16 L:8D) as this has been 
shown to reduce mortality, produce stronger bones, improve 
FCR, whilst enabling broilers to grow as rapidly as those on 
longer photoperiods (Lewis et al. 2009a, 2009b). A four- 
phase feeding programme was used (1 to 14, 15 to 28, 29 to 
35 and 36 to 112 d of age). The experimental feeds were 
formulated to contain a constant amount of energy (13.0 MJ 
AMEn/kg) and meet or exceed the nutritional requirements 
suggested by the EFG broiler growth model (EFG Software  
2019) for males with a potential mature body protein weight 

of 1.6 kg and a rate of maturing of 0.038/d. The composition 
of the experimental feeds is given in Table 1.

After weekly weighings, 10 birds per sex were selected 
from randomly predetermined pens to be individually 
weighed and used for processing and body composition 
analysis on all weeks except weeks 9, 11, 13, and 14. The 
selection process included five pens from each sex, with 
two birds being randomly selected from each pen to give 
a total of 10 birds per sex for each sampling period. The 
groups used for sampling was alternated throughout the 
trial to minimise effects of stocking density. Selected 
birds were moved into separate pens and feed was with
drawn approximately 8 h before processing the 
following day. Sampled birds, at 1, 7, 14, 21, 28, 35, 42, 
56, 70, 84 and 105 d of age, were weighed just prior to 
slaughter and again after bleeding. All feathers were 
removed, after which feather-free body weight and the 
total weight of feathers was measured.

Each bird, without feathers, was ground using a meat grinder 
(#32 Big Bite, LEM, Chester, OH, U.S.A.). The samples were 
passed through the grinder three times to ensure adequate size 
reduction and mixing, after which a 100 g sub-sample of the wet 
mince was kept for chemical analysis. This was analysed for water 
(by freeze-drying), protein (Dumas method on a LECO 
N analyser; AOAC 2003), ash (AOAC 2003), body fat (Soxhlett 
extraction, AOAC 2003) and gross energy (GE; using an adiabatic 
bomb calorimeter). Lyophilised samples were digested with nitric 
acid and total P and Ca concentrations were determined using an 
inductively coupled plasma mass spectrometer (procedures 
adapted from AOAC 985.01a,b,d).

Mean weights of the EFFB and its chemical components 
were calculated by ANOVA using Genstat 23rd edition (VSN 
International 2022). The mature mass (Wm) was adjusted such 
that the rate of maturing (B) parameters was the same as that 
determined for the EFFB (Gous et al. 2024). This permitted 
examination of the allometry between chemical components. 
The adjustment described in Gous et al. (2024) required an 
iterative process, accomplished by plotting Gt against age and 
manipulating the mature weight of each component until the 
desired B value was achieved.

The sum of the adjusted mature weights of protein, ash, water 
and lipid should be consistent with the fitted mature weight of the 
EFFB, to establish the hypothesis that all components shared 
a common rate of maturing was valid. This was shown in Gous 
et al. (2024) for the data in this study. Once the mature weights 
were adjusted, the values for EFFBP, ash, Ca and P were calculated 
using the Gompertz equation with the fitted values for W0, 
adjusted Wm values and B values for EFFB. Linear regressions 
for the natural logarithms (ln) of ash, Ca and P against FFBP were 
fitted. The slopes of these represent the growth coefficient 
b (allometric exponent) while the intercepts, exponentiated, 
represent c in the allometric equation: 

where Wt is the weight of a component at time t (Moughan et al.  
1990). Hence an alternative form of the allometric equation was: 

where a ¼ ln cð Þ.
The suitability of the allometric relationship for modelling 

bone Ca and P and bone-free body (BFB) Ca and P was inves
tigated. While Ca and P were expected to be found in constant 
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concentrations in the BFB, bones may contain varying amounts 
of ash, and hence Ca and P, depending on the diet (Reis et al.  
2023). This required theoretical apportioning of the amounts in 
the whole body, as the necessary dissections have not been 
reported in broilers at maturity (approximately 168 d of age). 
This is required for the establishment of accurate allometric 
relationships, or even to the end of the growing period. Angel 
(2007) reported the amounts of Ca and P in the skeleton up to 
14 d of age and demonstrated rapid mineralisation bones 
during this period, but body protein and whole-body minerals 
were not reported. Coefficients of 0.00031 g BFB Ca/g FFBP 
and 0.00915 g BFB P/g FFBP were used, and the balance of 
carcass Ca and P was assigned to bone. These coefficients were 
derived from a preliminary model based on the study of Caldas 
Cueva (2015) and briefly described in Salisbury et al. (2021).

Bone Ca:P ratio had a mean value of 2.15 (SE 0.3) which 
suggested that Ca and P were appropriately assigned to the two 
pools, BFB and bone. The calculation of means, adjustment for 
mature values and fitting allometric regressions to the log-trans
formed data was repeated as described above. The performance of 
the allometric models was compared with published values.

Results

The mean weights of the EFFB and components are pre
sented in Table 2. The level of Ca as a proportion of EFFB 
increased from 0.3% at day old to 0.7% in males and 0.6% in 
females at 105 d. The level of P as a proportion of EFFB 

increased from 0.3% to 0.45% in males and 0.4% in females 
(Gous et al. 2024). Between 14 and 28 d, ash, Ca and 
P decreased as a proportion of EFFB before resuming an 
upward trend.

The fitted Gompertz equation for the growth of EFFB 
returned a rate of maturing (B) parameter of 0.0417 for 
males and 0.0402 for females.

The chemical component mature levels were adjusted 
so that B was uniform, and these values are summarised 
in Table 3. The means for each weighing point were re- 
calculated using the Gompertz function. All the compo
nent means were then log-transformed to allow the 
allometry between them to be assessed.

The parameters of the allometric equation are summarised 
in Table 4. There was a significant difference between the 
intercepts (a values) for males and females, but the slopes 
were the same. The allometric coefficients for the Ca and 
P distributed to the bone and BFB pools are shown in Table 5.

Discussion

This was part of a study to establish the potential growth of 
the chemical components of male and female Cobb 700 
broilers. While this type of experiment has been successfully 
conducted for other broiler genotypes to estimate chemical 
component growth (Gous et al. 2019a, 2024; Vargas et al.  
2020), potential Ca and P deposition have not been assessed. 
Hence the conditions that would be non-limiting for bone 

Table 1. Composition (g/kg) of feeds used in the trial.

Ingredient Phase 1 Phase 2 Phase 3 Phase 4

Yellow maize 566 631 680 747
Soybean oilcake 348 299 260 213
Fat, poultry 41.7 29.5 21.0 7.50
Dicalcium Phosphate 12.0 11.2 11.4 10.6
Limestone 9.84 9.67 9.85 9.67
L-Lysine HCl 5.08 4.14 3.48 1.78
Sodium Bicarbonate 3.02 2.69 2.46 1.60
Salt 2.78 3.04 3.22 3.89
L-Arginine 2.66 1.91 1.39 0.00
Methionine, DL 2.25 1.75 1.50 0.67
Threonine 98% 2.10 1.82 1.61 0.67
Choline Chloride 1.50 1.67 1.79 1.00
L-Valine 0.91 0.88 0.64 0.00
OptiPhos (2000) 0.50 0.50 0.50 0.50
Vitamin & mineral premix2 0.30 0.30 0.30 0.30
Danisco Xylanase 0.08 0.08 0.08 0.08

Nutrient content (calculated)

AMEn (MJ/kg) 13.0 13.0 13.0 13.0
Crude Protein 221 201 185 165
Calcium1 8.1 7.7 7.7 7.3
Total phosphorus1 5.8 5.5 5.4 5.0
Phytate phosphorus 2.4 2.3 2.3 2.2
Non-phytate phosphorus 3.4 3.2 3.1 2.9
Sodium 2.0 2.0 2.0 2.0
Chloride 3.0 3.0 3.0 3.0
Arginine3 15.8 13.7 12.1 9.5
Lysine 15.0 13.0 11.5 9.0
Methionine 5.3 4.6 4.2 3.2
Met + Cys 8.2 7.3 6.8 5.7
Tryptophan 2.5 2.2 2.0 1.8
Threonine 8.9 8.0 7.3 5.8
Isoleucine 8.8 7.9 7.2 6.4
Valine 10.4 9.5 8.6 7.2

1The values for Ca and P do not include amounts released by phytase. 
2Provide/kg of diet: Mn = 150.000 mg. Fe = 100.000 mg. Zn = 100.000 mg. Cu = 16.000 mg. I = 1.500 mg. 

2Content/kg of product: Folic acid = 1000 mg. Pantothenic acid = 15.000 mg. Niacin = 40.000 mg. 
Biotin = 60 mg. vit B1 = 1.800 mg. vit B12 = 12.000 mg. vit B2 = 6.000 mg. vit B6 = 2.800 mg. 
vit D3 = 2.000.000 UI. vit E = 15.000 mg. vit K3 = 1.800 mg. Se = 300 mg. 

3Digestible amino acid contents given.

BRITISH POULTRY SCIENCE 3



growth were not known a priori and birds were fed commer
cially accepted levels of Ca and P.

It has been proposed that Ca and P are isometric with 
empty body protein when pigs are fed to maximum (poten
tial) protein growth and with an adequate supply of Ca and 
P in the diet (Hendriks and Moughan 1993; Misiura et al.  
2020; Pettey et al. 2015). Hurwitz et al. (1987) fitted 
a logarithmic function to the proportion of Ca in the EFFB 
over time, which suggested that this increased in the first 
three weeks before levelling off. Similarly, Angel (2007) 
found that the skeleton was most rapidly mineralised in the 
first few weeks of age.

Létourneau-Montminy et al. (2015) proposed that soft 
tissue and bone should be modelled separately in pigs. 
Further development of this model has been reported 
(Lautrou et al. 2020). Recent models have applied this segre
gation to Ca and P in broilers (Reis et al. 2023; Salisbury et al.  
2021) and in pigs (Misiura et al. 2020). Reis et al. (2023) 

assumed that Ca in bone is a constant proportion (22%) of 
body ash. Ash was calculated from an allometric relationship 
with body protein, derived from Hruby et al. (1994). The 
allometric coefficient of 0.898 g/g would result in a slight 
decline in the ratio between bone Ca and body protein over 
the growth period in this model. The small amount of Ca in 
the soft tissue is unlikely to contribute to a significant change 
in whole-body Ca as a proportion of ash. Although bone 
P was calculated as half of bone Ca, the separation of P into 
bone and soft tissue portions, and the calculation of P in the 
latter in proportion to the growth of lipid, feathers and body 
protein may result in whole body P varying as a proportion 
of ash in this model.

In the present study, the relationship between body ash and 
FFBP has a coefficient (exponent) that was not significantly 
different from 1. Hence an isometric relationship between these 
components was suggested. Ash can be calculated as 0:14�
body protein. This isometry contrasted with the relationship 

Table 2. Mean weight1 ± SD (g) of empty, feather-free body (EFFB), feather-free body protein (FFBP), ash, calcium (Ca) and phosphorus (P) at weekly intervals 
during the growth of female and male Cobb 700 broilers to 105 d of age.

Male Female

Day EFFB ± SD FFBP ± SD Ash ± SD Ca ± SD P ± SD EFFB ± SD FFBP ± SD Ash ± SD Ca ± SD P ± SD

0 39 0.34 5 0.27 0.6 0.04 0.1 0.01 0.1 0.01 39 0.25 5 0.47 0.6 0.03 0.1 0.01 0.1 0.01
7 133 3.22 19 1.57 2.8 0.25 0.6 0.05 0.5 0.04 132 4.59 18 1.69 2.7 0.24 0.5 0.05 0.5 0.05
14 385 11.3 67 5.96 9.7 1.10 2.3 0.59 2.0 0.40 379 11.6 69 5.82 9.5 1.06 2.3 0.43 1.9 0.29
21 886 24.6 143 8.84 19.2 2.20 4.1 0.91 3.3 0.44 844 20.6 137 11.8 19.1 2.45 4.7 0.91 3.5 0.60
28 1585 40.8 258 10.2 31.6 6.40 7.7 1.18 5.9 0.61 1470 32.8 222 22.2 30.2 3.86 6.1 1.27 4.6 0.86
35 2424 64.9 391 29.4 56.7 4.70 12.7 1.23 9.0 0.78 2148 42.0 334 40.7 47.4 4.90 10.1 2.72 7.5 1.82
42 3273 80.9 538 38.2 74.1 11.1 17.4 4.26 12.6 2.28 2820 59.5 469 42.6 59.7 9.03 14.0 3.39 10.2 1.59
49 4211 107 664 71.9 98.5 20.8 24.8 7.65 16.5 3.85 3509 78.9 559 61.2 71.9 17.6 15.9 6.81 11.9 2.93
56 5024 156 824 89.3 122 21.2 29.0 8.29 19.8 3.96 4076 98.6 653 48.1 91.3 20.5 21.6 7.09 15.0 3.15
70 5585 205 1018 104 152 31.9 37.7 139 25.9 6.85 4535 107 847 117 108 16.5 28.6 13.8 20.4 7.63
85 6549 185 1204 139 177 25.5 45.0 6.15 31.0 3.42 5093 181 989 106 128 20.9 33.7 15.8 23.4 7.31
105 7012 255 1383 221 167 58.7 53.7 16.6 35.3 8.67 5397 226 1110 144 145 24.0 37.3 9.62 26.6 3.03

110 birds per sex per sampling age.

Table 3. Gompertz parameters for empty, feather-free body, protein, ash, calcium and phosphorus.

Males Females

EFFB CP Ash Ca P EFFB CP Ash Ca P

Wm, g 8380 1562 218 57.1 37.5 6940 1191 198 40.8 28.6
W0, g 39 5.1 0.7 0.1 0.1 34 4.6 0.6 0.1 0.1
B,/d 0.0417 0.0417 0.0417 0.0417 0.0417 0.0402 0.0402 0.0402 0.0402 0.0402

Table 4. Allometric coefficients for ash, calcium and phosphorus relative to feather-free body protein.

Males Females

Coeff1 a b a b

Ash −1.973 (±0.0001) 0.9904 (±0.00004) −1.957 (±0.0002) 0.9904 (±0.00004)
Ca −4.074 (±0.0078) 1.111 (±0.0023) −4.143 (±0.0134) 1.111 (±0.0023)
P −4.123 (±0.0031) 1.062 (±0.0009) −4.162 (±0.0054) 1.062 (±0.0009)

1The coefficients are those for the equation lnðWtÞ ¼ aþ b � ln FFBPtð Þ where Wt is the weight of ash, Ca or P at time t and FFBPt 
is the weight of protein in the empty, feather-free body at time.

Table 5. Allometric coefficients for the Ca and P distributed to the bone and bone-free body 
pools.

a

Coeff1 Males Females b

Ca BFB −7.176 (±0.0061) −7.124 (±0.0106) 1.106 (±0.0018)
Ca bone −4.234 (±0.0219) 1.124 (±0.0039)
P BFB −5.130 (±0.0065) −5.087 (±0.0712) 1.055 (±0.0019)
P bone −4.748 (±0.0214) 1.083 (±0.0038)

1The coefficients are those for the equation lnðWtÞ ¼ aþ b � ln FFBPtð Þwhere Wt is the weight of 
ash, Ca or P at time t and FFBPt is the weight of protein in the empty, feather-free body at time.
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between Ca and P and protein, for which the ratio with FFBP 
was higher (b > 1). These relationships suggested that ash com
position changes as the bird grows. The larger constant terms in 
the allometric equations for Ca and P suggested that bones may 
be heavier (more mineralised) in male birds in relation to body 
protein, but the common slopes indicated that the relationships 
with protein change in a similar way as the bird grow. The 
proportions of Ca and P in bone ash were close to those in 
stoichiometric hydroxyapatite (Ca10(PO4)6(OH)2, 39.9% Ca 
and 18.5% P, Ca/P mass ratio 2.16; Browning and Cowieson  
2014). Slightly lower levels of Ca were sometimes observed, 
resulting in a lower Ca/P ratio (Dersjant-Li et al. 2018; 
Skinner and Waldroup 1995). While P in soft tissue ash 
(0.13–0.17 g P/g ash) can be similar to that in bone (0.16– 
0.18 g P/g ash; Rousseau 2013), the Ca concentration tends to 
be much lower in soft tissue than in bone (Grey et al. 1983). 
Hence changes in ash composition may be a result of changing 
proportions of ash in bone and BFB.

The results suggested that the allometric relationship with 
FFBP was a feasible way to model Ca and P growth in the 
broiler. When the observed weights of Ca and P were plotted 
against the expected values calculated using the allometric 
models, the fitted equations (for male broilers) were as 
follows: 

The means and modelled values from this experiment were 
compared with data from two previous studies using the 
ratio between Ca or P and the FFBP over time (Caldas 
et al. 2019; Dieckmann 2004; Figures 1 and 2).

Dieckmann (2004) fed Ross chicks a range of Ca and 
P levels whereby the Ca/P ratio in the feed varied. The 
graphs representing these data represent the average Ca 
or P deposition (g/kg FFBP) across the treatments. 
Caldas et al. (2019) fed male Cobb broilers according 
to the breed guidelines. Dieckmann (2004) showed that 
the Ca/FFBP and P/FFBP ratios increased initially 
before levelling off. The plots of the means from the 
present study and those from Caldas et al. (2019) 
increased initially but decreased after the first 14 d, 
before increasing gradually once again. The allometric 
model ratios were consistently lower than measured 
values up to 21 d, but the data fitted the model closely 
from this age until the birds reached 105 d of age. The 
modelled values for Ca at 42 d (5.5 g/kg BW) corre
sponded closely with the 5.75 g Ca/kg BW reported by 
Angel, cited in Reis et al. (2023).

The Ca (g/kg FFBP) values derived from Dieckmann 
(2004), 44 g Ca/kg FFBP and 32 g P/kg FFBP at 21 d of 
age) were higher than those in the present study which 
reached 34 g Ca/kg FFBP and 29 g P/kg FFBP at 14 d of 
age before decreasing to 28 g Ca/kg FFBP and 23 g P/kg 
FFBP at 21 d of age. This could reflect a genotype dif
ference between the 2004 Ross and 2023 Cobb breed 
used. If the potential level of Ca was lower for the 
newer strain, this implied less mineralisation in the ske
leton or a larger proportion of mineral in muscle tissue, 
where Ca and P were present in smaller amounts. 
However, the 42 d Ca/P ratio was 1.4 in both studies. 
A change in proportion between muscle and bone would 

be expected to alter this ratio, due to the differing pro
portions of Ca and P in these tissues. If the lower ratio 
and the decrease in mineral content relative to protein 
after 14 d was not a result of changing genetic potential, 
then this study and that of Caldas et al. (2019) suggested 
that the Cobb birds were not able to reach their potential 
growth for Ca and P.

It is important to note that an allometric relationship 
between Ca or P and protein does not imply that the mineral 
is in some way chemically associated with protein. Allometric 
relationships are likely to arise from a common impetus pro
vided by the growth of the animal. Hence allometry of bone 
mineral is calculated with whole body protein, not with bone 
protein, even though the latter is a substantial component of 
the bone mass. The division of minerals between bone and soft 
tissue is, to some extent, a theoretical construct that allows 
deviation from the allometric relationship when nutrition is 
limiting. Isometry between body protein and BFB Ca and 
P can be maintained while bone Ca and P are reduced if 
these nutrients are limiting. If protein is limiting, bone Ca 
and P may continue to accumulate while body protein grows 
more slowly. The division of Ca and P between BFB and bone 
proposed here suggested that, if BFB Ca and P were isometric 
with body protein, bone Ca and P have an allometric relation
ship with body protein and increased in proportion over the 
growing period.

Figure 1. Modelled and experimental values demonstrating the relationship 
between calcium in the broiler body and feather-free protein weight over the 
growing period.

Figure 2. Modelled and experimental values demonstrating the relationship 
between phosphorus in the broiler body and feather-free protein weight over 
the growing period.
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Functions estimating restrictions on growth from bone 
mineral deficiency may be different from those required 
when mineral supply is insufficient for soft tissue growth. 
Hence the changes in allometry reported when the diet was 
limiting in either P or protein, as reported in pigs (b > 1 for 
body P allometry with body protein, b < 1 when protein was 
non-limiting, but P was deficient). If effects on body weight 
gain are the only concern, segregation may be unnecessary. An 
empirical function may be applied to whole body Ca and P to 
reduce BWG when these are deficient. However, if skeletal 
integrity is a concern, an accurate model of the apportioning 
of mineral to BFB and bone may be required, but this requires 
further experiments whereby a consistent dissection protocol 
is applied. The results of mineral analysis after dissection in 
two studies showed very different proportions of Ca and P in 
the skeleton and soft tissue (Angel 2007; Van Krimpen et al.  
2013). This highlighted the difficulties inherent in the dissec
tion process. Soft tissue must be carefully separated from 
bone, which is time consuming and may leave soft tissue 
adhering to the bone. However, it allows separation without 
physical or chemical changes to both portions of the body. 
Boiling may alter the composition of the soft tissue portion, as 
will enzymatic cleaning of bone. Furthermore, a decision must 
be made regarding whether cartilage is included in the skele
ton portion of the body. Leaving the cartilage caps on the tibia 
before analysis may reduce the ash content by as much as 12% 
(Fritz and Halloran 1943). This may explain the low ash 
content of the skeleton in the study reported by Angel 
(2007). Van Krimpen et al. (2013) found that only approxi
mately 75% of the body calcium was in the skeleton, which 
suggested that the feet, head and beak were included in the 
non-skeleton portion. These accounted for a decreasing pro
portion of the calcium in the skeleton, from 26% at 7 days to 
20% at 21 d (Itoh and Hatano 1964).

Until the interactions between Ca and P have been suc
cessfully modelled, trials to assess the potential growth of 

these minerals in broilers may be more successful when 
a variety of Ca and P levels, as well as different Ca:P ratios, 
are fed, as they were in the study of Dieckmann (2004; 
Figure 3, Table 6).

The feeds which produced the highest ratios between Ca 
and FFBP contained lower Ca/P ratios in feed than are 
normally fed (Angel et al. 2015). In the third feed used, Ca 
and P were fed at lower levels with a wider Ca/P ratio. The Ca 
and P deposition in bone appeared to be compromised, but 
there were no significant differences in body weight gain.

Conclusions

It is most likely that Cobb 700 broilers in the present study were 
not fed to reach their potential deposition of Ca and P. However, 
direct allometric relationships between these minerals and body 
protein appeared to show promise for modelling potential growth 
of Ca and P. This can provide a target for producers who seek to 
optimise skeletal development. Once bone mineralisation can be 
predicted, available minerals in the diet can be calculated and the 
effects of deficiency on BWG can be modelled. This will make it 
possible to balance the objectives of increased BWG, adequate 
skeletal integrity and minimise P excretion to optimise broiler 
production for the individual producer.
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Figure 3. Modelled and experimental values demonstrating the relationship between a. calcium and b. phosphorus and body protein over the growing period 
with different Ca/P ratios (source: Dieckmann 2004).

Table 6. Feed composition (g/kg) in body composition trial (Dieckmann 2004).

Feed             Ca Total P PP nPP Ca/nPP Ca:P

1 Starter 7.94 8.95 1.7 7.25 1.10 0.89
Grower 7.32 7.45 1.6 5.85 1.25 0.98

2 Starter 7.59 5.69 1.7 3.99 1.90 1.33
Grower 7.17 4.81 1.6 3.21 2.23 1.49

3 Starter 6.15 4.17 1.7 2.47 2.49 1.47
Grower 4.67 3.09 1.6 1.49 3.13 1.51
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