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 INTRODUCTION

Establishing the amount of P to supplement into 
diets remains an important issue for pig production. 
Multiple response criteria are used depending on the 
production objectives (e.g., profitability, animal wel-
fare, and environment) making the concept of estab-
lishing a single requirement challenging. Therefore, 
multicriteria approaches should be used to handle the 
complexity of the animal response to minerals.
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ABSTRACT: A better understanding of the fate of 
dietary P use by growing pigs will allow an optimiza-
tion of P use and enhance sustainable practices. The 
optimization of P utilization is complicated by the 
multiple criteria, such as growth performance, bone 
mineralization, and manure P used for assessment 
of needs. Mathematical modeling is a useful tool to 
describe relevant biological mechanisms and predict 
relationships that describe the whole system behavior. 
Modeling allows development of robust multicrite-
ria approaches to optimize P utilization, feeding cost, 
and manure application cost. This paper describes and 
evaluates a model developed to simulate the fate of 
dietary P, that is, to simulate its digestive and meta-
bolic utilization through digestion, soft tissue, and ash 
modules. The digestion module takes into account the 
varied sources of dietary minerals including responses 
to microbial and plant phytase and Ca and P interactions 
and predicts absorption and fecal excretion. The soft 
tissue module simulates the growth of the protein and 
is based on InraPorc model principles. The ash module 
simulates the partitioning of absorbed Ca and P into the 
bone, protein, and lipid compartments as well as urinary 

excretion. Model behavior showed that the model was 
able to accurately represent the impact of Lys deficiency 
on P retention, of Ca and P imbalances, and of Ca and 
P depletion and repletion sequences. The model’s pre-
diction capabilities in simulating whole-body protein, 
Ca, P, and ash based on published data showed high 
accuracy, with a slope and intercept that did not differ 
from 1 and 0, respectively, and an error due to distur-
bance (ED; variance not accounted for by regression of 
observed on predicted values). The model’s prediction 
capabilities in simulating balance trial data showed good 
accuracy for apparent total tract digestibility (ATTD) of 
P (observed = –0.77 + 1.06 predicted) and P retention 
coefficient (observed = –4.5 + 1.15 predicted) with an 
ED of 89% for both criteria. The model’s prediction 
capabilities in simulating Ca ATTD and Ca retention 
coefficient are lower (ED of 88 and 28%, respectively). 
This model simulates body ash independently of body 
protein and accounts for the impact of past and current 
dietary Ca and P supply. That ability is essential for the 
real-time adaptation of mineral supplies to suit individu-
al production objectives, which would contribute to the 
overall success of pig production.
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More than two-thirds of body P and more than 95% 
of body Ca is found in the pig skeleton bound together 
to form hydroxyapatite (Ca10(PO4)6; Crenshaw, 2001). 
The deposition of Ca and P into bone is, therefore, strict-
ly dependent on the presence of the other mineral. The 
remainder of body P is found mainly in muscle tissues 
(Nielsen, 1973) where it serves several vital mecha-
nisms and has no common function with Ca. The con-
centration of Ca and P in skeletal tissue depends mainly 
on dietary supply, whereas the concentration of P in soft 
tissue is fixed and has a priority over P deposition into 
bone (Feaster et al., 1953; Brautbar et al., 1979).

It is generally recognized that in growing animals, 
bone development initially increases faster than muscle 
but then declines as muscle tissue continues to increase 
(Mahan, 1978). Given this body partitioning, the assess-
ment of Ca and P requirements must consider the fact 
that changes in skeletal tissue are not directly propor-
tional to lean growth (Pomar et al., 2006; Gonzalo et 
al., 2014). Lean tissue and bone content are affected by 
genotype, which leads to different P requirements and 
responses to dietary P between genotypes (Hittmeier et 
al., 2006; Alexander et al., 2008). In addition, P- and Ca-
depleted pigs have the capacity to rapidly replace bone 
mass through compensatory bone mineralization (Ryan 
et al., 2011; Varley et al., 2011a; Gonzalo et al., 2014; 
Létourneau-Montminy et al., 2014). This implies that 
similar production objectives (e.g., same bone mass) can 
be achieved with different feeding strategies with a se-
quence of diets differing in P content. Understanding and 
simulating the growth of both tissues are, therefore, fun-
damental to the establishment of P and Ca requirements.

The objective of this study was to develop a robust 
deterministic and mechanistic research model, which 
1) simulates Ca and P retention within different ana-
tomical compartments of the pig in response to animal 
growth potential and dietary Ca and P intake and 2) 
evaluates the impact on the pig of giving them defi-
cient and imbalanced diets.

MATERIALS AND METHODS

General Statements
In many current pig-growth models (van Milgen 

et al., 2008; NRC, 2012), empty BW is defined as the 
algebraic sum of the main chemical components of the 
empty animal body, which are total body water, protein, 
lipid, and ash as suggested earlier by Whittemore and 
Fawcett (1976). Protein was calculated throughout the 
text as N × 6.25. In the current animal growth models, 
the relationships between chemical body constituents 
have been adapted and updated with recent experimen-
tal data to represent modern pig breeds. Rather than use 

body components that result from dissection or any other 
physical measurements, these models choose chemical 
constituents of the body to represent pig body composi-
tion, as physical body components are numerous and 
their development during growth and the reproductive 
cycle is not well known. The proposed chemical body 
constituents are more easily represented in mathemati-
cal models because they can be reduced to only 2 vari-
ables, namely protein and lipid. The accretion of these 
variables can be described independently of the tissues 
in which they accumulate (Pomar et al., 1991a,b,c). For 
example, van Milgen et al. (2008) suggested that empty 
BW and BW can be estimated from protein and lipid 
body masses, estimated based on Quiniou and Noblet 
(1995), with water and ash embedded within these 2 
body constituents. A similar approach was recently pro-
posed by the NRC (2012). This modeling approach im-
plies that body ash (all body minerals) is linked to body 
protein and, therefore, that body ash mass and growth 
are driven by growth of body protein mass, as observed 
in pigs fed diets that are formulated to maximize bone 
mineralization (Rymarz et al., 1982; Hendriks and 
Moughan, 1993; Mahan and Shields, 1998). However, 
pigs that were not fed such diets modulate soft tissue 
growth and bone mineralization independently (Pomar 
et al., 2006; Rousseau, 2013), and in these circumstanc-
es, body ash can be reduced without necessarily reduc-
ing soft tissue growth (Fig. 1).

For a more accurate representation of the metabolic 
fate of dietary Ca and P and ash retention, especially in 
pigs fed mineral-deficient diets for bone mineralization, 
the ash and protein body components of current pig 
growth models need to be dissociated. Body ash is found 
in bones (AshBn) and soft tissues (AshSt) at the ratio 
of 78:22 in pigs fed diets formulated to maximize bone 
mineralization (Nielsen, 1973). Indeed, AshBn includes 
Ca, P, and bone miscellaneous minerals (MiscBn) that 
are deposited into the bone at fixed ratios (Crenshaw, 
2001). In the current model, the representation of mis-
cellaneous minerals (Misc) is a way to fill the gap be-
tween Ca, P and total AshBn and AshSt. It is, therefore, 
the sum of other minerals than Ca and P found in fluids 
and organs including bone, bile, liver, and kidney. The 
relationship between soft tissue growth and bone growth 
is not well established, but changes in skeletal tissues 
are not proportional to lean growth; skeletal growth is 
assumed to precede that of soft tissue (Mahan, 1978). It 
should be noted that this relationship is probably more 
related to bone length than bone weight or ash content. 
Therefore, in current commercial breeds, fed at a level 
maximizing bone mineralization, it is possible that the 
skeleton mineralization (ash content) and muscles ac-
cumulate at comparable rates (g/kg mature BW) rela-
tive to mature body mass. Because of the lack of precise 
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information about potential bone mineralization in pigs, 
the potential Ca retention in bones (potential Ca in bone 
[CaBn] retention) is commonly proposed to be driven 
by potential protein retention, which is assumed to be an 
animal or breed phenotypic trait affected by production 
conditions such as stocking density and sanitary con-
ditions in animals fed ad libitum and in the absence of 
limiting factors (van Milgen et al., 2008; NRC, 2012). 
In the proposed model, protein and total body potential 
protein mass are both model fixed variables that drive, 
respectively, protein retention and potential protein re-
tention rate variables. These actual and potential state 
variables will differ when the animal cannot express its 
full growth potential, thus allowing CaBn and protein to 
evolve separately under limiting growth conditions. The 
phenotypic body protein potential is used in this model 
to drive potential protein retention and bone growth and 
does not interact with protein growth.

General Structure of the Model

The proposed mathematical model has 3 modules, 
namely digestion, soft tissue, and ash. The digestion 
module estimates the amounts of nutrients that are ab-
sorbed in the gastrointestinal tract and the amounts ex-
creted in feces. The soft tissue module then simulates the 
metabolic utilization of dietary nutrients other than min-
erals into protein and lipid (fixed variables). This module 
represents the dynamics of protein and lipid masses and 
retention but excludes the amounts of minerals associ-
ated with them (Fig. 2). Soft tissue growth is represented 

in this model using the InraPorc pig-growth model (van 
Milgen et al., 2008), but other models to predict soft tis-
sue growth (i.e., NRC, 2012) can be easily incorporated. 
Finally, the ash module simulates the fate of the absorbed 
dietary Ca and P in terms of their retention in soft tis-
sue (i.e., AshSt) and bone (i.e., AshBn) and their urinary 
excretion. The AshSt body component is driven by the 
total body protein and lipid as simulated in the soft tissue 
module. The ash module includes 2 additional fixed vari-
ables, namely the potential amount of Ca in bone (poten-
tial CaBn), which represents the dynamics of bone mass 
under nonlimiting conditions, and actual CaBn, which is 
dependent on dietary P and Ca supply.

Absorbed dietary Ca, P, and (Misc) pass through the 
extracellular fluid before they are retained in soft tissue 
and bones or excreted in urine. This extracellular com-
partment is treated as a zero pool, thus representing the 
small amount of these minerals in body fluids and the 
strong hormonal regulations (e.g., parathyroid hormone, 
vitamin D; Crenshaw, 2001) that maintain these pools at 
near-constant concentrations. The proposed model was 
written with ModelMaker (version 4; ModelKinetix, 
Wallingford, UK), having day as the time unit and us-
ing the Runge-Kutta method (Thornley and France, 
2006) for differential equation integration. Model pa-
rameter values are presented in Table 1. State variables 
are expressed in grams and rate variables in grams per 
day. The terminology used in the text is similar to that 
proposed by Whittemore (1983), which characterizes 
parameters or equations as hard data (statements with 
adequate proof), soft data (statements with inadequate, 
but some, proof), and estimates and conjecture.

Calcium and Phosphorus Digestion and Absorption

Dietary Ca and P are absorbed in the small intes-
tine through a combination of active and passive flows 
(Fox et al., 1978) after complex digestion processes 
such as solubilization, insolublization, transition, and 
hydrolysis. The representation of Ca and P flows from 
the gastrointestinal tract to the extracellular fluids is a 
simplification of the model that described the fate of 
dietary Ca and P in the digestive tract of growing pigs 
(Létourneau-Montminy et al., 2011).

In this model, ad libitum feed intake is an input vari-
able that is assumed to be modulated mainly by BW, as 
proposed in the InraPorc model (van Milgen et al., 2008), 
in which the desired NE intake is driven by BW. Feed 
intake includes qualitative and quantitative descriptions 
of the feed. Dietary P enters the gastrointestinal tract P 
pool in the form of phytate P or nonphytate P. All the 
ingested phytate P is assumed to be from plant materials, 
whereas nonphytate P can be of plant origin or mineral 
and animal origin. Dietary Ca enters the gastrointestinal 

Figure 1. Relationship between whole-body ash and protein in grow-
ing pigs fed at requirements (full line) or with deficient Ca and P diets 
(dashed line).
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tract Ca pool in its total form. The intake of each dietary 
P form and total Ca is obtained by the product of the 
respective feed concentration and feed intake.

Endogenous Ca and P originate from the bile, duo-
denal pancreatic secretions, and the desquamation of 
intestinal epithelial cells. These mineral fluxes have not 
been independently measured and are therefore not rep-
resented in the digestion module of the proposed model. 
Therefore, when the amounts of absorbed P and Ca (Eq. 
[1] and [2]) and the amounts of fecal P and fecal Ca 
are calculated, the nonabsorbed endogenous secretions 
(fecal endogenous losses) have to be removed by the 
model from the amount absorbed. Endogenous P losses 
may be separated into basal losses, which are not in-
fluenced by feed ingredient composition, and specific 
losses, which are induced by feed ingredient charac-
teristics such as levels and types of fiber and antinutri-
tional factors. Given that absorption is based on appar-
ent total tract digestibility (ATTD) data, both basal and 
specific losses need to be removed. However, specific 

losses are difficult to measure and most literature con-
cerns basal losses. Therefore, we have used the value 
of 0.190 g/kg DMI for the fecal endogenous P losses 
(fecal EPL, NRC, 2012) , corresponding to the average 
losses found in literature (Schulin-Zeuthen et al., 2007; 
Dilger and Adeola, 2006). It should be noted, however, 
that some authors found, for an unknown reason, re-
ally higher values around 0.5 g/kg DMI (Fan and Sauer, 
2002; Ajakaiye et al., 2003; Shen et al., 2002). Data on 
fecal endogenous Ca losses (fecal ECaL) are more lim-
iting and the recent value of 0.174 g/kg DMI has been 
used (González-Vega et al., 2013). Given the variation 
in fecal EPL, it can be considered a soft data, and data 
on fecal ECaL are softer, given that they have been 
measured in fewer studies.

The ATTD of the dietary phytate P and nonphytate P 
from plant forms were previously estimated (Létourneau-
Montminy et al., 2011, 2012). For nonphytate P from 
mineral and animal origin, the P ATTD reported in 
Sauvant et al. (2004) was used (Table 1). However, these 

Figure 2. Model diagram. Boxes enclosed by large solid lines are state variables, dashed lines are zero pools and fine lines are auxiliary variables. Arrows in-
dicate flows. GIT = the gastrointestinal track; EC = extracellular fluids; CaBnPot =  maximal (potential) Ca in bone; CaBn = Ca in bone; PBn = P in bone; MiscBn = 
Miscellaneous minerals in bone; CaProt = Ca associated with protein in soft tissues; Pprot = P associated with protein in soft tissues; MiscProt = Miscellaneous min-
erals associated with protein in soft tissues; CaLip = Ca associated with lipids in soft tissues; Plip = P associated with lipids in soft tissues; MiscLip = Miscellaneous 
minerals associated with lipids in soft tissues; St = soft tissue; ProtPot = Body protein potential; Prot = Body protein mass; Lip = Body lipid mass.
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P ATTD values were considered hard data, given the 
large amount of information about them in the literature. 
For total Ca, however, a similar database and meta-anal-
ysis approaches were used to develop the equation, but 
the studies were built mainly to study low-P diets, and 
therefore, the data for Ca ATTD are soft. Although the 
ATTD of each P form is independent of its supply and, 
therefore, was assumed to be constant, Ca ATTD is cur-
vilinear and decreases as levels of dietary Ca increase. A 
negative effect of dietary Ca on P absorption through the 
formation of insoluble complexes of Ca and nonphytate P 
(Ca–nonphytate P; Charles, 1992; Heaney and Nordin, 
2002; González-Vega et al., 2013) as well as a negative 
impact of dietary phytate P on Ca absorption through the 
formation of insoluble complexes of Ca and phytate P 
(Ca–phytate P; Selle et al., 2009). The capacity of mi-
crobial phytase and plant phytase to improve P ATTD is 
clearly hard data, because it is well known and is com-
monly used to formulate diets (Selle and Ravindran, 
2008). The P and Ca phytase equivalencies represent the 
amount of these inorganic minerals that can be replaced 
by microbial or plant phytase. In the model, similar 
equivalencies are used for P and Ca. Phytase equivalen-
cies for P are calculated based on the EvaPig principles 

(EvaPig software, version 1.3.1.4; INRA, Saint-Gilles, 
France), which assume an exponential response between 
the incorporation of Aspergillus niger phytase (Kornegay, 
2001) and of plant phytase on phytate hydrolysis. Plant 
phytase activity is considered only in nonpelleted feeds, 
and its P equivalency value was assumed to be half of 
that of microbial phytase (Zimmermann et al., 2003; 
Létourneau-Montminy et al., 2012) with a maximum of 
0.4 g digestible P (Jondreville and Dourmad, 2005). The 
interaction between microbial and plant phytase was also 
taken into account given that they compete for the same 
substrate. The interaction between phytate and phytase 
were assumed to be negligible, as shown by Létourneau-
Montminy et al. (2011, 2012).

Phosphorus and Ca absorption are calculated as 
follows:

absorbed P = –Fecal EPL × DMI + (ATTD-phytate 
P × phytate P) + (ATTD-nonphytate P plant × 
nonphytate P plant) + (ATTD-nonphytate P min-
eral-animal × nonphytate P mineral-animal) – (Ca–
nonphytate P × Ca) + P equivalency microbial 
phytase + P equivalency plant phytase and 	 [1]

Table 1. Description, abbreviation, and amount of the model parameters
Description of model parameters Abbreviation Value
Apparent total tract digestibility of Ca linear parameter ATTD-Ca Linear 0.83
Apparent total tract digestibility of Ca quadratic parameter ATTD-Ca Quadratic –0.02
Apparent total tract digestibility of nonphytate P from dicalcium phosphate ATTD-nonphytate DCP 0.78
Apparent total tract digestibility of nonphytate P from lactoserum ATTD-nonphytate Lacto 0.90
Apparent total tract digestibility of nonphytate P from mineral-animal ATTD-nonphytate mineral-animal 0.78
Apparent total tract digestibility of nonphytate P from monocalcium phosphate ATTD-nonphytate MCP 0.92
Apparent total tract digestibility of nonphytate P from monosodium phosphate ATTD-nonphytate MSP 0.98
Apparent total tract digestibility of nonphytate P from plant ATTD-nonphytate P plant 0.73
Apparent total tract digestibility of phytate P ATTD-phytate P 0.21
Fecal endogenous losses of Ca Fecal ECaL 0.190 mg/kg DMI
Fecal endogenous losses of P Fecal EPL 0.139 mg/kg DMI
Formation of insoluble complexes of Ca-NPP Ca–nonphytate P –0.0333
Formation of insoluble complexes of Ca-PP Ca–phytate P –0.32
Parameter of whole-body water estimation a 5.3
Parameter of whole-body water estimation b 0.855
Percentage of whole-body calcium in bone Percentage CaBn 0.99
Precocity coefficient of the Gompertz function Precocity 0.02
Proportion of lipid in subcutaneous fat Lip:SubFat 0.93
Proportion of miscellaneous in bone ash Misc:AshBn 0.43
Proportion of miscellaneous in muscle Misc:Musc 2.4
Proportion of miscellaneous in subcutaneous fat Misc:SubFat 0.26
Proportion of P in muscle P:Musc 0.59
Proportion of P in subcutaneous fat P:SubFat 0.05
Proportion of protein in muscle Protein:Musc 0.58
Ratio of Ca to P in bone Ca:PBn 2.2
Ratio of Ca to protein in whole-body Ca:protein 0.05
Urine endogenous losses of Ca Urine ECaL 2.0 mg/kg BW
Urine endogenous losses of P Urine EPL 0.5 mg/kg BW
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absorbed Ca = –Fecal ECaL × DMI + (ATTD-Ca 
Linear × Ca) + (ATTD-Ca Quadratic × Ca2) – (Ca–
phytate P × Ca × phytate P) + Ca equivalency mi-
crobial phytase + Ca equivalency plant phytase, 	[2]

in which absorbed P and Ca are measured in grams/day; 
fecal EPL and ECaL are the fecal endogenous P and 
Ca losses, respectively; ATTD-Ca Linear and ATTD-
Ca Quadratic are the linear and quadratic parameters, 
respectively, used to estimate the ATTD of dietary Ca 
in feeds; the Ca–phytate P is the interaction represent-
ing the negative impact of phytate P on the availabil-
ity of Ca for absorption, and ATTD-phytate P, ATTD-
nonphytate P  and ATTD-nonphytate P mineral-animal 
are respectively the ATTD of phytate P, nonphytate P of 
plant origin and nonphytate P of animal origin.

Nonabsorbed dietary Ca and P are excreted via fe-
ces and are estimated as follows:

P excreted in feces = P intake – absorbed P, and 	[3]

Ca excreted in feces = Ca intake – absorbed Ca, 	[4]

given that fecal Ca and P endogenous losses have al-
ready been removed from absorbed Ca and absorbed 
P flows as calculated in Eq. [1] and [2], respectively.

Soft Tissue Growth

Protein and lipid deposition were simulated as sug-
gested by van Milgen et al. (2008). The fixed variables 
protein and lipid are updated daily by the numerical 
integration of the corresponding differential equations. 
The difference between potential protein and protein 
represents the deficit in body protein mass. Water is 
still estimated from protein as in current pig-growth 
models and is predicted in the present model as sug-
gested by de Lange et al. (2003). In comparison with 
other growth models, the present model’s estimate of 
total body ash is not directly dependent on protein and 
protein deposition, and its representation is described 
in the following section. Noteworthy in the present 
model, potential protein is an animal phenotypic trait 
independent of past and current production conditions, 
whereas protein, and the amount of protein that can be 
retained by a pig in a given situation, is driven by the 
animal’s actual state (i.e., protein) and its phenotypic 
potential. For instance, in the InraPorc model (van 
Milgen et al., 2008), actual protein retention is driv-
en by the actual state of protein and, therefore, some 
compensatory protein growth can occur (van Milgen 
et al., 2008). Therefore, after a period of feed restric-
tion resulting in reduced protein retention, pigs are 

able to pursue their protein growth without losses in 
potential protein retention.

The Metabolic Fate of the Absorbed  
Calcium and Phosphorus

Extracellular Fluid Ash. Animals present homeo-
static mechanisms, including complex hormonal regu-
lations that control the absorption of dietary Ca and P 
from feeds and regulate their distributions in the body. 
This phenomenon is especially true for the extracellu-
lar concentration of Ca, which is maintained within a 
relatively narrow range at a constant concentration over 
time, independent of diet supplementations or bone re-
serves (Bronner and Stein, 1995). The concentration of 
P in extracellular fluids is less rigidly maintained but has 
hormonal regulation pathways similar to those of Ca. 
The difference between these minerals’ control of extra-
cellular concentration can be the result of different P and 
Ca regulating hormones affecting digestion, absorption, 
and renal excretion of Ca and P (Crenshaw et al., 2011).

Nonetheless, although Ca and P concentrations in 
extracellular fluid pools are critical in their physiological 
contributions to osmotic balance and cation–anion equi-
librium, they are not quantitatively important to total body 
mass balance. Therefore, extracellular Ca and P pools 
were not represented in pig growth models aiming to 
quantify the utilization of dietary minerals. Therefore, Ca, 
P, and Misc in extracellular fluids are represented in the 
model as zero pools, that is, the inputs equal the outputs.

Soft Tissue Ash. The composition of AshSt is not 
well known, but considering a Ca:P whole-body ra-
tio around 1.65 and a fixed Ca:P ratio of 2.2 in bone 
with most of whole-body Ca found in bone (Crenshaw, 
2001), it can be assumed that about 30% of total body 
P is found in soft tissues, mainly muscles and entrails 
(Nielsen, 1973; Wiseman et al., 2009). The concen-
tration of P in soft tissues can be assumed to be con-
stant, as shown in rats with severely P-deficient diets 
(Feaster et al., 1953; Brautbar et al., 1979); however, 
the total accumulation of P is directly proportional 
to accumulation of soft tissue. The current model as-
sumed, therefore, that P required for soft tissue growth 
has priority over the P required for bone retention. The 
same prioritization mechanisms were applied in the 
present model to Ca, although the impact of this prior-
ity is negligible given that Ca in soft tissues represents 
less than 1% the total body Ca (Nielsen, 1973).

Pig dissection data (Nielsen, 1973) were used to 
estimate the amount of P and Ca in soft tissues, with 
the assumption of that muscle mineral composition 
adequately represented the amount of minerals re-
tained with protein. Similarly, the mineral composi-
tion of subcutaneous fat has been used to represent 
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the amount of minerals retained with total body lipid. 
Therefore, protein is assumed in the present model to 
be associated with a lean tissue containing 0.59% P, 
0.02% Ca, and 2.39% Misc. Similarly, lipid is asso-
ciated with fat tissue containing 0.05% P, 0.01% Ca, 
and 0.25% Misc minerals. Minerals in soft tissues (i.e., 
AshSt) were obtained from summation of the amounts 
of Ca, P, and Misc associated with protein and lipid. 
Given that these parameters values were from only 1 
study, they are soft data.

Bone Ash. In contrast with current pig-growth 
models, the proposed model assumes that actual de-
position of Ca in bones is driven by the amount and 
balance of the available Ca and P supply. Dietary Ca or 
P deprivation would impair bone growth (i.e., AshBn) 
without reducing AshSt.

Bone ash contains 39% Ca, 54% PO4 (18% P), 
and 7% miscellaneous material (Crenshaw, 2001). The 
composition of elements contained in miscellaneous 
material is not well known, but major elements in it are 
Na, K, Mg, and trace minerals (Fe, Mn, Sr, Zn, and Cu). 
However, those minerals are assumed to be provided at 
adequate levels, and although their total amounts are 
quantified in the present model, they are assumed to 
not affect soft tissue or bone growth. In bone, Ca and 
P are deposited together in a fixed ratio of 2.2:1, which 
corresponds to the ratio found in bone hydroxyapatite 
(Crenshaw, 2001). In the present model, potential CaBn 
and CaBn are 2 fixed variables driving Ca, P, and Misc 
mineral retention and AshBn is the sum of actual CaBn, 
P in bone (PBn), and Misc in bone (MiscBn). The dif-
ference between potential CaBn and actual CaBn mea-
sures the deficit in bone mineralization. Because of a 
lack of information for characterizing the bone mineral-
ization potential of an actual pig, potential CaBn reten-
tion is assumed to be driven by potential protein reten-
tion and is calculated as follows:

potential CaBn retention = potential protein re-
tention × percentage CaBn × Ca:protein, 	 [5]

in which potential CaBn retention is measured in grams/
day, percentage CaBn represents the percentage of 
whole body Ca found in bones (Crenshaw, 2001), and 
Ca:protein is the ratio between the amount of Ca and 
protein found in the whole body of a pig fed to maxi-
mize bone mineralization and soft tissue growth (Pomar 
et al., 2006). The ratio between body Ca and protein 
is proposed as a model input parameter that assumes 
that this value may vary between pig genetic lines. The 
phenotypic potential protein retention is driven in this 
model by the current potential protein state of the pig 
(i.e., potential protein) using equations similar to those 
used to estimate actual protein retention. Although the 

current protein retention in soft tissues is driven by the 
current protein state, which can be affected by current 
and previous nutrition, potential protein retention is 
driven by potential protein, which is independent of any 
nutritional or environmental limiting factor.

The compensatory growth capacity of bone was 
assumed to be greater than that of protein. Indeed, the 
ability of pigs to fully recover from bone growth depri-
vation was previously shown, where concomitant de-
ficiencies in dietary Ca and P improved their digestive 
and metabolic utilization during both the depletion and 
the subsequent repletion phases (Aiyangar et al., 2010; 
Varley et al., 2011a; Létourneau-Montminy et al., 2014). 
It should be noted that these studies concerned pigs with 
normal vitamin D status and has to be validated in pigs 
with questionable vitamin D status. The increased utili-
zation of Ca and P is probably the sum of the increases 
in active intestinal absorption, kidney reabsorption, and 
bone mineral retention (Suttle, 2010), but exact parti-
tioning and timing are not known and require additional 
research. Nevertheless, compensatory bone mineral re-
tention was allowed in the model when dietary Ca and 
P are sufficient and driven by CaBn deficit. A simple 
mechanism allowing an increase in potential CaBn re-
tention, proportional to CaBn deficit, has been included. 
For example, a CaBn deficit of 30% will induce a CaBn 
retention of 1.3 times the potential, a value that will 
decrease proportionally as the CaBn deficit decreases 
until bone recovery (i.e., CaBn deficit = 0). The bone 
mineral status of the animal was, therefore, the driving 
force of bone mineral retention potential.

As stated above, soft tissue has essential P require-
ments to maintain vital functions. Day and McCollum 
(1939) reported that rats fed a P-deficient diet released 
P from the skeleton and transferred P to soft tissues until 
the depletion of mineral bone reserves reached dramatic 
levels. Therefore, if the dietary supply cannot satisfy the 
needs for soft tissue growth, bone mineral reserves are 
mobilized to preserve protein and lipid growth. Because 
of the fixed Ca to P ratio found in the hydroxyapatite 
components of bones and the assumption that the con-
centration of other minerals vary in the same proportions 
as Ca and P, all bone minerals are mobilized at the level 
of the most limiting one, and excess minerals are excret-
ed in urine. Part of the excess minerals can be managed 
through decreased intestinal absorption or fixation in 
other tissues, but these mechanisms were not considered 
in the present model. The maximum amount of miner-
als that can be mobilized from bone is not known. In a 
trial where pigs at 20 kg BW received a P-free diet for 
10 d, the whole-body bone mineral content decreased by 
50% (E. Gonzalo, Agriculture and Agri-Food Canada, 
Sherbrooke, Canada, personal communication). Pigs fed 
a diet free of mineral Ca sources for 4 wk displayed a 
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35% decrease in bone mineralization with no effects on 
growth in comparison to control pigs (Eklou-Kalonji et 
al., 1999). Nonetheless, given the limited information 
available to quantify the amount of minerals that are mo-
bilized from bones in low-mineral or mineral-free diets, 
this model is limited to a maximum bone deficit of 50%.

Pigs reduce soft tissue growth if fed protein- or en-
ergy-deficient diets (Platt and Stewart, 1962), which is 
not necessarily the case for P-deficient diets (Létourneau-
Montminy et al., 2014). Reduced soft tissue growth is 
not necessarily accompanied by a decrease in bone min-
eralization or bone mineral retention. Pigs fed at 60 or 
70% of the estimated Lys requirements reduced protein 
deposition by 27 and 25%, respectively, and ADG by 
25 and 20%, respectively, but in both cases total body 
mineral content and its deposition (g/d) was not reduced 
(Zhang et al., 2012; Cloutier et al., 2014). Although such 
dietary nutrient deficiencies are seldom observed in 
practice, these results demonstrated that soft tissues and 
body ash may accumulate by independent mechanisms. 
Nevertheless, the present model arbitrarily assumes that 
bone growth decreased linearly when protein deposition 
was less than 70% of the current potential and reaches nil 
deposition at zero protein growth.

Calcium and Phosphorus Urinary Excretion

Urinary Ca and P include the obligatory losses and 
the amount of the minerals that cannot be retained in soft 
tissue or bone because of an imbalance between miner-
als or because of excesses. In pigs fed low amounts of 
Ca and P, almost all Ca and P are reabsorbed by the kid-
ney (Vipperman et al., 1974; Rodehutscord et al., 1998). 
Obligatory urinary losses of Ca and P are, therefore, re-
ally low and are estimated in the model to be 2.0 and 
0.5 mg/kg of BW, respectively (Vipperman et al., 1974).

Parameterization and Model Evaluation

The model was built with a mechanistic approach in 
which the underlying mechanisms leading to P and Ca 
utilization were represented. Parameter values were tak-
en from experimental data on growing pigs. The model 
structure and its mathematical and logical consistencies 
and stability were checked throughout its development.

Literature data investigating Ca and P balances 
through total collection of feces and urine have been 
used for model evaluation. The database contained 
21 experiments and 105 treatments collected from 20 
scientific publications. A second database compiling P 
and Ca total body composition data using comparative 
slaughter techniques in growing pigs was also used for 
model evaluation. Only publications with complete 
description of the diets were included in this database. 

This second database contained 80 treatments from 16 
experiments in 5 published references (Rymarz et al., 
1982; Hendriks and Moughan, 1993; Jondreville et al., 
2004; Pomar et al., 2006; Rousseau, 2013).

The model was evaluated against its objectives of 
integrating the main physiological processes involved 
in Ca and P absorption and retention, with the most 
important modulating factors taken into account. The 
originality of this model lies in the dissociation between 
the soft and bone masses and growth. The most relevant 
model mechanisms and outputs were evaluated by sim-
ulating experimental situations and comparing the pre-
dictions of the model to observed data or assumptions.

Model evaluation was performed in 3 steps in a ref-
erence production situation in which a pig at 50 kg BW 
was fed a corn and soybean meal-based diet that ful-
filled the digestible P and total Ca requirements (NRC, 
2012). Phosphorus retention in bone (PBn retention) 
and P retention in soft tissue (P in soft tissue [PSt] re-
tention) were the main performance parameters used in 
this analysis. The first step consisted of a conventional 
univariate sensitivity analysis performed by iteratively 
varying the major model parameters means from –1.5 
to +1.5 times their respective SD reported in literature 
while keeping all other variables at their central value. 
The objective of this sensitivity analysis was to iden-
tify critical areas in the system and highlight the most 
influential factors implicated in Ca and P metabolism. 
Univariate sensitivity indexes expressed relative to the 
reference situation values made it possible to evaluate 
the relative magnitude of the deviations. Model param-
eter interactions were not investigated in this analysis.

In the second step, general model behavior was 
studied by simulating specific dietary situations with 
the objective of evaluating the ability of the model to 
adequately represent critical aspects of P and Ca me-
tabolism. The results of these simulations are the logical 
consequences and mathematical representations of the 
hypotheses included in the model. Then, to ensure that 
model’s daily outputs were in the range of the respons-
es reported in the literature, the 2 databases described 
above were used in a third step for model evaluation 
analysis to simulate the Ca, P, protein, and ash whole 
body composition with inputs from experimental diets 
and the Ca and P digestibility and retention coefficients 
derived from balance studies. The simulation results 
were used to compare predicted and observed values.

As direct comparisons between model simulations 
and experimental outputs are often considered to be ir-
relevant, because the interexperiment variability is much 
greater than the within-experiment variability (Sauvant 
et al., 2005), the random effect of the experiment was 
included in the statistical model to compare observed 
and predicted values using the MIXED procedure of the 



Létourneau-Montminy et al.1208

SAS software program (SAS Inst. Inc., Cary, NC). The 
ability of the proposed simulation model to reproduce 
experimental conditions was evaluated based on the sta-
tistical properties of the intercept, the slope, and R2 ob-
tained between observed and predicted values. The mean 
square prediction error (MSPE) was broken down into 
error in central tendency (ECT), error due to regression 
(ER), and error due to disturbance (ED), as suggested 
by Pomar and Marcoux (2005), Theil (1966), and Bibby 
and Toutenburg (1977). The ECT indicates the extent to 
which the average of the predicted dependent variables 
deviates from the average of the observed values. The 
ER measures the deviation of the least squares regression 
coefficient from 1, the value obtained if observed and 
simulated results were in complete agreement. The ED is 
the variation in the observed values that is not accounted 
for by a least squares regression of observed on predicted 
values. This error is, in fact, the unexplained variance and 
represents the portion of MSPE that cannot be eliminated 
by linear transformation (Theil, 1966). Additionally, rela-
tive MSPE (rMSPE) expressed as a percentage of the 
observed mean was also used as a measure of the predic-
tion error.

RESULTS AND DISCUSSION

Sensitivity Analysis
Varying the major model parameters from –1.5 to 1.5 

times their SD generated small changes in terms of P de-
position into bone and soft tissue. Changes in ATTD of 
phytate P (2.3 g/kg diet) from 0.11 to 0.41 and dicalcium 
phosphate (1.74 g/kg diet) from 0.58 to 0.98 induced the 
greatest variation in PBn retention (–6 to +1% and –3 
to +1%, respectively). The response of PBn retention to 
increasing P digestibility is not linear and NRC (2012) 
P requirement provides 85 % of the amount needed 
for maximal Bn mineralization. This is due to the fact 
that they lowered the Ca requirement to a ratio of 2.15 
Ca:digestible P and, therefore, dietary Ca limits the P de-
position into bone in the simulation. Varying fecal EPL 
(from 0 to 380 mg/kg DMI) also slightly modified PBn 
retention (–2 to +1%), indicating that gastrointestinal en-
dogenous P secretions were not important determinants 
of total P requirement and homeostasis. Ajakaiye et al. 
(2003) and Shen et al. (2002) reported greater values 
(450 and 670 mg/kg DMI) than those that had previously 
been reported (100 to 200 mg/kg DMI). Nevertheless, 
if these losses were greater than the simulated ones, the 
model will be able to take their impact into account. The 
sensitivity of PBn retention to P ATTD and endogenous 
losses indicates that even if pigs were fed to requirements, 
P absorption was not saturated. This finding is consistent 
with the fact that the digestible P requirement set by the 

NRC (2012) is 0.85 of maximum P retention. Given that 
the model gives priority to PSt retention over PBn re-
tention, ATTD coefficients and fecal EPL had no impact 
on PSt retention. Digestibility coefficients and EPL were 
considered to be hard data or statements with adequate 
proof (Whittemore, 1983) in the model, as numerous 
publications were available on this topic.

Decreasing the precocity value parameter of the 
Gompertz function decreases protein retention and thus 
PSt retention (–16% at –1.5 SD) and increases PBn re-
tention only slightly (1% at –1.5 SD). Similarly, modi-
fying P concentration in subcutaneous fat reduced PSt 
retention but to a lower extent (–2%), given that the P 
found in soft tissue is mainly in the protein compart-
ment. The concentrations of P in body proteins and 
lipids are difficult to estimate from the literature data, 
given that only 1 study (Nielsen, 1973) was available; 
those concentrations can, therefore, be considered to be 
soft data or statements with inadequate, but some, proof. 
The Gompertz function was adjusted to fit the protein 
deposition of modern pigs as estimated from numerous 
dual-energy X-ray absorptiometry (unpublished data) 
and is, therefore, considered hard data.

Model Behavior

Body Partitioning in Adequate and Low-Lysine 
Diets. A simulation of a reference 50 kg pig fed at re-
quirements (NRC, 2012) or given a low-Lys diet (–40% 
Lys) was performed. In the reference pig, about 99% 
of dietary Ca and 60 to 70% of body P were deposited 
into bone in accordance with Crenshaw (2001; Fig. 3). 
It should be noted that in a diet formulated to maxi-
mize bone mineralization, which is not the case with 
the NRC (2012) reference pig, the proportion of P will 
be close to 70%. The remaining portion of available P 
was fixed in soft tissue with most of the P retained in 
the protein compartment, in agreement with Nielsen 
(1973). This result reflects the indispensable role that 
P plays in muscle metabolism: energy (ATP), protein 
utilization during exercise (creatinine), cell membranes, 
and phosphoproteins (e.g., phosphatase, phosphory-
lase). Indeed, P deprivation is characterized by muscle 
weakness and creatinuria (Schneider and Steenbock, 
1939). Reducing dietary Lys by 40% in pigs fed accord-
ing to the requirements set by the NRC (2012) reduced 
protein deposition and in turn the amount of P deposited 
into protein compartment by 14% (Fig. 3). This simu-
lation illustrates the importance of the protein pool in 
P metabolism. As expected, protein deficiency slightly 
increased lipid deposition but not enough to increase P 
deposition in lipid, given that the low concentration of 
P in lipid tissues was unaffected by dietary Lys. Given 
that bone mineralization potential was not obtained in 
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a pig fed to the P requirement set by the NRC (2012), 
the P that is normally prioritized to soft tissue was de-
posited into bone (+7%) because of the reduced protein 
retention induced by the low-Lys diet. Such priority for 
soft tissue over bone indicates that the PBn minerals 
provide a reserve supply whereas the PSt plays vital 
functional roles that are protected (Day and McCollum, 
1939). Similar results were obtained for body Ca but are 
quantitatively less important, given the low proportion 
of body Ca found in protein. This partitioning of the 
available P between bone and soft tissue is in accor-
dance with studies in which pigs fed low-CP and low-P 
diets had greater bone ash, P, and Ca concentrations in 
bone than pigs fed high-CP and low-P diets (Reinhard 
et al., 1976; Varley et al., 2011b). Varley et al. (2011b) 
speculated that the bone ash decrease observed in pigs 
fed high-CP diets resulted from the catabolism of di-
etary CP, which generated metabolic acids leading to 
excess acidity that was buffered by alkaline mineral 
reserves in bone (Arnett, 2007). However, many stud-
ies showed a positive influence of high-protein diets on 
bone health in humans (Conigrave et al., 2008). A better 
understanding of the complex interactions between the 
dietary acid–base balance, Ca and P metabolism, and 
bone growth is needed before this modulating factor 
can be introduced into the model.

Simulation of Dietary Phosphorus and Calcium 
Imbalance. The impact of imbalances were tested by 
simulating the impact of increasing calcium carbonate in 
a diet that fulfilled dietary P requirements (NRC, 2012) 
and increasing dicalcium phosphate in a diet that fulfilled 
Ca requirements (NRC, 2012). Increasing calcium car-
bonate in a Ca-deficient diet resulted in a concomitant 
increase in PBn and CaBn retention, whereas the reten-
tion of P and Ca in soft tissue did not change, in agree-
ment with the model’s hypothesis. These results were 
accompanied by a reduction in P urinary excretion to the 
minimum level whereas that of Ca increased when maxi-
mum retention in bone was reached (Fig. 4a and 4b), as 
previously shown by Pointillart and Fontaine (1983) and 
Létourneau-Montminy et al. (2011). This finding is in 
accordance with number of studies showing hyperphos-
phaturia during Ca imbalance (Vipperman et al., 1974; 
Létourneau-Montminy et al., 2011).

Similarly, in a P-deficient diet, where the lack of 
P meant that none of the ingested Ca could be utilized, 
absorbed Ca had to be excreted. Therefore, increasing 
dietary phosphate in a P-deficient and nonlimiting-Ca 
diet resulted in similar concomitant increases in PBn 
and CaBn, no effect on retention in soft tissue, a de-
crease in the urinary excretion of Ca, and an increase 
in P urinary losses (Fig. 4c and 4d). These responses to 
dietary P imbalance are in agreement with the literature 
data (Vipperman et al., 1974; Pointillart et al., 1987).

Simulation of Dietary Phosphorus and Calcium 
Depletion and Repletion Sequences. The results of the 
simulation of Létourneau-Montminy et al. (2014) data, 
which depleted pigs (60% of the digestible and total Ca 
in the control diet) for 28 d and then repleated with a 
control diet that fulfilled requirements for an additional 
28 d, indicated a remaining deficit of 8% in the model in 
comparison with 9% in the experiment. The results of the 
study by Gonzalo et al. (2014) study conducted with a 
similar depletion–repletion experimental design showed 
a remaining CaBn deficit of 12% in comparison with 8% 
in the simulation. Adaptation to low-nutrient diets has 
long been recognized. Experimental Ca depletion–reple-
tion studies in several species, including rats (Stauffer et 
al., 1972; Drivdahl et al., 1984), humans (Akesson et al., 
1998), and pigs (Fammatre et al., 1977; Ryan et al., 2011; 
Létourneau-Montminy et al., 2014), have shown that 
bone tissue presents mechanisms that allow replenish-
ment of losses that result from the mobilization of bone 
mineral reserves during Ca and P deficiency. In pigs and 
broiler chickens, this compensatory bone mineralization 
came from both an increase of Ca and P intestinal ab-
sorption and bone retention (Ashwell, 2009; Létourneau-
Montminy et al., 2014). The mechanisms implicated 
during depletion and repletion are complex and involve 
at least 2 hormones, namely parathyroid hormone and 
calcitriol, that act on intestinal absorption, renal reabsorp-
tion, and bone formation and resorption (Parfitt, 1976). 
Moreover, bones apparently respond differently to Ca or 
P deficiency (Aiyangar et al., 2010; Gonzalo et al., 2014).

Comparison between Predicted and Observed Whole-
Body Phosphorus, Calcium, Ash, and Protein Accretion

Model simulations results were compared with lit-
erature data to investigate the effect of sex, and dietary 
Ca and P dietary concentrations on body mineral com-
position  as reported in studies comparative slaughter 
techniques. The random effect of experiment was never 
significant, probably owing to the small number of ex-

Figure 3. Phosphorus and calcium intake and body partitioning in 
pigs fed a normal diet (white columns) or a low-Lys diet (black columns).
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periments. Mean deviation from the bisector indicated 
that body protein and ash were slightly (less than –2%) 
underpredicted by the model, whereas body Ca and P 
were slightly overpredicted (1%; Fig. 5). All body com-
ponents were predicted with adequate accuracy as in-
tercepts and slopes did not deviate from 0 and 1 in any 
case. For body protein, rMSPE was low (3.7%) and as-
sociated mainly with ED (83%); the remainder was 8% 
ECT and 9% ER. The model was calibrated to represent 
each experiment’s protein dynamics. The Gompertz 
function adequately represented the observed trends. 
Regarding body Ca, the rMSPE was greater for protein 
(9.1%) but again mainly related to ED (97%). Owing to 
a lack of data on bone growth potential, Ca deposition 
potential was linked to protein deposition potential in 
the model. However, it is generally accepted that bone 
tissue accretion in pigs initially develops faster than 
muscle tissue and then declines, whereas muscle tissue 
accretion continues to increase (Mahan, 1978). The fact 
that the model accurately predicted whole-body protein 
and Ca depositions confirmed that the growth of bone 
and muscle in modern pigs is similar, probably owing 
to continued selection efforts for improved growth and 

leaner carcasses. The rMSPE for body P was 8.8% and 
about 1% of the error was ECT and 2% was ER. Given 
the prediction accuracy for whole-body Ca and the fact 
that body P found in bone is deposited in a fixed ratio 
with Ca, whole-body PBn deposition can be considered 
to be as accurate as CaBn. Therefore, the increased ER 
for P compared with that for Ca was probably the result 
of a small underestimation of PSt retention and thus the 
amount of P deposited into protein compartment, which 
is quantitatively larger.

Although errors for both Ca and P were low and 
mainly random in nature (ED), it can be seen that 4 
points reporting the body composition of pigs at 120 kg 
BW from the same study (Jondreville et al., 2004) were 
underestimated (Fig. 5). A similar trend was observed for 
Ca and P, but the underestimation was related to bone 
deposition. However, body protein was not available in 
that paper, and therefore, the body Ca:protein ratio was 
an unknown input; the default value of 0.05 had to be and 
could be responsible for these discrepancies. Finally, as 
the proposed model calculates ash from body P and Ca, 
ash followed a trend similar to body Ca and P, with 8.5% 
rMSPE, 94% ED, and 6% ECT.

Figure 4. Response of increasing dietary calcium in a diet adequate in phosphorus and deficient in dietary calcium on phosphorus (a) and calcium 
(b) balance and of increasing dietary dicalcium phosphate in a diet adequate in calcium and deficient in dietary phosphorus on phosphorus (c) and calcium 
(d) balance. St = soft tissue. 
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The actual CaBn and PBn deposition depends on 
the availability of the absorbed Ca and P and the bal-
ance between them. Therefore, soft tissue and bone 
mineral growth are linked only when animal are fed to 
maximize both soft tissue and bone growth. The studies 
by Pomar et al. (2006) and Rousseau (2013), in which 
dietary Ca, P, and microbial phytase have varied, that 
were used to further evaluate the model showed that 
whole-body P and Ca can be decreased without protein 
deposition being modified. For example, Pomar et al. 

(2006) showed that body P was decreased by 48% and 
body protein by 1% if dietary digestible P and Ca was 
reduced by 50%. In such situations, the model predicts 
decreases of 51% in body P and 5% in body protein. 
Similarly, Rousseau (2013) reported that body P was 
increased by 18% and body protein was increased by 
10% in pigs fed a diet supplemented with 700 phytase 
units/kg of microbial phytase, whereas the model’s 
predictions are 19 and 9%, respectively. The model is, 
therefore, able to independently simulate bone and soft 

Figure 5. The relationship between observed and predicted body composition in calcium (a; no. of observations [Nobs] = 76, relative mean square 
prediction error [rMSPE] = 9.08%, error in central tendency [ECT] = 2.3%, error due to regression [ER] = 1.1%, and error due to disturbance [ED] = 
96.6%), phosphorus (b; Nobs = 76, rMSPE = 8.8%, ECT = 1.1%, ER = 2.4%, and ED = 96.5%), ash (c; Nobs = 76, rMSPE = 8.5%, ECT = 5.7%, ER = 
0.5%, and ED = 93.8%), and protein (d; Nobs = 52, rMSPE = 3.4%, ECT = 8.3%, ER = 8.6%, and ED = 83.1%). x = y line (—) and regression line (--). 
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tissue growth. The adequate and unbiased prediction of 
whole-body protein, Ca, and P deposition support that 
the main modulating factors implicated in P and Ca me-
tabolism are accommodated by the proposed model.

Comparison between Predicted and Observed 
Apparent Total Tract Digestibility and Retention 
Coefficients of Calcium and Phosphorus

The model simulations were compared with litera-
ture data investigating Ca and P balance data based on 
total collection of feces and urine. The P ATTD was 
predicted with good adequacy, as the intercept and 
slope did not differ from 0 and 1, respectively. However, 
for the P retention coefficient, the slope differed from 
unity (1.15; P < 0.05; Fig. 6). The rMSPE was about 
15% for the P ATTD and retention coefficient. The er-
rors were mostly ED (90 and 88%, respectively) and 
the remaining errors are ECT (9 and 7%, respectively). 
Although low, such errors indicate a systematic un-
derestimation of P ATTD that is then reflected in the P 
retention coefficient. This underestimation may be the 
result of the fecal EPL used in the model, which was 
0.139 g/kg DMI was according to Petersen and Stein 
(2006). Indeed, these losses correspond to 7.8 mg/kg 
BW for a 25-kg pig (the average BW of the data that 
were simulated); that value was higher than the basal 
losses (3 mg/kg BW) estimated by previous authors 
(Jongbloed and Everts, 1992; Dilger and Adeola, 2006; 
Pettey et al., 2006). The data used to validate the model 
were based on results that were deficient in P. Such de-
ficiencies were accompanied by basal fecal EPL and 
larger P ATTD through regulatory processes that are not 
yet included in the model (Jongbloed and Everts, 1992; 
Létourneau-Montminy et al., 2014). Finally, the low 
ER showed that representing P absorption with a lin-
ear equation was accurate. Therefore, passive diffusion 
was more important than active transport at high levels 
of P (Jongbloed and Mroz, 1997; Stein et al., 2008).

The rMSPE for Ca ATTD is 11%, and 88% of the 
error is from ED and is, therefore, not accounted for by 
the least square regression of observed on predicted val-
ues. The R2 is, however, low (0.27), indicating a large 
variation in observed and predicted values. Information 
about Ca digestibility and modulating factors is scarce, 
and these results confirmed that other dietary or meta-
bolic factors must be included. Finally, for the Ca reten-
tion coefficient, there was a large ER (49%) followed 
by ED (28%) and by ECT (23%). The underprediction 
of ECT is due mostly to data in which P ATTD was un-
derpredicted, which induced a lower Ca retention by 
the model. Indeed, when these data are corrected, the 
ECT was reduced to 11% (results not shown). Most of 
the error was ER, which comes from points with low 

Ca retention values (Fig. 6). These data were character-
ized by pigs fed a P-deficient diet with marked hyper-
calciuria. In the model, Ca can be retained only if there 
is sufficient P. However, in some studies where P was 
low (without supplemental phosphate), Ca was retained 
(e.g., Vipperman et al., 1974). Hypercalciuria is the most 
consistent metabolic abnormality found in patients with 
calcium nephrolithiasis (Bushinsky et al., 1995). In pigs 
fed normal-Ca vs. high-Ca diets (+ 55%) with normal 
P, Pointillart et al. (1987) observed an increased in the 
Ca content of the kidney. In the present study, when the 
hypercalciuria treatments were removed from the data-
base, the ER was reduced to 11% (results not shown). A 
better understanding of Ca and P metabolism in an acute 
deficiency is needed. The regulation of Ca and P absorp-
tion is not yet included in the model. As a result, fecal Ca 
excretion may be overpredicted and urinary Ca excre-
tion may be underestimated in diets that are extremely 
deficient in P. In contrast, P fecal excretion can be over-
estimated leading to lower Ca retention.

Impact of Dietary Calcium  
and Phosphorus on Growth Performance

In the InraPorc growth model (van Milgen et al., 
2008), growth performance is driven by NE and essen-
tial AA supply. Phosphorus deficiency also has been re-
ported to modify growth performance through a loss of 
appetite and reduced growth (Suttle, 2010). In fact, pigs 
fed with low-P diets frequently have low growth rate, 
feed intake, and feed efficiency. Increasing available P in 
these low-P diets increases both feed intake and growth 
rates, but feed intake reaches normal values before 
growth rate (Reinhart and Mahan, 1986;  Létourneau-
Montminy and Narcy, 2013); this suggesting that dif-
ferent mechanisms are implicated in these animal re-
sponses to dietary P deprivation (Underwood and Suttle, 
1999). Additionally, high dietary Ca is known to aggra-
vate symptoms of P deficiency (Létourneau-Montminy 
et al., 2012, Létourneau-Montminy and Narcy, 2013) 
through a reduced absorption due to the formation of 
insoluble Ca–P complexes (Narcy et al., 2012; Heaney 
and Nordin, 2002). The mechanisms implicated in the 
animal responses to Ca and P deficiencies are not well 
known, and therefore, the impact of these mineral de-
ficiencies on feed intake and growth performance have 
not been included in the proposed model.

Conclusions and Outlooks

Although vital for the animal, P has to be finely 
managed to allow the animal to express its full produc-
tion potential while minimizing P excretion, thus avoid-
ing its detrimental environmental effect. Phosphorus 
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metabolism is complex and its quantification difficult, 
partially because of its strong link with Ca. A mecha-
nistic mathematical model is proposed to represent the 
factors that quantitatively have a major impact in the 

determination of animal responses while ensuring flex-
ibility and allow effective prediction in a wide range 
of production situations. Because Ca and P metabolism 
and soft tissue growth main factors are represented into 

Figure 6. The relationship between observed adjusted for experiment effect and predicted apparent total tract digestibility in phosphorus (a; no. of 
observations [Nobs] = 95, relative mean square prediction error [rMSPE] = 15.0%, error in central tendency [ECT] = 9.3%, error due to regression [ER] = 
0.94%, and error due to disturbance [ED] = 89.7%), phosphorus retention coefficient (b; Nobs = 95, rMSPE = 15.5%, ECT = 7.4%, ER = 4.6%, and ED = 
88.0%), apparent total tract digestibility in calcium (c; Nobs = 63, rMSPE = 11.1%, ECT = 8.1%, ER = 3.9%, and ED = 88.0%), and calcium retention 
coefficient (d; Nobs = 63, rMSPE = 21.2%, ECT = 22.6%, ER = 49.0%, and ED = 28.4%). x = y line (—) and regression line (--). Data from Almeida and 
Stein (2010), Düngelhoef et al. (1994), Hill et al. (2009), Ketaren et al. (1993), Lantzsch et al. (1995), Larsen and Sandström (1993), Létourneau-Montminy 
et al. (2010), Lyberg et al. (2005), Murry (1995), Narcy et al. (2010), Pallauf et al. (1994), Pomar et al. (2006), Rodehutscord et al. (1999), Spencer et al. 
(2000), Stein et al. (2008, 2011), Veum et al. (2001), Vipperman et al. (1974), and Zimmermann et al. (2002, 2003). 
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the proposed model, Ca and P requirements can be 
estimated based on the desired production objectives, 
such as maximizing growth performance, bone miner-
alization, or minimizing P excretion. It has been dem-
onstrated that the proposed model accurately simulates 
whole body P, Ca, protein, and lipid as well as P digest-
ibility and retention. However, the prediction accuracy 
is lower for Ca digestibility and retention, an area that 
deserves further research.
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