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ABSTRACT An experiment was conducted to eval-
uate the influence of different Ca sources (limestone,
Ca chloride, and Lipocal, a fat-encapsulated tricalcium
phosphate, TCP) in conjunction with 4 dietary levels of
non-phytate P (NPP) on performance, ileal digestibil-
ity of Ca and P, and bone mineralization in broiler
chickens. Calcium sources were also evaluated in vitro
to measure acid-binding capacity (ABC) and Ca sol-
ubility at different pH values. Ca chloride showed the
highest solubility of Ca, with TCP showing the high-
est ABC. Ross male broiler-chicks were sorted by BW
at 1 d post-hatch and assigned to 5 cages per diet
with 5 birds per cage. Twelve diets were arranged in a
3 × 4 factorial of the 3 Ca sources and 4 levels of NPP
(0.3%, 0.35%, 0.4% or 0.45%) consisting of 4 added P
levels (Ca(H2PO4)2) with a high dose of phytase (1,150
U/kg) in all diets. On d 14 post-hatch, 3 birds were
euthanized, and ileal digesta and the right tibia were

collected to determine ileal Ca and P digestibility and
bone mineralization, respectively. Feed intake (FI) and
weight gain (WG) on d 14 was higher (P < 0.01) with
TCP and limestone than with Ca chloride. Added P in-
creased the tibia weight and tibia ash content in chicks
fed TCP up to 0.4% NPP and limestone up to 0.35%
NPP. Calcium ileal digestibility was higher (P < 0.01)
with Ca chloride (73.7%) than with limestone (67.1%)
or TCP (66.8%), which increased (P < 0.05) with added
levels of P from monocalcium phosphate. Phosphorus
ileal digestibility was not affected by the Ca source and
increased (P < 0.001) with added levels of NPP. It
can be concluded that starting broilers responded bet-
ter to low-soluble Ca sources compared to high-soluble
sources. A level of 0.35%–0.40% NPP with a high dose
of phytase (1,150 U/kg) in diets including limestone or
TCP is sufficient to guarantee performance and bone
formation for broiler chickens from d 0 to d 14.
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INTRODUCTION

Calcium (Ca) requirement for broilers is a major area
of debate in the poultry industry, and contradictions
persist regarding the optimum level required for growth
and bone mineralization. In particular, Ca requirements
are still described on a total Ca basis rather than on di-
gestible or available Ca, and few efforts have been made
to optimize the use and availability of new Ca sources.
Moreover, Ca requirements have usually been measured
using limestone in the diet, which shows a reduced solu-
bility during neutralization in the small intestine, where
most absorption takes place (Goss et al., 2007).

The immature gastrointestinal tract of young chicks
could be more sensitive to the level and properties of Ca
in the diet, unlike that of adult birds. Different sources
and forms of dietary Ca have been evaluated in broil-
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ers. For example, Manangi and Coon (2007) described
that broilers increased their weight gain (WG) with
limestone particle between 137 μm and 388 μm, com-
pared to BW gains obtained by feeding either smaller
(28 μm), more soluble or larger (1,306 μm), less soluble
particles. Recently, Walk et al., (2012) also showed that
when diets were formulated (0.9% Ca) with a highly
soluble source of Ca (calcified seaweed, Vistacal, AB
Vista Feed Ingredients), broiler growth was lower than
that of animals fed limestone diets. Soluble sources of
Ca may increase the acid-binding capacity (ABC) of
digesta and decrease energy and protein digestibility
(Tamim and Angel, 2003). They may also form a com-
plex with phytin (Selle et al., 2009) and phosphates (De
Kort et al., 2009), which interfere with the availability
of P and Zn (Wise, 1983; Tamim et al., 2004; Lönnerdal,
2000). Supplementing the diet with phytase and reduc-
ing dietary Ca from 0.9% to 0.45% (Walk et al., 2012)
and from 0.6% to 0.5% (Adeola and Walk, 2013) to
balance the soluble Ca and P in the small intestine im-
proved broiler growth performance and tibia ash weight
when using a high-soluble source of Ca in the diet. An
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overdose of phytase (1,000 U/kg) allowed for the re-
lease of 1.70 g and 1.56 g of phytic P for absorption
when Ca was 0.5% and 0.6%, respectively (Adeola and
Walk, 2013).

The objective of the current work is to evaluate the
in vitro solubility of Ca and the ABC characteristics of
different Ca sources, and explore how the incorporation
of these sources may affect the ileal digestibility of Ca
and P, animal performance, and bone mineralization
in broiler chickens. Diets were formulated to contain a
low-calcium level, a high dose of phytase and 4 graded
levels of non-phytate P (NPP) to identify and better
characterize the interactions between Ca and P, and
their effects on animal performance.

MATERIALS AND METHODS

Calcium Sources

Three main sources of Ca were used to design
the experimental treatments: Ca chloride, limestone
and, tricalcium phosphate (TCP, Lipocal (Lipofoods;
Barcelona, Spain)). Lipocal is a tricalcium phosphate
powder which has been treated with lecithin to reduce
its interactions with other minerals and feed ingredi-
ents, especially in aqueous media. Limestone, Ca chlo-
ride, and monocalcium phosphate were obtained from
a local feed manufacturer.

Calcium Solubility and Acid-Binding
Capacity (in vitro)

The in vitro solubility of added Ca from limestone,
Ca chloride, and TCP was measured in a phosphate-
citrate buffer at a pH ranging from 2.96 to 6.52, with
or without phytic P (0.2475 g, phytic acid solution
40%, Fluka Analytical; Buchs, Switzerland). For cal-
cium chloride, 75 mL of buffer and 90 mg of Ca-shaped
calcium chloride (250 mg anhydro calcium chloride) was
added in each tube. For the limestone and TCP tubes,
224.7 mg limestone and 250 mg TCP were added. Seven
phosphate-citrate buffer solutions were prepared at pHs
2.96, 3.53, 4.18, 4.77, 5.27, 6.01, and 6.52 from solutions
of 0.2 M dibasic sodium phosphate (Na2HPO4) and 0.1
M citric acid, according to Pearse (1980). All buffers
were prepared and pH-adjusted before the addition of
phytic acid. The tubes were vortexed and incubated for
60 min at 37oC to observe the amount of mineral precip-
itate and to obtain the supernatant from the samples.
They were analyzed for soluble Ca content using Induc-
tively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES model Optima 4300DV, PerkinElmer Inc.;
Waltham, MA).

The ABC of the 3 Ca sources was measured in batch
solutions with increasing amounts of Ca to simulate a
dietary Ca level of 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, and
1.2%, and a water-to-feed ratio of 2:1. The buffering ca-
pacity was measured by the procedure of Lawlor et al.,

(2005) in duplicate tubes by titration dripping increas-
ing amounts of HCl (0.1 N), and measuring the pH
continuously until reaching pH = 3 (ABC-3).

Bird Management, Husbandry,
Experimental Design and Diets (in vivo)

All experimental procedures were approved by the
Animal Ethics Committee of the Universitat Autònoma
de Barcelona and were in compliance with the Euro-
pean Union guidelines for the care and use of animals
in research (European Parliament, 2010).

One-day-old male broilers (Ross 308) were obtained
from a local hatchery, weighed, wing-tagged, and allot-
ted to 12 dietary treatments in a completely random-
ized design. Each treatment was replicated 5 times in
battery brooder cages with 5 chicks each. The brooder
temperature was maintained at a temperature of 35oC
from d 0 to d 4 post-hatch, and was progressively re-
duced to 25oC on d 14. The light cycle was 24h/day
from d 1 to d 2, 23h/d from d 3 to d 10 and 18h/d from
d 11 to d 14. Feed and water was provided ad libitum.

Sources of Ca (limestone, Ca chloride and TCP) and
NPP at 0.3%, 0.35%, 0.4% and 0.45% of the diet, con-
sisting of 4 added levels of monocalcium phosphate,
were used in a 3 × 4 factorial arrangement (Table 1).
All diets met or exceeded the nutrient requirements
for broilers (Fundación Española Desarrollo Nutrición
Animal, 2008), with the exception of Ca and avail-
able P. Diets contained 1,000 units of Escherichia coli
6-phytase expressed in Trichoderma reesei (Quantum
Blue, AB Vista Feed Ingredients; Marlborough, UK).
The phytase activity analyzed in the diets was 1,150
FTU/kg. Diets were fed in mash form and contained
0.3% titanium dioxide as an indigestible marker.

Experimental Procedures

Birds were individually wing-tagged in order to mon-
itor individual BW as well as the group BW at the start
(0 d), d 7 and d 14 post-hatch. From these values the
feed intake (FI), weight gain (WG), and G:F from d 1
to d 14 were calculated. On d 14, 3 birds with the clos-
est BW to the average cage BW were killed by cervical
dislocation. The pH of the gizzard and proventriculus
were recorded by immersing the electrode of a digital
pH meter into the center of the lumen. Ileal digesta
were collected in the region from Meckel’s diverticulum
to about 2 cm anterior to the ileo-cecal junction and
stored at −20oC. The right tibias were collected from
the same animals, boiled, and adherent bone tissue was
cleaned off for bone-ash determination.

Laboratory Analyses

Diets and ileal digesta were analyzed for DM, Ti,
Ca, and P. Dry matter was determined by placing sam-
ples in a drying oven at 105oC for 24h. Samples were
digested in nitric perchloric and fluorhydric acid and
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Table 1. Ingredient and nutrient composition (% as fed-basis, unless otherwise indicated) of the experimental diets.

Calcium chloride Limestone TCP

NPP (%) 0.3 0.35 0.4 0.45 0.3 0.35 0.4 0.45 0.3 0.35 0.4 0.45

Ingredients,%
Corn 23.87 23.87 23.87 23.87 23.87 23.87 23.87 23.87 23.87 23.87 23.87 23.87
Wheat 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00
Soybean meal 27.15 27.15 27.15 27.15 27.15 27.15 27.15 27.15 27.15 27.15 27.15 27.15
Extruded full-fat soybean 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27 13.27
Na phosphate 0.48 0.48 0.48 0.48 0 0 0 0 0 0 0 0
L-Lysine 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
DL-Methionine 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
L-Threonine 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Soy oil 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Salt 0 0 0 0 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
Trace mineral-vitamin premix1 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
CaCl22 0.70 0.70 0.70 0.70 0 0 0 0 0 0 0 0
Limestone3 0.34 0.23 0.13 0.03 0.66 0.56 0.46 0.36 0.17 0.17 0.17 0.17
TCP 4 0 0 0 0 0 0 0 0 0.93 0.74 0.54 0.35
Monocalcium phosphate5 0.32 0.55 0.77 0.99 0.72 0.94 1.16 1.38 0 0.37 0.74 1.11
Sucrose 1.60 1.49 1.37 1.25 1.5 1.38 1.26 1.14 1.78 1.60 1.43 1.25
Titanium dioxide 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Calculated Composition (%)
ME(kcal/kg) 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960 2,960
CP 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0
Ca 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Total P 0.54 0.59 0.64 0.69 0.54 0.59 0.64 0.69 0.54 0.59 0.64 0.69
PP 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
NPP 0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Analyzed composition (%)
Ca 0.6 0.57 0.64 0.63 0.76 0.81 0.85 0.81 0.74 0.78 0.68 0.68
Total P 0.67 0.67 0.78 0.83 0.71 0.76 0.89 0.95 0.72 0.75 0.81 0.86

1Provided per kg of feed: vitamin A (from retinol), 13,500 IU; vitamin D3 (from cholecalciferol), 4,800 IU; vitamin E (from alfa-
tocopherol), 49.5 IU; vitamin B1, 3 mg; vitamin B2, 9 mg; vitamin B6, 4.5 mg; vitamin B12, 16.5 μg; vitamin K3, 3 mg; calcium
pantothenate, 16.5 mg; nicotinic acid, 51 mg; folic acid, 1.8 mg; biotin, 30 μg; Fe (from FeSO4·7H2O), 54 mg; I (from Ca(I2O3)2), 1.2
mg; Co (from 2CoCO3·3Co(OH)2·H2O), 0.6 mg; Cu (from CuSO4·5H2O), 12 mg; Mn (from MnO), 90 mg; Zn (from ZnO), 66 mg; Se
(from Na2SeO3), 0.18 mg; Mo (from (NH4)6Mo7O24); 1.2 mg. phytase, 1,150 FTU/kg; Endo-1,4-beta-xylanase EC 3.2.1.8, 150 FXU.

2Calcium chloride supplied 27.8% Ca.
3Limestone supplied 38% Ca.
4Lipocal supplied 34% Ca and 17.4% P (Lipofoods; Barcelona, Spain).
5Monocalcium phosphate supplied 17.8% Ca and 22.6% P.

subsequently analyzed for P, Ca, and Ti by flame
atomic-absorption spectroscopy. The tibias were defat-
ted for 48h in ethyl alcohol followed by a 48 h extraction
in ethyl ether. They were then dried for 12h at 110oC
and then ashed overnight at 550oC (Brenes et al., 2003).

Calculations and Statistical Analyses

Apparent ileal digestibility of Ca and P (%) was cal-
culated by the index method using the following equa-
tion:

Ileal Ca or P Digestibility = 1− ([Ti]D/[N]D/[Ti]M/[N]M),

where [Ti]D is the concentration of Ti in the diet, [N]D
is the Ca or P content in the diet, [Ti]M is the concen-
tration of Ti in ileal digesta, and [N]M is the Ca or P
content in ileal digesta.

Data were analyzed as a completely randomized de-
sign using the GLM procedure of SAS software (SAS,
2008), version 9.2. The dietary treatments were ar-
ranged in a 2-way factorial design and Tukey´s multiple
comparisons were used to determine main effects of the

Ca source, NPP level, and the interaction between the
two. The pen of the chicks served as the experimental
unit. The alpha level used for significant differences was
0.05.

RESULTS

Calcium Solubility and Acid-Binding
Capacity

Soluble calcium from limestone, Ca chloride, and
TCP at different pHs, with or without phytic acid, is
shown in Figure 1. Limestone showed a low solubility at
pH > 4, but the solubility increased as pH decreased.
Calcium chloride showed a higher Ca solubility in the
pH range between 2.96 and 6.0. However, an increase
in the pH above 6 drastically reduced soluble Ca from
calcium chloride. TCP showed a linear increase in the
solubility of Ca as pH decreased, from 6.52 to 2.69,
showing lower values of soluble Ca than did limestone
and calcium chloride at a pH greater than 5. No rele-
vant differences were observed in the two lines derived
from phytic acid incorporation. With the exception of
calcium chloride, the rank order of calcium solubility
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Figure 1. Concentration of Ca (mg/L) in the supernatant of Ca
chloride, limestone, and TCP1 solutions at different pHs (from left to
right, 2.69, 3.53, 4.18, 4.77, 5.27, 6.01, and 6.52) with and without
phytic acid (+ vs −).

Table 2. Acid-binding capacity (ABC,
mEq/kg feed requried to reach pH = 3)
of different sources and dietary calcium
levels.

Sources of calcium
%Ca Ca Chloride Limestone TCP1

0.2 1.6 46.9 72.8
0.4 1.9 94.1 140.3
0.6 1.9 141.1 219.2
0.8 2.1 167.7 280.8
1 2.1 190.4 343.2
1.2 2.4 244.0 420.3

1Lipocal (Lipofoods; Barcelona, Spain).

changed depending on pH. At a pH above 4.77, the
Ca solubility order was: TCP < limestone < calcium
chloride. At a pH below 4.77, the order was: limestone
< TCP < calcium chloride.

ABC was affected by the Ca source and concentra-
tion (Table 2). There was a linear increase in ABC with
the dietary dose of the 3 Ca sources, but values were
lower with calcium chloride than they were with lime-
stone and TCP. The ABC-3 estimated for a 0.8% Ca
supplementation of Ca sources in feed was 2.4 mEq/kg
feed, 244 mEq/kg feed and 420.3 mEq/kg feed, respec-
tively, for Ca chloride, limestone and TCP.

Bird Performance and Bone Mineralization

The feed intake and growth performance responses
of broiler chickens to different sources of Ca and NPP
levels are presented in Table 3. There was no inter-
action between the calcium source and NPP levels
(Table 3). Feed intake was higher (P < 0.05) in birds
fed the TCP diet than it was in birds fed the Ca chlo-
ride diet, showing intermediate values for birds fed on
limestone. The chicks fed TCP and limestone reach BW
at d 14 close to the Ross standards, showing a higher
(P < 0.01) WG than birds fed calcium chloride. The
feed efficiency was not significantly affected by the

source of Ca, the NPP level, or their interaction (P
> 0.05). The pH in the Gizzard and proventriculus was
not significantly affected by the source of Ca, the NPP
level, or their interaction. The pH averaged 2.09 ± 0.06
(mean ± SEM) in the gizzard (ranging from 1.24 to
3.89) and 2.18 ± 0.10 in the proventriculus (ranging
from 1.02 to 3.95).

The effects of the Ca source and NPP levels on tibia
weight and tibia ash content are presented in Table 4.
Tibia weight was influenced by the significant interac-
tion of the Ca source and P level. Added levels of P
increased the tibia weight with limestone and TCP but
not with calcium chloride. Tibia weight was higher in
birds fed TCP at 0.4% NPP, and limestone at 0.35%
NPP, while it was lower for treatments including Ca
chloride in the diet with 0.35% and 0.4% NPP. Tibia
weight was higher (P < 0.05) for birds fed TCP and
limestone than it was for Ca chloride. However, the
tibia-ash percentage was higher (P < 0.01) for TCP
than it was for limestone and Ca chloride. As a conse-
quence, the ash content per tibia was the greatest for
birds fed TCP, and it was the lowest for birds fed the
Ca chloride diet, with birds fed limestone showing in-
termediate results.

The ileal digestibility of Ca and P responses to dif-
ferent sources of Ca and NPP levels are presented in
Table 5. There was no interaction between the Ca
source and NPP level. Birds fed Ca chloride showed
higher (P < 0.01) ileal digestibility of Ca (73.7%) than
birds fed limestone (67.1%) or TCP (66.8%). Added
levels of P increased (P < 0.05) the ileal digestibility
of Ca and the ileal digestibility of P (P < 0.01), being
higher for the 0.45% NPP diet than it was for the 0.3%
NPP diet.

DISCUSSION

Maintaining soluble calcium in the gastrointesti-
nal tract is essential for intestinal absorption (Bron-
ner, 2003). Nevertheless, many Ca salts have a pH-
dependent solubility and may have limited availabil-
ity in the small intestine. In particular, the pH of the
broiler gut changes according to the region, from the
acidic environment of the proventriculus and gizzard,
where the pH is governed by the secretion of hydrochlo-
ric acid, to the less acidic, nearly neutral environment
throughout the intestine, where the pH is governed by
sodium bicarbonate. In the present in vitro study, cal-
cium solubility was determined at different pH values
and in the presence of excess solids to mimic the en-
vironment each salt may encounter in the GI tract.
Calcium chloride showed the highest solubility among
the 3 Ca sources at a pH above 3.5 until neutrality.
Differences in Ca solubility were consistent with Selle
et al., (2000), who suggested that most mineral com-
plexes were soluble at a low pH (less than 3.5), with
maximum insolubility occurring between pH 4 and 7.
In vitro research in corn-based diets by Walk et al.,
(2012) also described that limestone is approximately
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Table 3. Influence of Ca source and NPP1 levels on feed intake and growth performance of
broilers from 1d to 14d.2

Treatment NPP,% BW d14, g FI d 1–14, g/d WG d 1–14, g/d G:F d 1–14

Ca chloride 0.30 413.3 32.1 26.5 0.826
0.35 410.1 32 26.3 0.825
0.40 402.9 31 25.8 0.828
0.45 416.7 31.7 26.8 0.844

Limestone 0.30 442.2 33.6 28.4 0.847
0.35 436.4 31.9 28.2 0.886
0.40 441.2 34.3 28.5 0.828
0.45 431.1 33.4 27.8 0.832

TCP3 0.30 424.5 33 27.3 0.828
0.35 432.1 33.4 27.8 0.833
0.40 460.7 35 29.9 0.858
0.45 447.5 34.5 28.9 0.840

Calcium Source
Ca Chloride 410.7b 31.6b 26.3b 0.831
Limestone 437.7a 33.3ab 28.1a 0.848
TCP 441.2a 33.9a 28.4a 0.840
NPP level

0.30 426.7 32.9 27.4 0.834
0.35 426.2 32.4 27.4 0.848
0.40 435.0 33.5 28.0 0.838
0.45 431.8 33.2 27.8 0.839

SEM 15.59 1.43 1.11 0.019
P value
Ca Source × NPP Level4 0.686 0.855 0.692 0.351
CaSource 0.006 0.045 0.007 0.430
NPP Level 0.849 0.778 0.819 0.829

1Non-phytate P.
2Data are means of 5 pens with 5 chicks each.
3Lipocal (Lipofoods; Barcelona, Spain).
4 abcValues in the same column with different letters are significantly different (P < 0.05).

Table 4. Influence of Ca and NPP1 levels on tibia weight and tibia ash of 14-day-old broilers.2

Treatment NPP,% Tibia weight, g Tibia weight,%BW−1 Tibia ash,% Tibia ash, mg/tibia

Ca Chloride 0.30 0.77ab 0.185 50.61 393
0.35 0.74b 0.183 50.46 377
0.40 0.70b 0.175 50.68 359
0.45 0.78ab 0.184 51.24 404

Limestone 0.30 0.78ab 0.181 50.51 398
0.35 0.83a 0.185 50.35 418
0.40 0.79ab 0.180 50.65 405
0.45 0.80ab 0.185 50.77 407

TCP 0.30 0.77ab 0.182 50.96 394
0.35 0.78ab 0.185 51.81 406
0.40 0.89a 0.183 51.08 450
0.45 0.80ab 0.179 51.27 409

Ca source
Ca Chloride 0.75b 0.182 50.75b 383b

Limestone 0.80a 0.183 50.57b 407ab

TCP3 0.81a 0.182 51.29a 415a

NPP level
0.30 0.78 0.183 50.69 50.69
0.35 0.79 0.184 50.88 50.88
0.40 0.79 0.179 50.80 50.80
0.45 0.80 0.183 51.10 51.10

SEM 0.03 0.004 0.32 16.95
P value
Ca Source× NPP4 0.029 0.763 0.291 0.058
Ca Source 0.011 0.976 0.002 0.011
NPP level 0.883 0.559 0.382 0.800

1Non-phytate P.
2Data are means of 5 pens with 5 chicks each.
3Lipocal (Lipofoods; Barcelona, Spain).
4 abcValues in the same column with different letters are significantly different (P < 0.05).
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Table 5. Influence of Ca and NPP1 levels on Ca and P ileal digestibility in
14-day-old broilers.2

Treatment NPP,% Ca ileal digestibility, (%) P ileal digestibility, (%)

Ca Chloride 0.30 70.4 78.8
0.35 72.8 80
0.40 74.6 84
0.45 77 89.2

Limestone 0.30 64.8 78.8
0.35 68.8 81
0.40 64.6 83
0.45 70.2 86

TCP 0.30 62.25 72.75
0.35 67.4 83
0.40 67.2 79.8
0.45 70.4 83.2

Ca source
Ca Chloride 73.7a 83
Limestone 67.1b 82.2
TCP3 66.8b 79.7
NPP level

0.30 65.8b 76.8b

0.35 69.7ab 81.3ab

0.40 68.8ab 82.3ab

0.45 72.5a 86.1a

SEM 1.67 1.55
P value
Ca Source× NPP4 0.948 0.575
Ca Source 0.001 0.188
NPP 0.047 0.001

1Non-phytate P.
2 Data are means of 5 pens with 5 chicks each.
3Lipocal (Lipofoods; Barcelona, Spain).
4 abcValues in the same column with different letters are significantly different

(P < 0.05).

80% soluble in the acidic medium of the gastrointesti-
nal tract, ( but that solubility decreased to 77% in the
neutral conditions of the intestine, suggesting no fur-
ther dissolution of Ca in the intestinal phase. More-
over, a greater concentration of ionized Ca dissolved by
acid in the stomach may precipitate in the more neu-
tral intestine before absorption occurs. Therefore, due
to the secretion of HCO3

−, the free Ca2+ in the intes-
tine may precipitate out of the solution as carbonate
and phosphate. Goss et al., (2007) evaluated the con-
centration of soluble Ca using the in vivo concentration
of calcium and bicarbonate, and showed that soluble
amounts decrease by an order of magnitude with each
increasing pH unit. Goss et al., (2010) also reported
that calcium salt selection (Ca chloride vs. Ca citrate),
rate of neutralization, and the presence of other digesta
compounds (phosphates, amino acids and bile compo-
nents) impact the concentration of total soluble calcium
and may modify the physiological components affecting
calcium absorption. In this respect, Champagne (1988)
reported that Ca-phytate complexes may precipitate at
pHs between 4 and 6, which is the approximate pH of
the intestine where Ca ions should be absorbed. Taylor
(1965) and Manangi and Coon (2008) suggested that
the primary factor affecting phytic P utilization is the
Ca ion concentration in the small intestine, where in-
soluble Ca-phytate complexes form. However, we were
not able to identify changes in the soluble calcium con-
centration in the presence of phytic acid.

Walk et al. (2012) have also stated that high solu-
ble sources of Ca may increase the buffering capacity
of digesta. In our in vitro study, Ca chloride showed
the highest Ca solubility, but a lower buffering capacity
compared to TCP and limestone. The Ca supplemen-
tation required to reach 1% Ca in the diet when us-
ing limestone or TCP caused an increase in the ABC-3
of 193 mEq/kg and 343 mEq/kg, respectively, as com-
pared to the basal diet, practically doubling the ABC
of a maize-soybean diet (Lawlor et al., 2005). Jasaitis
et al., (1987) found that carbonates and dibasic or trib-
asic mineral additives had the highest ABC.

Broiler Performance and Bone
Mineralization

The Ca source promoted significant differences in FI,
with TCP promoting higher FI than did calcium chlo-
ride. Birds fed limestone and TCP also showed higher
WG than did birds fed Ca chloride. Based on these
results, it could be suggested that Ca sources with a
lower solubility may allow for better performance than
a high-soluble Ca source. Walk et al., (2012) observed
that broiler chickens fed 0.90% Ca from limestone ate
more and were heavier than were birds fed 0.90% Ca
from a high-soluble Ca source. Due to the soluble nature
of highly soluble Ca source, the authors suggested that
feeding 0.90% Ca from this source may reduce broiler
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performance as a result of a high Ca:P ratio and an
increase in calcium-phosphate or calcium phytate pre-
cipitation. The authors also demonstrated that N di-
gestibility was reduced as the highly soluble Ca source
increased, suggesting that the buffering capacity of high
dietary levels of highly soluble Ca may reduce pepsin
efficacy in the proventriculus and gizzard (pH optimum
at 2.8; Bohak, 1969). Both in vivo and in vitro studies
(Manangi and Coon, 2007) indicated that the solubility
of limestone depends on particle size, with the lowest
particle size (28 μm) showing a higher Ca solubility
and reduced phytate hydrolysis. Therefore, it could be
proposed that the limiting effects of soluble Ca on phy-
tate hydrolysis could be counteracted by a higher dose
of phytase or by adding NPP in the diets. Walk et al.,
(2012) demonstrated that a high dose of phytase in feed
to reach 2,000 U/kg-2,500 U/kg was able to increase the
performance of broilers fed 0.9% Ca of a high-soluble Ca
source to values close to those presented by a limestone
source without phytase. Similar performances were ob-
served with lower levels of Ca, which suggest that reduc-
tions in dietary Ca may be obtained with highly soluble
Ca sources while maintaining broiler performance and
bone mineralization. However, in the present study, all
diets were supplemented with a high dose of phytase
to reach an analyzed phytase activity of 1,150 U/kg,
and Ca was included at a low dose of 0.55% in order
to reduce the likely negative interactions among nutri-
ents in the digestive tract, allowing chicks to responsd
to different sources of soluble Ca. The results showed
that Ca digestibility was higher for Ca chloride than it
was for limestone and TCP, but no differences were ob-
served among Ca sources in P ileal digestibility. These
results make the explanation of limited P digestibility
with highly soluble Ca sources questionable. Addition-
ally, ABC was the lowest for calcium chloride, without
undermining any negative effect of soluble sources on
protein digestibility. On the other hand, results showed
a consistent effect of Ca chloride on FI and WG. It could
be speculated that feed palatability is likely affected in
the Ca chloride diets if broilers were able to detect the
highly soluble Ca and P sources in the beak and crop
(such as Ca chloride and Na phosphate). Some recent
reports suggest that broilers are able to detect calcium
in the diet (Wilkinson et al., 2012).

Increasing the level of NPP increased apparent ileal
P digestibility, which is in accordance with the results
reported by Rodehutscord and Dieckmann (2005). Al-
Masri (1995) showed that the values of dietary Ca and
its ratio to P may affect P absorption. Lower values of
P absorption were recorded when higher ratios between
Ca and P were added in the diet. Nevertheless, this re-
sult could also reflect the fact that mineral sources used
to increase NPP have a higher P digestibility than do
vegetable sources, even when a high dose of phytase
is added to the diet. In this respect, when using the
0.3% NPP diet to compare P digestibility among diets,
the TCP diet with a main content of tricalcium phos-
phate showed lower ileal P digestibility (72.7%) than

did the limestone diet (78.8%) and calcium chloride diet
(78.8%), which contained higher amounts of monocal-
cium and sodium phosphate, respectively. The results
appear to confirm a higher P digestibility for mono-
calcium and sodium phosphate than for the tricalcium
phosphate, likely reflecting the lower solubility of this
source at the neutral pH of the small intestine.

It is also relevant that higher levels of NPP also pro-
moted an increase in Ca digestibility, which could re-
flect the changes in the main mineral ingredients used in
each diet. Angel (2013) has recently described that true
digestibility of Ca for limestone (34.1%) is lower than
it is for monocalcium phosphate (67.9%). The increase
in ileal Ca digestibility with increasing levels of NPP
in the TCP treatments also suggests that Ca digestibil-
ity is also lower for tricalcium phosphate than it is for
monocalcium phosphate. Thus, a change in the levels
of included mineral ingredients, such as those promoted
when phytase is included in the diet, is also expected
to promote changes in Ca digestibility.

Tibia weight and ash content were influenced by
changes in the Ca source, with calcium chloride showing
the lowest tibia weight, with TCP showing the highest
tibia weight and ash content. Moreover, the significant
interaction observed between the Ca source and level of
NPP on tibia weight and ash content is worth stating. In
0.4% NPP diets, broilers fed TCP had an average of 450
mg of ash in the tibia, while values were 405 mg and 359
mg in limestone and Ca chloride broilers, respectively.
The results are coherent with differences observed in
FI and WG, but not with the results concerning Ca
and P digestibility (Ca chloride > limestone > TCP).
It is difficult to find an explanation for this effect on
bone mineralization, which appears to be greater than
are the effects observed in FI and performance. The
results could suggest that bone mineralization will de-
pend on the daily amount of absorbed Ca and P, but
also on the way and rate in which minerals are released
and absorbed in the intestinal tract, reaching the high-
est bone mineralization when derived from less soluble
Ca sources. However, this hypothesis deserves further
study and may pose difficulties to formulate diets on a
digestible or available Ca basis.

In conclusion, the results confirm that ileal Ca and P
digestibility may vary according to the source of miner-
als used in the diet, being higher for calcium chloride,
monocalcium phosphate, and sodium phosphate than
for limestone and TCP. However, growth performance
and bone mineralization reach the highest values in an-
imals fed low-soluble sources. A level of 0.35%-0.40%
NPP with a high dose of phytase in diets including lime-
stone or TCP is sufficient to guarantee performance and
bone formation for broiler chickens from d 0 to d 14.
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