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Abstract

Calcium (Ca) and phosphorus (P) are minerals involved in biological functions and essential structural components of the skeleton. The body
tightly regulates Ca and P to maintain homeostasis. Maternal needs for Ca and P increase during gestation and lactation to support conceptus
growth and milk synthesis. Litter size and litter average daily gain (ADG) have a large effect on Ca and P requirements for sows because as they
increase, the requirements increase due to a greater need from the sow. The objective of this review was to summarize published literature on
Ca and P requirements in gestating and lactating sows derived from empirical data and factorial models. A total of nine empirical studies and
seven factorial models were reviewed for determining the Ca and P requirements in gestation. For lactation, there were six empirical studies and
seven factorial models reviewed. Empirical studies determined requirements based on the observed effect of Ca and P on bone mineralization,
sow and litter performance, and milk characteristics. Factorial models generated equations to estimate Ca and P requirements using the main
components of maintenance, fetal and placental growth, and maternal retention in gestation. The main components for factorial equations in lac-
tation include maintenance and milk production. In gestation, the standardized total tract digestible phosphorus (STTD P) requirement estimates
from empirical studies range from 5.4 to 9.5 g/d with total Ca ranging from 12.9 to 18.6 g/d to maximize bone measurements or performance
criteria. According to the factorial models, the requirements increase throughout gestation to meet the needs of the growing fetuses and range
from 76 to 10.6 g/d and 18.4 to 38.2 g/d of STTD P and total Ca, respectively, on day 114 of gestation for parity 1 sows. During lactation, STTD
P requirement estimates from empirical studies ranged from 8.5 to 22.1 g/d and total Ca ranged from 21.2 to 50.4 g/d. For the lactation factorial
models, STTD P requirements ranged from 14.2 to 25.1 g/d for STTD P and 28.4 to 55.6 g/d for total Ca for parity 1 sows with a litter size of
15 pigs. The large variation in requirement estimates makes it difficult to define Ca and P requirements; however, a minimum level of 6.0 and
22.1 g/d of STTD P during gestation and lactation, respectively, appears to be adequate to meet basal requirements. The limited data and high
variation indicate a need for future research evaluating Ca and P requirements for gestating and lactating sows.

Lay Summary

Calcium (Ca) and phosphorus (P) are the most abundant minerals in the body and are important for skeletal development. Maternal needs for Ca
and P increase during gestation and lactation. The major contributing components of the requirement for Ca and P during gestation include sow
maintenance, and maternal, fetal, and placental growth. During lactation, the major components are sow maintenance and milk production. The
objective of this review was to summarize published literature on Ca and P requirements in gestating and lactating sows derived from empirical
studies and factorial models. Large variations in the published requirement estimates make it difficult to narrowly define Ca and P requirements
for reproducing sows. However, a minimum of 6.0 and 22.1 g/d of standardized total tract digestible phosphorus appears to meet the sow'’s
basal requirements during gestation and lactation, respectively. Further research is warranted to determine Ca requirements for reproducing
SOWS.
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Introduction retention (Auldist et al., 2000; Mahan et al., 2009). Optimal
maternal nutrition during gestation and lactation is critical to
ensure avoid mobilization of sow body reserves and provide
adequate growth and development of the offspring.
Research efforts have been made to determine mineral
requirements in growing and finishing pigs (Cromwell et al.,
1970; Ekpe et al., 2002; Vier et al., 2019). However, limited
research is available to summarize Ca and P requirements
in gestating and lactating sows. Common approaches for
estimating nutrient requirements include empirical studies
and factorial models (Hauschild et al., 2010). In empirical

Calcium (Ca) and phosphorus (P) are macrominerals involved
in biological functions and essential structural components of
the skeleton (Crenshaw, 2001). During gestation and lacta-
tion, the maternal need for Ca and P increases to support con-
ceptus growth and milk synthesis. The increased requirements
of Ca and P are generally met by modifications in diet formu-
lation, increased feed intake, and adaptations in Ca and P me-
tabolism. Sow parity, litter size, and body weight contribute
to maternal requirements because they influence the amount
of nutrients transferred to the uterus, milk, and maternal
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studies, dose-response experiments are often conducted to
determine nutrient requirements within a selected population
of animals. In the factorial method, nutrient requirements for
individual animals are estimated or modeled from the com-
bination of multiple components (maintenance, maternal
growth, fetal and placental development, and milk produc-
tion) that influence nutrient needs. However, a summary of all
peer-reviewed literature for Ca and P requirement estimates
is unavailable for gestating and lactating sows. Therefore, the
objective of this review is to summarize published literature
on Ca and P requirements for gestating and lactating sows de-
rived from both empirical studies and factorial models.

Ca and P Homeostasis

The majority of Ca and P in the body is in the skeleton. Calcium
and P are deposited in the bone as Ca phosphate-based crystals
(hydroxyapatite) which provide mechanical strength to the
skeletal tissue and serve as a Ca and P reservoir for maintaining
mineral homeostasis. The remainder of Ca and P is present in
extracellular fluids and soft tissue to be available for essential
roles in biological processes. Specifically, the functions of Ca in-
clude blood coagulation, muscle contraction, and cell signaling.
Phosphorus is important for many organic compounds such
as adenosine triphosphate, phospholipids, and nucleic acids
(Dodds and Whiles, 2010).

Given their importance for several biological functions
that require a delicate balance, Ca and P are tightly
regulated in the body to maintain homeostasis. The main
hormones involved in regulation are parathyroid hormone,
1,25-dihydroxyvitamin D [1,25(OH),D,], and calcitonin. The
secretion of these hormones is triggered by Ca and P levels
in the blood and the relationship between these hormones
allows for the maintenance of homeostatic concentrations of
Ca and P in circulation.

Calcium Homeostasis

In swine, 96% to 99% of total body Ca is contained in
the skeleton and is deposited in bones as hydroxyapatite
(Crenshaw, 2001). Calcium in circulation can be found as free
ionized Ca (iCa), bound to protein (predominantly albumin),
or to a lesser extent in the form of complexes with anions and
organic ions (Tinawi, 2021). Ionized Ca is the biologically
active form of circulating Ca and is directly involved as the
signal to maintain Ca homeostasis (Negrea, 2019).
Calcium-sensing receptors in tissues including the par-
athyroid glands and kidneys detect changes in serum iCa
concentrations. Parathyroid hormone is synthesized in the
parathyroid gland and can be immediately released as the
Ca receptor is activated. In response to hypocalcemia (low
serum iCa), an upregulation of parathyroid hormone syn-
thesis occurs (Jacquillet and Unwin, 2019). Parathyroid hor-
mone triggers bone resorption by stimulating osteoblasts
to release receptor activator of nuclear kappa beta ligand
(RANKL). The RANKL binds the receptor activator of nu-
clear kappa beta (RANK) on the surface of osteoclasts and
promotes the differentiation of osteoclasts to start the bone
resorption process (Silva and Bilezikian, 2015). As a result,
the breakdown of hydroxyapatite and the subsequent release
of Ca and phosphate into the bloodstream increases serum
Ca levels to reach homeostasis. The circulating parathyroid
hormone also stimulates the conversion of vitamin D to its
active form through a two-step hydrolysis process. Vitamin
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D is first converted to 25-hydroxyvitamin D, [25(OH)D,] in
the liver by the enzyme 25-hydroxylase (Zhu and DeLuca,
2012). Then 25(OH)D, goes through another conversion
in the kidney and becomes 1,25(0OH),D, by the enzyme
la-hydroxylase. Increased concentrations of 1,25(OH),D,
stimulate intestinal absorption of Ca and P, specifically in the
small intestine. Additionally, 1,25(OH),D, targets the prox-
imal convoluted tubules within the kidneys to stimulate Ca
reabsorption and stimulate Ca release from bone tissues.
Thus, increasing serum Ca levels.

When Ca-sensing receptors detect high serum iCa
(hypercalcemia), an upregulation in the synthesis and secre-
tion of calcitonin in the thyroid gland occurs and is available
for immediate release. Calcitonin inhibits bone resorption
and has the opposite metabolic effect as parathyroid hor-
mone. The main function of calcitonin is to lower the Ca level
in serum by decreasing the mobilization of bone and renal
reabsorption of Ca (Davey et al., 2008). This results in a re-
duction in serum Ca through increased Ca excretion in urine
to achieve Ca homeostasis.

During gestation, estrogen also plays a role in Ca home-
ostasis. Estrogen indirectly stimulates Ca absorption by
increasing intestinal sensitivity to 1,25(OH),D, (Fleet and
Schoch, 2010). The increase in estrogen during gestation
contributes to increased intestinal absorption of Ca.

Reproducing animals are more vulnerable to developing
disorders of Ca homeostasis due to changes in Ca needs during
gestation and lactation (Horst et al., 1997). Maternal need for
Ca is increased after parturition to support the requirements
for colostrum and milk synthesis (Horst et al., 1997). A failure
to meet these physiological needs through Ca intake and met-
abolic adjustments may result in hypocalcemia. Among other
factors, hypocalcemia is indicated as a potential risk factor
for uterine prolapses in beef cattle (Richardson et al., 1981).
Periparturient hypocalcemia is commonly observed in dairy
cows (Reinhardt et al., 2011) which increases the suscepti-
bility to reproductive disorders (Curtis et al., 1983). Ionized
Ca is required for smooth muscle contraction and the uterine
wall consists of smooth muscle. When sows and cows experi-
enced induced hypocalcemia under experimental conditions, a
reduction in amplitude and frequency of uterine contractions
occurred (Ayliffe et al., 1984; Al-Eknah and Noakes, 1989).
Additionally, hypocalcemia has been associated with pro-
longed labor and dystocia (Risco et al., 1984; Heppelmann et
al., 2015). However, hypocalcemia is rarely reported in sows
(Grez-Capdeville and Crenshaw, 2020) and therefore may not
impact the farrowing process.

In dairy cows, hypocalcemia is associated with feeding ex-
cess dietary Ca during late-gestation. Grez-Capdeville and
Crenshaw (2020) recently conducted a study to induce hy-
pocalcemia in sows during late-gestation and early lactation.
However, even when fed 1.75% total Ca (0.46 % standardized
total tract digestible P; STTD P) in gestation and lactation
they were unable to detect hypocalcemia in peripartum sows.
Specific mechanisms have not been described to link uterine
prolapses and hypocalcemia in sows warranting further re-
search to understand whether there is an association between
uterine prolapses and hypocalcemia in sows.

Phosphorus Homeostasis

Like Ca, approximately 60% to 85% of the total P in the
body is stored in bones as hydroxyapatite which serves as a
P reservoir to maintain homeostasis (Crenshaw, 2001). The
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remaining P is intracellular, as a component of phospholipids
in cell membranes. The small fraction of P that is in serum
exists as circulating phospholipids and inorganic phosphate.
Thus, P is required to maintain cellular structure and function
and regulate metabolic processes through the activation and
inhibition of phosphorylated enzymes.

In P regulation, parathyroid hormone and 1,25(OH),D,
regulate serum P concentrations. Fibroblast growth
factor-23 (FGF-23) plays an important role in P homeostasis.
Hypophosphatemia (low serum P) stimulates the activation
of vitamin D to 1,25(0H),D, which increases the intestinal
absorption and renal reabsorption of P by stimulating the
proximal convoluted tubules in the kidneys to release P into
circulation. Wubuli et al. (2020) observed that sows fed low
P diets had increased expression of renal 1a-hydroxylase and
higher circulating levels of 1,25(0OH),D, compared to sows
fed adequate or excess dietary P. Low serum P levels are com-
monly associated with high circulating levels of Ca (Baylink
et al., 1971), which results in a decrease in parathyroid hor-
mone secretion.

In response to hyperphosphatemia (high serum P), FGF-23
is secreted from bone mainly by osteocytes and to a lesser ex-
tent by osteoblasts. By downregulating the sodium phosphate
co-transporters in the proximal tubule of the kidneys, FGF-
23 causes a decrease in P reabsorption, resulting in increased
urinary P excretion. FGF-23 also inhibits the activity of
la-hydroxylase and decreases production of 1,25(0OH),D..
The secretion of parathyroid hormone is also inhibited by
FGF-23; however, the main regulator of parathyroid hor-
mone secretion is serum iCa. The subsequent reduction in
circulating 1,25(OH),D, and parathyroid hormone secretion
results in decreased serum P by increasing P excretion.

It is evident that FGF-23, 1,25(OH),D,, and parathy-
roid hormone are all involved in mineral metabolism in the
intestines, bone, kidney, and parathyroid gland, with the goal
of maintaining Ca and P homeostasis (Shimada et al., 2003).
In summary, parathyroid hormone functions to increase
serum Ca and P by activating vitamin D. Calcitonin and FGF-
23 function to decrease serum Ca and P, respectively. The ap-
propriate sensors are continuously functioning to maintain
mineral homeostasis through regulation of these hormones.

Bone Remodeling

Bone remodeling relies on the function of osteoclasts and
osteoblasts. Osteoclasts are responsible for the breakdown
of bone tissue and osteoblasts are responsible for synthesis
of bone tissue. The process of bone remodeling occurs to re-
store skeletal damage by deposition of new bone material and
maintain mineral homeostasis.

The five steps of bone remodeling are activation, resorp-
tion, reversal, formation, and termination (Kenkre and
Bassett, 2018). During the activation step, osteoblasts re-
lease RANKL which triggers osteoclast differentiation.
Next, the differentiated mononucleated osteoclasts migrate
to the bone surface and form multinucleated osteoclasts
to begin bone resorption. During the resorption step, the
osteoclasts adhere to the bone surface and secrete proteo-
lytic enzymes and hydrogen ions into the extracellular com-
partment formed between the bone and osteoclasts. This
secretion allows degeneration of the organic matrix which
is necessary to release Ca and P ions into circulation. After
completion of bone resorption, the reversal phase occurs

when mononuclear cells appear on the bone surface and
prepare new osteoblasts to begin bone formation. The mon-
onuclear cells provide signals for osteoblasts to differen-
tiate and migrate. The reversal step couples the processes of
bone resorption and formation. During the formation step,
osteoblasts lay down bone until the previously resorbed
bone is completely replaced by new bone. Once complete,
the bone surface is covered with flattened lining cells and the
termination step proceeds with a resting period until a new
remodeling cycle is initiated.

The duration of the bone remodeling cycle can vary based
on the age of the sow and stage of reproductive cycle. Bone
formation is prominent during gestation, while bone resorp-
tion is prominent during lactation (van Riet et al., 2016). This
indicates that during gestation, the duration of the bone for-
mation step occurs at a faster rate compared to the bone re-
sorption step. During lactation, the opposite takes place.

Prolactin is one of the hormones responsible for lactation
and has been reported to be an important regulator of bone
remodeling (VanHouten and Wysolmerski, 2003). Prolactin
upregulates RANKL resulting in increased osteoclast differ-
entiation and activation to start the bone remodeling process
(Seriwatanachai et al., 2008). Macari et al. (2018) observed
a decrease in bone density in the femur and vertebrae in
lactating mice because of prolactin’s effect on RANKL. Mahan
and Fetter (1982) observed decreased bone ash in vertebrae
of lactating sows compared to pregnant sows. Maxson and
Mahan (1986) also observed decreased bone ash in the femur,
humerus, metatarsal, metacarpal, and vertebra in lactating
sows compared to pregnant sows. However, this bone loss
is reversible after weaning indicating that milk production is
the main trigger for bone resorption (Liesegang et al., 2006).
The sow can replenish some of her skeletal reserves during
the subsequent gestation (Ardeshirpour et al., 2007); how-
ever, the degree to which she can replenish her reserves is not
fully understood. In mice, bone mineral content is completely
restored after weaning (Kovacs and Kronenberg, 1997).

Sow parity influences the bone remodeling process during
gestation. Primiparous sows have a higher rate of bone for-
mation relative to resorption compared to multiparous sows
(van Riet et al., 2016). This is because primiparous sows are
continuing to develop their skeleton whereas multiparous
sows have a more mature skeleton. Multiparous sows also
have a higher rate of bone formation occurring than bone
resorption during gestation but to a lower extent than pri-
miparous sows. The high rates of bone formation occurrence
for multiparous sows in gestation may be due to efforts to
replenish skeletal reserves lost in previous lactation periods
(van Riet et al., 2016). Due to the ability of sows to replenish
their skeletal stores, it is difficult to determine Ca and P
requirements in single gestation or lactation period studies,
because the degree of replenishment is not fully understood
along with the impact of parity on replenishment.

Bones of mature sows are larger, have greater mineral
concentration, and can withstand more force compared to
bones from young sows (Giesemann et al., 1998). Research
has observed that bone (metacarpals, metatarsals, and ribs)
strength increased from parity 1 to parity 2 (Arthur et al.,
1983a, 1983b; Maxson and Mahan, 1986). But Giesemann et
al. (1998) observed a decrease in bone (ribs and metatarsals)
weight from parity 5 to 6 sows. It can be concluded that bones
of sows grow larger and stronger from parity 1 to 2 but may
decrease in older parities. The increase in bone strength in



young sows may be due to the ability to retain more Ca and
P in bone and preserve body stores.

Phytase and Digestibility of Ca and P

The use of microbial phytase allows for a reduction in total
dietary Ca and P because it increases their digestibility. The
amount of digestible P and Ca released by phytase may de-
pend on the physiological state of the pig. The use of one
value for the release of Ca and P by phytase for all stages
of production can be questioned and may result in subop-
timal Ca and P supply during gestation and lactation because
the efficacy of phytase is less in mid-gestation compared with
growing pigs or sows in late-gestation (Kemme et al., 1997;
Jongbloed et al., 2004; Nyachoti et al., 2006).

The response to microbial phytase on STTD Ca and apparent
total tract digestibility (ATTD) of P in Ca and P-adequate-corn-
based diets fed to gestating sows is equivocal. During mid-
gestation, phytase increased ATTD of Ca and P (Jongbloed et
al., 2004), increased only ATTD of P (Nyachoti et al., 2006;
Jongbloed and Bierman, 2013; Jang et al., 2014), or did not
affect the ATTD of Ca or P (Kemme et al., 1997; Sulabo, 2003;
Liesegang et al., 2005). In late-gestation, phytase increased
ATTD of P (Kemme et al., 1997; Sulabo, 2003; Jongbloed
et al., 2004; Nyachoti et al., 2006; Espinosa et al., 2024) or
ATTD of Ca and P (Hanczakowska et al., 2009; Jongbloed et
al., 2013). It is unclear why different responses to phytase are
observed during various stages of gestation.

The digestibility of Ca is lower in sows compared to
growing pigs and changes throughout gestation and lacta-
tion. During early gestation, sows need enough Ca to meet
their maintenance requirement. On the other hand, growing
pigs need enough Ca to meet their maintenance and bone
development needs, which may explain the differences in di-
gestibility of Ca between the two (Bikker and Blok, 2017;
Lee et al., 2023). Lactating sows have greater digestibility of
Ca compared to sows during mid- and late-gestation (Kemme
et al., 1997; Jongbloed et al., 2004; Nyachoti et al., 2006;
Minner and Simon, 2006). A reduction in Ca digestibility
also occurs during mid-gestation compared to late-gestation
(Kemme et al., 1997; Jongbloed et al., 2004, 2013; Nyachoti
et al., 2006; Lee et al., 2019, 2023). Because of the changing
digestibility of Ca in growing pigs and gestating and lactating
sows, digestibility values for Ca from growing pigs should not
be applied to sows.

Additional research is needed to understand the factors
that affect absorption of Ca and P in gestating and lactating
sows. For many of the studies included in this review, the
requirements for STTD P and total Ca were determined be-
fore phytase was commonly used in swine diets. But today,
phytase is now used in virtually all stages of production
to more efficiently use mineral resources present in feed
ingredients. The data described herein reports results of em-
pirical and factorial requirement estimation techniques, and
when using this information to formulate swine diets, consid-
eration must be given to phytase and the potential release of
Ca and P it provides, while recognizing there is variation in
the literature regarding expected changes in mineral digesti-
bility in gestation and lactation diets due to phytase.

Calcium and Phosphorus Requirements

A literature search was conducted through the Kansas State
University Libraries utilizing CAB Direct and PubMed to
summarize Ca and P requirements in gestating and lactating
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sow diets. Key search terms for gestation diets included sow
AND gestation AND one of the following terms: minerals,
phosphorus, or calcium. Key search terms for lactation diets
included sow AND lactation AND one of the following terms:
minerals, phosphorus, or calcium.

Nutrient requirements can be defined as the minimum
amount of a nutrient required to be consumed to induce a
specific response (Grez-Capdeville and Crenshaw, 2022).
Empirical studies and factorial methods are the most common
approaches to estimate nutrient requirements (Hauschild et
al.,2010). In the empirical method, dose-response studies are
conducted to determine nutrient requirements in a selected
population of animals. The most common response criteria for
Ca and P requirements include growth performance and bone
development. Other criteria including plasma concentrations
and milk production have been used (Cromwell et al., 1970;
Stockland and Blaylock, 1973). Most recently, urinary P
excretion has been proposed as a response criterion for de-
termining P requirements (Grez-Capdeville and Crenshaw,
2022). The requirements determined from the empirical
method reflect individuals within a population who are af-
fected by their genetic potential, environment, time of evalua-
tion, and the criterion used to estimate optimal responses. The
empirical method does not track changes in the requirement
over time and does not show the time point when the max-
imum response is observed (Hauschild et al., 2010).

In the factorial approach, nutrient requirements for indi-
vidual animals are estimated or modeled from the combina-
tion of multiple components that influence nutrient needs. In
gestation and lactation, these components include mainte-
nance, maternal growth, fetus and placenta development, and
milk production.

Empirical Estimates of Ca and P Requirements in
Gestation

Within the empirical studies evaluated, common response
criteria for estimating Ca and P requirements include sow and
litter performance, bone characteristics, milk components,
and urinary P excretion. To compare results from different
experiments used in this review, diets for each experimental
treatment within trial were reformulated primarily using
the NRC (2012) nutrient loading values and digestibility
coefficients for ingredients to standardize dietary nutrient
concentrations. Diets were reformulated to generate estimates
of STTD P and Ca because older published literature only re-
ported total P and Ca. Feed composition values for ingredients
that were not reported in the NRC (2012) or the Stein (2021)
feed ingredient database were cited from other published
data. These ingredients included defluorinated phosphate
(Bikker et al., 2016) and bone flour (Brazilian Tables, 2017).
For vitamin and trace mineral premixes, no loading value was
used for Ca because the exact composition of premixes was
not reported. None of the studies utilized phytase in their ex-
perimental diets.

There were nine empirical studies that evaluated Ca and P
feeding levels during gestation published from 1974 to 2022
(Table 1). Of these nine studies, eight of them compared only
two or three levels of Ca and P making it difficult to deter-
mine requirements of gestating sows. Harmon et al. (1974)
conducted two experiments comparing two levels of P (2.5 or
5.4 g/d of STTD P from reformulated diets) by utilizing a diet
with no supplemental P and three different P sources. During
experiment 1, gestating sows fed dicalcium phosphate had
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an increased percentage of bone P compared to those fed no
added P or soft- or curacao-phosphate. In experiment 2, ribs
from sows fed the three P sources (dicalcium, soft, or curacao
phosphates) had increased weight, bending load, breaking
stress, and bone ash compared to ribs from sows fed no added
P. Using the reformulated diets, the feeding level of 5.4 g/d
of STTD P and 13.4 g/d of total Ca (2.48:1 total Ca:STTD
P) maximized bone ash and strength. Harmon et al. (1975)
conducted a third study utilizing 7.0 g/d of STTD P (from
reformulated diets) from dicalcium phosphate compared
to no added P (2.4 g/d STTD P) and observed a numerical
increase in bone ash for sows fed the diet containing 7 g/d
of STTD P and 13.1 g/d of total Ca (1.87:1 total Ca:STTD
P). No treatment differences were observed for sow and litter
performance or milk Ca and P concentrations (Harmon et al.,
1974, 1975).

Nimmo et al. (1981a) measured bone characteristics when
comparing two levels of dietary P and Ca (5.6 or 12.3 g/d
and 12.3 or 18.6 g/d of STTD P and total Ca, respectively).
Bone strength was increased when sows were fed the high Ca
and P diet, as measured by increased the fourth metatarsal
peak force to break the bone. No treatment differences were
observed for serum Ca and P concentrations which is likely
due to the regulation of these minerals to maintain homeo-
stasis. Mahan and Fetter (1982) compared three levels of Ca
and P (5.1, 6.6, or 8.1 g/d and 12.0, 14.4, or 16.9 g/d STTD
P and total Ca, respectively, from the reformulated diets) and
observed a numerical linear increase in percentage bone ash
in vertebrae. No differences were observed in sow and litter
performance or serum and milk Ca and P concentrations.

Grandhi et al. (1986) compared two levels of Ca and P and
observed a numerical, but not statistical, increase in femur
bone ash in sows fed the high Ca and P diets. The lack of
a significant response may have been due to sows being fed
100% vs. 150% of the NRC (1979) requirement estimate for
these minerals. Maximum bone mineralization may have been
reached at the low level in this study. However, due to the
numerical improvements in bone characteristics, the authors
suggested a requirement of 150% of NRC (1979) estimates.
When reformulating the diets, the 150% feeding levels pro-
vided 16.3 g/d of STTD P and 26.0 g/d of total Ca for parity
1 sows and 14.8 g/d of STTD P and 23.6 g/d of total Ca for
older parity sows. These estimates are greater than Harmon
etal. (1974; 1975), Nimmo et al. (1981a, 1981b), and Mahan
and Fetter (1982). When reformulating the diets used by
Grandhi et al. (1986), the calculated total P content of the
reformulated diet is substantially higher than the total P con-
tent reported in the paper (1.01% vs. 0.83%). Due to this dis-
crepancy, the results of the Grandhi et al. (1986) experiment
need to be interpreted with caution.

Studies that did not collect bone measurements estimated
Ca and P requirements by using sow and litter performance
(Adam and Shearer, 1977; Kornegay and Kite, 1983; Miller
et al., 1994; Tan et al., 2016). However, sow and litter per-
formance, serum Ca and P levels, and milk characteristics
are not as sensitive to dietary Ca and P levels compared
to bone characteristics (Harmon et al., 1974). Adam and
Shearer (1977) compared three levels of Ca and P but did
not observe differences in sow and litter performance. The
authors utilized meat and bone meal and bone flour in their
dietary treatments. When reformulating the diets using NRC
(2012) ingredient loading values, the reformulated diets were
higher in Ca and P compared to those reported in the paper
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(0.61% vs. 0.42% total P and 0.84% vs. 0.53% total Ca,
respectively). Because there were no differences in sow or
litter performance, the lowest Ca and P concentrations were
considered adequate.

Kornegay and Kite (1983) compared gestating sows fed 4.6
or 6.7 g/d of STTD P (from reformulated diets) while holding
Ca constant in the diets by measuring sow and litter perfor-
mance and serum mineral levels. The high P diet resulted in
heavier weaning weights. Miller et al. (1994) fed 9.0, 15.7,
or 22.9 g/d of total Ca while holding P constant in the diet
and measured sow and litter performance as well as milk Ca
concentrations. Increasing Ca levels in the diet had no effect
on Ca concentration in milk, milk production, or sow perfor-
mance. Providing 7.1 g/d of STTD P and 15.7 g/d of total Ca
(2.21:1 total Ca:STTD P when using the reformulated diets),
was concluded to be adequate because no improvements
in milk Ca concentrations were observed. Tan et al. (2016)
evaluated litter performance of sows fed 8.3 and 14.5, 9.2
and 16.9, or 10.5 and 19.5 g/d of STTD P and total Ca, re-
spectively (from reformulated diets). Differences in serum
osteocalcin (for bone formation) and pyridinoline (for bone
resorption) were not different among treatments. The authors
suggested 9.2 g/d of STTD P and 16.9 g/d of total Ca with
1.84:1 total Ca:STTD P (for reformulated diets) was ade-
quate which agrees with NRC (2012) estimates.

More recently, Grez-Capdeville and Crenshaw (2022) de-
termined a total P requirement estimate of 10.3 g/d (6.0 g/d
of STTD P) by comparing six different concentrations of P
and utilizing urinary P excretion as the primary response
criteria. The authors suggested a total Ca requirement of
12.9 g/d by setting a total Ca:total P ratio of 1.25:1. The P
content in urine reflects P intake and post-absorptive utiliza-
tion of P as a result of adjustments in tubular P reabsorption
to maintain P homeostasis (Vipperman et al., 1974). Grez-
Capdeville and Crenshaw (2022) observed low excretion of
P in urine until the concentration of dietary P increased, at
which P maintenance needs were met. When sows are fed low
P diets, a narrow Ca:P ratio is desired to improve the effi-
ciency of dietary P utilization resulting in lower urinary P ex-
cretion (Grez-Capdeville and Crenshaw, 2022). Urinary Ca
excretion was constant and independent of dietary P levels
in gestation. The authors also measured bone biomarkers in
plasma samples (carboxyl-terminal propeptide of type I col-
lagen for bone formation and carboxyl-terminal collagen type
I crosslinks for bone resorption) but did not observe any sta-
tistical differences among treatments. There is limited data
available to directly relate urinary P excretion to bone miner-
alization in gestating sows. Further work must be conducted
to understand how P requirements based on urinary P excre-
tion compare to requirements to maximize other biological
processes such as bone mineralization or growth.

In summary for the empirical gestation studies, the STTD
P level that maximized bone measurements or performance
ranged from 5.4 to 9.5 g/d with total Ca ranging from 12.9 to
18.6 g/d with total Ca:STTD P ratios ranging from 1.84:1 to
2.48:1. There is considerable variation in the published liter-
ature on feeding levels required to maximize response criteria
which makes it difficult to define precise STTD P and total Ca
requirements for gestating sows. This is partially due to the
treatment design of trials that have been conducted as most
studies only tested 1 or 2 Ca or P concentrations. For 6 out of
the 9 empirical studies, the authors observed improvements in
bone characteristics at the highest dietary concentration of Ca



Calcium and phosphorus for sows

and P. The treatment diet with the highest level of Ca and P
may have been above or below the true requirement to maxi-
mize bone characteristics, and caution needs to be taken when
interpreting these data. However, with the most recent data
from Grez-Capdeville and Crenshaw (2022), a minimum level
of 6.0 g/d of STTD P is adequate to meet maintenance needs
of gestating sows. Without a direct measurement of bone
mineralization, from a formulation standpoint, a margin of
safety might be applied to support bone mineralization.

Factorial Estimation of Gestation Ca and P
Requirements

A total of seven factorial models published from 1999 to 2021
were reviewed for determining the Ca and P requirements in
gestation. During gestation, Ca and P requirements are deter-
mined by calculating the sum of the amount needed for main-
tenance (to replace minimum urinary and fecal losses; Bikker
et al., 2017a), fetal and placental growth, and retention in the
body for maternal growth (Table 2). The units for phosphorus
requirement are reported in g/d of STTD P. Both total Ca and
STTD Ca are reported in g/d because the STTD Ca system is
relatively new and needs continued research efforts to under-
stand the STTD Ca requirement of gestating sows.

Maintenance Requirement

The daily maintenance requirements are determined by ac-
counting for endogenous losses as a proportion of body
weight (BW). Greater losses occur through feces than in urine
(6 mg STTD P/kg BW for feces and 1 mg STTD P/kg BW
for urine in gestation; Bikker and Blok, 2017). These values
are adopted from growing pigs because. However, endoge-
nous losses increase as feed intake increases. The impact of
feed intake on endogenous losses is not great in gestation
because intake is relatively constant; however, the effect is
demonstrated in lactation where maintenance requirements
from endogenous losses account for 10 mg STTD P/kg BW.
Some researchers assume a constant level of endogenous
losses throughout all stages of production in their model at
either 7 mg STTD P/kg BW (Jongbloed et al., 1999, 2003)
or 10 mg STTD P/kg BW (Jondreville and Dourmad, 2005;
Quiniou et al., 2021). Greater endogenous losses occur for
Ca compared to P with 8 mg/kg BW of STTD Ca and 2 mg/
kg BW of STTD Ca for fecal and urinary endogenous losses,
respectively, in gestation.

While several publications use the same basic structure
for determining Ca and P requirements with the factorial
approach, the structure can differ between models. For ex-
ample, Quiniou et al. (2021) factored in conceptus weight in
the maintenance requirement for STTD P. No other models
include it due to the conceptus weight being accounted for
in sow BW because as the conceptus grows, the sow BW will
increase. Quiniou et al. (2021) also adopted a partial effi-
ciency utilization of absorbed Ca and P of 96% in both their
gestation and lactation models.

For the factorial models, the maintenance requirements for
STTD P increase from 1.0 g/d in early gestation to 2.4 g/d in
late-gestation due to an increase in sow BW (for a parity 1
sow with a litter size of 15 piglets; Table 3). The maintenance
requirement for Ca follows the same increase as P (4.9 to
8.4 g/d total Ca and 1.4 to 2.2 g/d STTD Ca). The Ca re-
quirement for maintenance is greatest when using the fac-
torial equation developed by Quiniou et al. (2021) because
they estimated 32 and 3 mg Ca/kg BW for endogenous fecal

and urinary losses, respectively. These values were derived
from growing pigs (Misiura et al., 2018). As a result, their
estimated total Ca requirement is greater throughout all of
gestation compared to the other factorial estimates and em-
pirical studies.

The maintenance requirements for P and Ca are greater
for later parity sows compared to parity 1 sows due to an
increase in sow BW. Because the maintenance requirement is
a function of sow BW, older, heavier sows have slightly higher
P and Ca requirements than lighter sows.

Placenta and Fetus Requirements

The placenta is responsible for the exchange of nutrients,
metabolites, and respiratory gases between the dam and fetus.
However, the transfer of minerals to the fetus in utero is not
greatly affected by the dietary levels of minerals provided in
the gestation diet (Peters et al., 2010). Formation of the pla-
centa initiates with implantation and undergoes rapid expan-
sion and development from days 18 to 30 of gestation. The
formation and development of the placenta continues from
days 30 to 60 of gestation and is complete in weight and sur-
face area by day 70 of gestation (Knight et al., 1977). The
Ca and P requirements for placental growth reflect this as
the P requirement increases from 0 to 0.09 g/d from day 15
to approximately day 60 of gestation. After day 60 of gesta-
tion, the P requirement decreases from 0.09 to 0.06 or 0 g/d
depending on the factorial equation used. Although litter size
is an input for calculating the P requirement for placental
growth, the requirement is relatively insensitive to increasing
litter size because of the small amount of P required for pla-
cental growth during gestation. Although Ca and P are re-
quired for placental growth in gestation, their contribution to
the STTD P and total Ca requirements are low (0 to 0.09 g/d
for P and Ca).

After approximately day 69 of gestation, the requirement
for fetal growth and development contributes the greatest
to the P requirement. Fetal weight gain accelerates greatly
during late-gestation resulting in increased requirements of
STTD P and total Ca to meet this need (Figure 1). As genetic
improvement has occurred, the rate of fetal growth during
gestation has also increased. McPherson et al. (2004) re-
ported fetal weights at days 100 to 114 of gestation that were
approximately 28% to 30% greater than previously reported
by Wise et al. (1997), Wu et al. (1999), and Leenhouwers et
al. (2002). Because of the change in fetal growth over time,
the increase in fetal weight has been addressed in factorial
mineral requirement equations. Jongbloed et al. (1999) first
addressed the differences in fetal weight and utilized a cor-
rection factor of 1.285 when estimating the P requirement for
fetuses. Jongbloed et al. (2003) also used a correction factor
of 1.227 for parity 1 sows and 1.216 for parity 2 + sows. The
correction factor corrects for higher litter birth weight and
greater P content in piglets as genetics progress increases over
time. The base equation is used to estimate the STTD P re-
quirement for fetal growth and then is multiplied by the cor-
rection factor to estimate the updated STTD P requirement
accounting for changes in litter birth weight.

The total Ca requirement for placental and fetal growth
follows the same pattern during gestation as STTD P be-
cause they are calculated using a ratio relative to STTD P
requirements. Quiniou et al. (2021) used a ratio of 0.80:1
STTD Ca:STTD P and calculated the STTD P requirement for
placenta growth by using the protein content of the placenta.
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Table 2. Equations for Ca and P composition of placenta, fetus, and requirement estimates for Ca and P levels in gestation diets’

STTD P requirement, g/d

Quiniou et al. (2021)
Gaillard et al. (2019)
Bikker and Blok (2017)
NRC (2012)

Jondreville and
Dourmad (2005)

Jongbloed et al. (2003)?
Jongbloed et al. (1999)*
Components, g/d

Maintenance
Quiniou et al. (2021)?
Gaillard et al. (2019)
Bikker and Blok (2017)
NRC (2012)

Jondreville and
Dourmad (2005)

Jongbloed et al. (2003)

Jongbloed et al. (1999)
Placenta

Quiniou et al. (2021)*

Gaillard et al. (2019)

Bikker and Blok (2017)
NRC (2012)°

Jondreville and
Dourmad (2005)

Jongbloed et al. (2003)

Jongbloed et al., 1999

Fetus
Quiniou et al. (2021)%7
Gaillard et al. (2019)

Bikker and Blok (2017)
NRC (2012)

Jondreville and
Dourmad (2005)

Jongbloed et al. (2003)
Jongbloed et al. (1999)

Maternal
Quiniou et al. (2021)
Gaillard et al. (2019)
Bikker and Blok (2017)®
NRC (2012)%10

Jondreville and
Dourmad (2005)

Jongbloed et al. (2003)
Jongbloed et al. (1999)

Maintenance + fetus + placenta + maternal
Maintenance + (maternal + fetus + placenta) + 0.98
Maintenance + fetus + maternal

Maintenance + fetus + placenta + maternal

Maintenance + fetus + placenta + maternal

Maintenance + fetus + placenta + maternal

Maintenance + fetus + placenta + maternal

0.010 x (sow BW + conceptus weight) x 0.96
(7 x sow BW) + 1000

(7 x sow BW) + 1000

(7 x sow BW) + 1000

(10 x sow BW) + 1000

(7 x sow BW) + 1000
(7 x sow BW) + 1000

(Protein placenta (d) - protein placenta (d - 1)) x 0.016

[exp (7.34264 — 1.40598 x exp (<0.0625 x (d = 45)) + 0.00759 x d + 0.06339 x litter size) x 0.0096 = 23.8] — [exp
(7.34264 - 1.40598 x exp (-0.0625 x ((d = 1) = 45)) + 0.00759 x (d - 1) + 0.06339 x litter size) x 0.0096 + 23.8]

(Protein content of placenta and fluids (d) - protein content of placenta and fluids (d - 1)) x 0.096

[exp (7.34264 — 1.40598 x exp (<0.0625 x (d = 45)) + 0.00759 x d + 0.06339 x litter size) x 0.0096 = 23.8] — [exp
(7.34264 - 1.40598 x exp (-0.0625 x ((d = 1) = 45)) + 0.00759 x (d - 1) + 0.06339 x litter size) x 0.0096 + 23.8]

[exp (7.34264 - 1.40598 x exp (-0.0625 x (d - 45)) + 0.000253 x ME intake x d + 0.06339 x litter
size) x 0.0096 = 23.8] - [exp (7.34264 - 1.40598 x exp (-0.0625 x ((d - 1) - 45)) + 0.000253 x ME in-
take x d + 0.06339 x litter size) x 0.0096 =+ 23.8]

[exp (7.34264 - 1.40598 x exp (-0.0625 x (d - 45)) + 0.00759 x d + 0.06339 x litter size) x 0.0096 + 23.8] - [exp
(7.34264 - 1.40598 x exp (-0.0625 x ((d = 1) = 45)) + 0.00759 x (d - 1) + 0.06339 x litter size) x 0.0096 + 23.8]

[Fetus weight (d) x P content in fetus (d)] - [Fetus weight (d - 1) x P content in fetus (d - 1)]

[exp (4.591 - 6.389 x exp (=0.02398 x (d - 45)) + 0.0897 x litter size) x 6.25 x litter birth weight + exp (4.591
- 6.389 x exp (-0.02398 x (114 - 45)) + 0.0897 x litter size)] - [exp (4.591 - 6.389 x exp (-0.02398 x ((d
- 1) - 45)) + 0.0897 x litter size) x 6.25 x litter birth weight + exp (4.591 - 6.389 x exp (-0.02398 x (114 -
45)) + 0.0897 x litter size)]

[exp (4.591 - 6.389 x exp (-0.02398 x (d - 45)) + (0.0897 x litter size))] - [exp (4.591 - 6.389 x exp
(-0.02398 x ((d - 1) - 45)) + (0.0897 x litter size))]

[exp (4.591 - 6.389 x exp (-0.02398 x (d - 45)) + (0.0897 x litter size))] - [exp (4.591 - 6.389 x exp
(=0.02398 x ((d - 1) - 45)) + (0.0897 x litter size))]

[exp (4.591 - 6.389 x exp (-0.023998 x (d - 45)) + 0.0897 x litter size) x litter birth weight x 6.25 + exp (4.591
- 6.389 x exp (=0.023998 x (115-45)) + 0.0897 x litter size)] - [exp (4.591 - 6.389 x exp (-0.023998 x ((d
- 1) - 45)) + 0.0897 x litter size) x litter birth weight x 6.25 + exp (4.591 - 6.389 x exp (-0.023998 x (115-
45)) + 0.0897 x litter size)]

[(exp (4.591 - 6.389 x exp (-0.02398 x (d — 45)) + 0.0897 x litter size)) x 1.216] - [(exp (4.591 - 6.389 x exp
(-=0.02398 x ((d - 1) = 45)) + 0.0897 x litter size)) x 1.216]

[(exp (4.591 - 6.389 x exp (-0.02398 x (d — 45)) + 0.0897 x litter size)) x 1.285] - [(exp (4.591 - 6.389 x exp
(-0.02398 x ((d = 1) — 45)) + 0.0897 x litter size)) x 1.285]

5.5 x (sow BW (d) - sow BW (d - 1))

Sow ADG x 0.96 x (5.4199 - 2 x 0.002857 x sow BW)

4.1 x (sow BW (d) - sow BW (d - 1))

0.0096 x protein deposition in the maternal body + parity-dependent daily P retention in bone tissue

[-0.002857 x sow BW (d)? + 5.4199 x sow BW (d)] - [-0.002857 x sow BW (d - 1)> + 5.4199 x sow BW (d - 1)]

0.0096 x 55
0.0096 x 55
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Table 2. Continued

STTD Ca requirement, g/d
Gaillard et al. (2019)
Bikker and Blok (2017)
Total Ca, g/d
Quiniou et al. (2021)

Maintenance + fetus + maternal

Gaillard et al. (2019) STTD Ca + 0.50
Bikker and Blok (2017) STTD Ca + 0.50
NRC (2012)" 2.30x STTD P

Jongbloed et al. (2003)!"  4.00 x STTD P
Jongbloed et al. (1999)""  3.60 x STTD P
Components, g/d
Maintenance
Quiniou et al. (2021)
Gaillard et al. (2019)
Bikker and Blok (2017)
Placenta
Quiniou et al. (2021)
Gaillard et al. (2019)
Fetus
Quiniou et al. (2021)%!2
Gaillard et al. (2019)
Bikker and Blok (2017)
Maternal
Quiniou et al. (2021)
Gaillard et al. (2019)

Bikker and Blok
(2017)*

(10 x sow BW) = 1000
(10 x sow BW) + 1000

P placenta x 0.80
P placenta x 1.759

P fetus x 1.759
P fetus x 1.75

P maternal x 1.75
P maternal x 1.65
P maternal x 1.60

0.035 x (sow BW + conceptus weight) x 0.96

Maintenance + (maternal + fetus + placenta) + 0.98

Maintenance + (fetus + placenta + maternal) + (fecal digestibility of Ca + 100)

[(Fetus weight (d) x Ca content in fetus (d))] - [(fetus weight (d - 1) x Ca content in fetus (d - 1))]

Units for the following components: sow BW (kg), day of gestation (d), litter size (n), litter birth weight (kg), and sow ADG (kg).

2Accounted for P retention in bones: parity 1 = 1.5, parity 2 = 0.8, parity 2 = 0.4, parity 4 = 0.2, and parity 5 = 0.1 g/d.

3Conceptus weight (kg) = (litter birth weight x 1.329 + 0.3) x exp(8.74519 - 1.59844 x exp(-0.05407 x (d - 45)) + 0.00006 x ME x d + 0.09745 x litter
size) + exp(8.74519 - 1.59844 x exp(-0.05407 x (115 - 45)) + 0.00006 x ME x d + 0.09745 x litter size).

“Protein in placenta (kg) = exp(7.34264 - 1.40598 x exp(-0.0625 x (d - 45)) + 0.000253 x ME x d + 0.06339 x litter size) + 23.8.

SProtein content of placenta and fluids (g) = ((38.53) x (d + 54.969)759%) + (1 + (d + 54.969)7503¢).

Fetus weight (kg) = litter birth weight x exp(8.72962 - 4.07466 x exp(-0.03318 x (d - 45)) + 0.000154 x ME x d + 0.06774 x litter size) + exp(8.72962
4.07466 x exp(-0.03318 x (115 - 45)) + 0.000154 x ME x 115 + 0.06774 x litter size).

P content in fetus (g/kg) = (0.0565 x d - 0.736) + (0.0565 x 115 - 0.736) x 6.2.

$Use coefficient of 4.1 in for parity 1 and 5.5 for higher parities.

Protein deposition in maternal body (g/d) = coefficient a x (ME intake — maintenance ME requirement on day 1 of gestation (kcal/d)) x adjustment.

Coefficient a = (2.75 - 0.5 x parity) x adjustment. Adjustment > 0.

1P retention in bones for parity 1 = 2.0, parity 2 = 1.6, parity 3 = 1.2, and parity 4+ = 0.8 g/d.

"Calculated by using a set total Ca:STTD P ratio.

2Ca content in fetus (g/kg) = (0.1244 x d - 4.039) + (0.1244 x 115 - 4.039) x 11.

13Use coefficient of 1.60 for parity 1 and 1.75 for parity 1+.

Gaillard et al. (2019) used a ratio of 1.759:1 STTD Ca:STTD
P and calculated the placenta STTD P requirement factoring
in litter size and litter birth weight. Although the ratios are
different, the Ca requirement for placental growth is within
0.02 g/d for the two models throughout gestation because the
requirement for placental growth is very small. Bikker and
Blok (2017) used a ratio of 1.759:1 STTD Ca:STTD P to es-
timate the Ca requirement for fetal growth whereas Quiniou
et al. (2021) used the fetal weight and Ca content in the fetus
to calculate the requirement. Like the Ca requirement for
placental growth, the requirements for fetal growth are very
similar.

Litter size and litter birth weight have an important effect
on P and Ca requirements for fetal growth. Therefore, late
parity sows with large litter sizes have slightly increased P
and Ca for fetal growth to provide nutrients to more pigs
compared to parity 1 sows with smaller litter sizes.

Maternal Growth Requirement

The other component for estimating Ca and P requirements
in gestation is the requirement for maternal growth. As parity
1 sows continue to grow, they deposit maternal soft tissue
and bone tissue over subsequent parities (Bikker and Blok,
2017). Maternal gain is required to replenish tissue mobilized
during the previous lactation period including protein and
lipid (Bikker and Blok, 2017). For young sows, the mineral
requirements for maternal growth include the need for con-
tinued growth during gestation to reach mature BW. The P re-
quirement for maternal body reserves is calculated according
to sow BW gain and its P content. Quiniou et al. (2021) used
a STTD P content in maternal gain of 5.5 g/kg. Bikker and
Blok (2017) used a STTD P content of 4.1 g/kg for parity 1
sows and 5.5 g/kg for older parity sows. An increase in P con-
tent in the body was observed with increasing parity (first to
6™ parity) by Peters et al. (2010).
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Table 3. Results of modeled requirement estimates for Ca and P levels in gestation’

Becker et al.

Gestation, d 15 45 75
Sow BW, kg 146 164 190
Sow ADG, kg/d 0.44 0.60 0.87
Phosphorus, g/d
Quiniou et al. (2021)
Maintenance 1.4 1.6 2.0
Fetus 0.0 0.1 1.6
Placenta 0.00 0.09 0.08
Maternal 2.4 3.3 4.8
STTD P 3.8 51 8.5
Gaillard et al. (2019)?
Maintenance 1.0 1.1 1.3
Fetus 0.0 0.1 1.6
Placenta 0.00 0.04 0.05
Maternal 2.0 2.6 3.7
STTD P 3.0 3.9 6.6
Bikker and Blok (2017)
Maintenance 1.0 1.1 1.3
Fetus 0.0 0.1 1.2
Maternal 1.8 2.5 3.6
STTD P 2.8 3.7 6.1
NRC (2012)
Maintenance 1.0 1.1 1.3
Fetus 0.0 0.1 1.2
Placenta 0.00 0.09 0.03
Maternal 2.7 2.7 2.7
STTD P 3.7 4.0 5.2
Jondreville and Dourmad (2005)
Maintenance 1.5 1.6 1.9
Fetus 0.0 0.1 1.5
Placenta 0.00 0.05 0.0
Maternal 2.0 2.7 3.8
STTD P 3.5 4.5 7.2
Jongbloed et al. (2003)
Maintenance 1.0 1.1 1.3
Fetus 0.0 0.1 1.5
Placenta 0.00 0.05 0.05
Maternal 2.0 2.0 2.0
STTD P 3.1 3.3 4.9
Jongbloed et al. (1999)
Maintenance 1.0 1.1 1.3
Fetus 0.0 0.1 1.6
Placenta 0.00 0.05 0.0
Maternal 2.0 2.0 2.0
STTD P 31 3.3 5.0

Calcium, g/d
Quiniou et al. (2021)°

Maintenance 4.9 5.7 7.1
Fetus 0.0 0.3 5.3
Placenta 0.00 0.14 0.13
Maternal 8.4 11.5 16.7

Total Ca 13.3 17.7 29.2

100
210
0.80

2.3
3.2
0.06
4.4
10.0

1.5
3.6
0.04
3.3
8.4

1.5
2.8
3.3
7.5

1.5
2.8
0.00
3.2
7.4

2.1
3.4
0.03
3.4
8.9

1.5
3.4
0.03
2.0
6.9

1.5
3.6
0.03
2.0
7.1

8.0
11.9

0.09
15.4
35.4

114
221
0.79

2.4
3.8
0.05
4.3
10.6

1.5
4.2
0.03
3.2
9.0

1.5
3.3
3.2
8.0

1.5
3.3
0.00
3.2
8.0

2.2
4.0
0.03
3.3
9.5

1.5
4.0
0.03
2.0
7.6

1.5
4.2
0.03
2.0
7.8

8.4
14.5

0.09
15.1
38.2
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Table 3. Continued
Gaillard et al. (2019)
Maintenance 1.5 1.6 1.9 2.1 2.2
Fetus 0.0 0.2 2.7 6.1 7.2
Placenta 0.00 0.09 0.09 0.06 0.06
Maternal 32 4.3 6.0 5.3 52
STTD Ca 4.7 6.3 10.9 13.9 14.9
Bikker and Blok (2017)
Maintenance 1.4 1.6 1.8 2.0 2.1
Fetus 0.0 0.2 2.1 4.9 5.7
Maternal 2.9 3.9 5.7 5.2 5.2
STTD Ca 4.3 5.7 9.6 12.1 13.0
NRC (2012)
Total Ca 8.5 9.2 12.1 171 18.4
Jongbloed et al. (2003)
Total Ca 12.2 13.4 19.6 27.7 30.3
Jongbloed et al. (1999)
Total Ca 11.0 12.0 17.9 25.6 28.1

"Estimated requirements were determined using a first parity sow with a litter size of 15. Sow BW and ADG were estimated using values representative of

weight gain during gestation (Bikker and Blok, 2017).

*Maternal, fetus, and placenta components were divided by 0.98 (maintenance + (maternal + fetus + placenta) + 0.98).
3Fetus, placenta, and maternal components were divided by 0.50 (maintenance + (fetus + placenta + maternal) + (fecal digestibility of Ca + 100)).

Another strategy to estimate P required for maternal
growth is to assume a proportion to protein deposition by
considering a P to protein ratio of 0.96% (Jongbloed et al.,
2003; NRC, 2012; Gaillard et al., 2019). The NRC (2012)
used protein deposition in maternal tissue to calculate the
P required for maternal growth and utilized an adjustment
factor to account for changes in sow BW and backfat thick-
ness. The used can change the adjustment factor to account
for their observed sow BW and backfat thickness compared
to the NRC (2012) estimate. For this review, an adjustment
factor of 0.109 was used for calculating the requirements.
The NRC (2012) also accounts for P retention in bone tissue
within the maternal P requirement. The STTD P retention in
bone tissue decreases from 2 to 0.8 g/d as parity increases
from 1 to 4. Jongbloed et al. (1999; 2003) also accounted for
STTD P retention in bone tissue with a decrease from 1.5 to
0.1 g/d as parity increases from 1 to 5. It is known that de-
mineralization of bone occurs during lactation (van Riet et
al., 2016) but the rate at which it is restored during the subse-
quent gestation is not fully understood.

The Ca requirement for maternal growth is determined
using a ratio to STTD P. Quiniou et al. (2021) used a ratio of
1.75:1 (STTD Ca:STTD P) for sows of all parities. Bikker and
Blok (2017) used a ratio of 1.60:1 (STTD Ca:STTD P) for
parity 1 and 1.75:1 (STTD Ca:STTD P) for older parities be-
cause the Ca:P ratio in the body increases as parity increases
(Peters et al., 2010). Gaillard et al. (2019) used a ratio of
1.65:1 (STTD Ca:STTD P) for all parities. The variation in
the ratios selected indicates that sows may adapt Ca and P
retention based on dietary supply. The variation may also
be due to limited research to fully understand the Ca and P
requirements and the appropriate ratio to be used. The Ca
and P requirements for maternal growth decrease as the sow
matures. This is because as sows reach maturity in terms of
BW and skeleton, their growth rates decrease, and they re-
quire less Ca and P for growth.

Model Requirement Estimates

The STTD P and total Ca or STTD Ca estimates are deter-
mined by using the sum of the requirements for maintenance,
and fetus, placenta, and maternal growth. The requirements
increase as gestation progresses due to the increased need for
the growing fetuses. The maintenance and maternal growth
remain relatively constant throughout gestation and the
requirement for placental growth is a very small contrib-
utor to the STTD P requirement. In summary, the STTD P
requirements determined from factorial estimates in gestation
for parity 1 sows with a litter size of 15 range from 2.8 to 5.1,
4.9 t0 8.5, 6.9 to 10.6 g/d in early, mid, and late-gestation, re-
spectively. The total Ca requirements range from 8.5 to 17.7,
12.1t029.2,17.1 to 38.2 g/d in early, mid, and late-gestation,
respectively. Jongbloed et al. (1999; 3.60:1), Jongbloed et al.
(20035 4.00:1), and NRC (2012; 2.30:1 total Ca:STTD P) de-
termined the total Ca requirements by setting a ratio of total
Ca:STTD P. Jondreville and Dourmad (2005) did not estimate
requirements for Ca in gestation or lactation.

When feeding older parity sows, these requirements would
be very similar to younger parity sows; however, the main-
tenance and fetal requirements would increase as parity
increases and the requirement for maternal gain would de-
crease. Together, the net effect is that older parity sows have
slightly lower requirements compared to parity 1 sows.
Therefore, when feeding a sow herd to accommodate parity
1 sows, the requirements will be met for later parity sows by
default.

These factorial estimates are very similar to requirements
determined by empirical studies (STTD P of 5.4 to 9.5 g/d
and total Ca of 12.9 to 18.6 g/d; Figures 2 and 3). However,
the range of total Ca requirement is greater in late-gestation
for the factorial estimates compared to the empirical studies.
This could be due to different approaches of estimating die-
tary Ca levels by setting a ratio to P or using the sum of each
component in the factorial equations. The high estimate of
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Figure 1. Modeled standardized total tract digestible P (STTD R, g/d) requirement estimates for fetal growth during gestation. Estimated requirements

were determined using a litter size of 15.
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Figure 2. Standardized total tract digestible P (STTD R, g/d) requirement estimates during gestation from factorial and empirical estimates. Factorial
estimates are displayed by solid lines and empirical estimates are displayed by dashed lines. Factorial requirement estimates were determined using a
litter size of 15 for parity 1 sows. Sow BW (140, 146, 164, 190, 210, 221 kg for days 1, 15, 45, 75, 100, 114, respectively) and sow ADG (0.44, 0.44, 0.60,
0.87, 0.80, 0.79, for days 1, 15, 45, 75, 100, 114, respectively) were estimated using values representative of weight gain during gestation (Bikker and

Blok, 2017).

30.3 g Ca/d was calculated using a ratio of 4.0 (Jongbloed
et al., 2003) for total Ca:STTD P by calculating the STTD
P using the factorial approach. The highest total Ca:STTD P
ratio from empirical studies was 2.49:1.

Empirical Estimation of Lactation Ca and P
Requirements

Like empirical gestation studies, common response criteria
for estimating nutrient requirements in lactation include

sow and litter performance, bone characteristics, milk
components, and urinary P excretion. The same procedures
were followed as described above for reformulating diets to
compare empirical studies from the literature. There is lim-
ited research to determine Ca and P requirements in lactation
with only six empirical trials published from 1974 to 2022
(Table 4).

Harmon et al. (1974) compared two levels of P (5.1 or
11.1 g/d of STTD P from reformulated diets) by utilizing
a diet with no supplemental P or the high P concentration
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Figure 3. Total Ca (g/d) requirement estimates during gestation from factorial and empirical estimates. Factorial estimates are displayed by solid lines
and empirical estimates are displayed by dashed lines. Factorial estimated requirements were determined using a litter size of 15 for parity 1 sows.
Sow BW (140, 146, 164, 190, 210, 221 kg, for days 1, 15, 45, 75, 100, 114, respectively) and sow ADG (0.44, 0.44, 0.60, 0.87, 0.80, 0.79 kg, for days 1,
15, 45, 75, 100, 114, respectively) were estimated using values representative of weight gain during gestation (Bikker and Blok, 2017).

with three different P sources (dicalcium, soft or curacao
phosphates). Ribs from sows fed the different P sources had
increased bone weight, bending load, breaking stress, and ash
compared to ribs from sows fed the low P diet. Harmon et al.
(1975) conducted a second study utilizing three dietary levels
of P from dicalcium phosphate during lactation (6.2, 8.5, or
10.8 g/d of STTD P from reformulated diets) and observed
numerical increases in bone ash as STTD P increased. The
authors did not observe any treatment effects on sow or litter
performance, or milk Ca and P concentrations (Harmon et al.,
1975). The highest concentrations of STTD P and total Ca (at
least 10.8 g of STTD P and 21.0 g/d of total Ca) maximized
bone ash.

Mahan and Fetter (1982) observed a numerical linear increase
in percentage bone ash of vertebrae when comparing three dif-
ferent levels of Ca and P (15.4 and 36.6, 23.7 and 52.1, or 26.9
and 56.3 g/d of STTD P and total Ca, respectively). No treat-
ment differences were observed for sow and litter performance
or serum and milk Ca and P concentrations. The lowest STTD
P levels fed by Mahan and Fetter (1982) were greater than the
highest levels of Harmon et al. (1974, 1975). Thus, the differences
in results from these studies may be more of a reflection of treat-
ment design than differences in bone mineral deposition.

Maxson and Mahan (1986) evaluated 5 levels of dietary
Ca and P but did not observe differences in sow and litter
performance, serum Ca and P concentrations, bone char-
acteristics, or milk Ca and P concentrations. There were no
improvements in response criteria above 12.3 g/d of STTD
P and 31.7 g/d of total Ca for parity 1 sows and 12.8 g/d
of STTD P and 33.1 g/d total Ca for parity 2 sows. Miller
et al. (1994) evaluated three levels of Ca in the diet (24.8,
42.7, or 62.3 g/d of total Ca) at a constant P concentration
(19.7 g of STTD P) and measured sow and litter performance
as well as milk Ca concentrations. Increasing dietary Ca had
no effect on milk Ca concentration, milk production, or sow

performance. During early lactation, sows fed the highest
level of Ca had the greatest litter average daily gain (ADG)
compared to sows fed the lowest or intermediate Ca level.
However, 42.7 g/d of total Ca and 19.7 g/d of STTD P (when
using the reformulated diets) was selected as a requirement
because no improvements in milk Ca concentration were
observed compared to 24.8 g/d Ca.

Equivocal results have been observed for Ca and P
requirements for milk production. Miller et al. (1994) observed
no statistical differences in milk Ca and P concentrations and
concluded that minor dietary changes in Ca have little effect
on Ca concentrations in milk because of how tightly Ca is
regulated. Tan et al. (2016) observed an increase in milk Ca
as dietary Ca and P concentrations increased. However, the
range in milk Ca concentration was only 0.03%. The small
differences are most likely not important from a biological
standpoint and imply the importance of the homeostatic
mechanism in maintaining the Ca and P concentrations in
blood and milk, particularly when the diet is not severely defi-
cient in Ca or P (Maxson and Mahan, 1986; Tan et al., 2016).

Grez-Capdeville and Crenshaw (2022) determined a total
P requirement of 31.1 g/d (16.6 g/d of STTD P) in early lac-
tation (days O to 5) and 40.3 g/d (22.1 g/d of STTD P) in
late lactation (days 12 to 19) by measuring urinary P excre-
tion. They suggested a total Ca requirement of 38.9 g/d in
early lactation and 50.4 g/d in late lactation by setting a total
Ca:total P ratio of 1.25:1. The optimal dietary P concentration
was determined by using a plateau linear model for urinary
P excretion because bone mineralization was not measured.
Further research is needed to fully understand the relation-
ship between urinary P excretion and bone mineralization.

In summary, empirical lactation feeding studies observed
that 8.5 to 22.1g/d of STTD P and 21.2 to 50.4 g/d of
total Ca with total Ca:STTD P ratios ranging from 2.17:1
to 2.50:1 concentrations maximized bone characteristics
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or litter performance. The large variation in requirement
estimates makes it difficult to define precise STTD P and total
Ca requirements for lactating sows. However, from the most
recent data from Grez-Capdeville and Crenshaw (2022), a
minimum of 16.6 and 22.1 g/d of STTD P during early and
late lactation, respectively, appear to be adequate to meet
basal requirements. The increase in requirements during
late lactation is necessary for the sow to meet the need for
increasing milk production. However, without a direct cor-
relation to bone mineralization, a margin of safety might be
warranted. Additional data are needed to determine dietary
Ca and P requirements for bone characteristics of today’s
high-producing sows.

Factorial Estimation of Ca and P Requirements in
Lactation

The 2 main components leading to overall Ca and P
requirements in lactation diets are the requirement for
sow maintenance and milk production. In addition, some
models account for the Ca and P mobilized from body tissue
(Jongbloed et al., 1999, 2003; NRC, 2012; Bikker and Blok,
2017).

Maintenance Requirements

The daily STTD P requirement for maintenance is deter-
mined by accounting for 10 mg STTD P/kg BW of endoge-
nous losses (9 mg STTD P/kg BW for fecal losses and 1 mg
STTD P/kg BW for urinary endogenous losses (Table 5).
However, some models consider 7 mg STTD P/kg BW of en-
dogenous losses and use the same equation as used in gesta-
tion (Jongbloed et al., 1999, 2003; NRC, 2012). Bikker and
Blok (2017) considered 10 mg STTD P/kg of BW when as-
suming no sow BW loss in lactation and 9.5 mg STTD P/kg
of BW when assuming a sow BW loss of 22.5 kg in lactation.
The estimated requirements suggested by Bikker and Blok
(2017) used a coefficient of 9.5 mg STTD P/kg of BW for the
maintenance requirement. Endogenous losses are influenced
by BW and feeding level. More Ca and P are excreted with
increased dietary intake because of increased secretion of di-
gestive enzymes (Adeola et al., 2016). The increase in feed in-
take in lactation, hence greater endogenous losses, compared
to gestation is accounted for in the maintenance requirements
by utilizing greater coefficients (9.5 mg STTD P/kg of BW
by Bikker and Blok, 2017 and 10 mg STTD P/kg of BW by;
Gauthier et al., 2019 and; Quiniou et al., 2021).

As a result, the STTD P requirement for maintenance is
relatively constant throughout lactation and is primarily
influenced by sow BW. The STTD P for maintenance ranges
from approximately 1.3 to 1.9 g/d throughout lactation
depending on the equation (for a parity 1 sow with a litter
size of 15 piglets; Table 6). Older parity sows have slightly
increased STTD P requirement for maintenance due to an
increase in sow BW compared to younger parity sows.

The daily Ca requirement for maintenance is calculated
similarly to P estimates. The Ca estimates for endogenous
losses is approximately 14 mg/kg BW of Ca (Bikker and Blok,
2017; Gauthier et al., 2019). Like the P estimate for mainte-
nance, Bikker and Blok (2017) adjust Ca requirements from
14 to 13.25 mg/kg BW with a lactation weight loss of 22.5 kg.
Like the P estimate, the maintenance Ca requirements de-
crease as lactation progresses. The STTD Ca for maintenance
is 2.69 g/d on day 7 of lactation, 2.62 g/d on day 14, and
2.52 g/d on day 21 (for a parity 1 sow with a litter size of

15

15 piglets). Quiniou et al., 2021 models total Ca for mainte-
nance of 6.45 g/d on day 7, 6.28 g/d on day 14, and 6.05 g/d
on day 21 of lactation. The decrease in maintenance min-
eral requirements is a function of increased sow weight loss
during lactation. Older parity sows have slightly increased Ca
requirements for maintenance compared to early parity sows
due to the increased BW.

Milk Production Requirements

Litter ADG and litter size are the key factors for determining
P requirements for milk production. The Ca and P content
increases from colostrum to milk (Hurley, 2015). The average
Ca is 0.80 g/kg in colostrum (range of 0.48 to 1.52 g/kg) and
2 g/kg in milk (range of 1.51 to 2.54 g/kg; days 9 to 28 of lac-
tation). The average P concentration in colostrum is 1.08 g/
kg (range of 0.52 to 1.58 g/kg) and 1.42 g/kg in milk (range
of 0.87 to 1.83 g/kg; days 9 to 28 of lactation; Hurley, 2015).
The greater mineral concentration in milk vs colostrum is
because of greater immunoglobulin concentrations in colos-
trum. Quiniou et al. (2021) incorporate the Ca (2 g/kg) and P
(1.42 g/kg) content of milk into the factorial equation for de-
termining the requirement for Ca. Jondreville and Dourmad
(2005) use a P content in milk of 1.55 g/kg to estimate the P
requirement (Gueguen and Perez, 1981).

Other approaches can be used to estimate the P requirement
for milk production. For example, a P:N ratio of 0.196 can
be factored into the model to estimate the P needed for milk
production (NRC, 2012; Quiniou et al., 2021). The P and Ca
content in newborn pigs is also a factor that can be utilized to
predict the P requirements for milk (5.4 and 8.0 g/lkg P and
Ca, respectively; Bikker and Blok, 2017). Phosphorus digesti-
bility in milk (91%; Jongbloed et al., 2003; Bikker and Blok,
2017) and partial P efficiency (98 %; Bikker and Blok, 2017)
can also be used to estimate P requirements for milk pro-
duction. The Ca and P requirements for milk are influenced
by changes in milk production throughout lactation. While
several researchers developed factorial static equations for
Ca and P for milk during lactation, Gauthier et al. (2019)
and Quiniou et al. (2021) developed dynamic requirement
estimates throughout lactation (Figure 4). Gauthier et al.
(2019) utilized a milk production curve developed by Wood
(1967) and adapted by Hansen et al. (2012) and determined
peak milk production on approximately day 14 of lactation.
Quiniou et al. (2021) estimated Ca and P secretion in milk by
using a litter growth rate curve determined by the number of
nursing pigs. This approach determined peak milk production
at approximately day 19 of lactation. However, peak milk
production is affected by the number of nursing piglets as
sows with larger litters have been reported to reach peak milk
production earlier in lactation compared to sows with smaller
litters (Hansen et al., 2012).

Although there are different approaches to determine Ca
and P requirements in milk, all the factorial equations are
sensitive to litter size and litter ADG. Factorial models devel-
oped by Jongbloed et al. (1999; 2003) are more sensitive to
litter size compared to the other models (NRC, 2012; Biker
and Blok, 2017). For example, when increasing the litter size
from 10 to 15, the STTD P requirement for milk increases
by 33% (14.1 to 21.2 g/d Jongbloed et al., 1999; 13.6 to
20.4 g/d Jongbloed et al., 2003) compared to an increase
of only 0.7% (14.1 to 14.2 g/d; Bikker and Blok, 2017) or
3.2% (12.4 to 12.8 g/d; NRC, 2012). The large increase in re-
quirement estimates could be due to the increases in litter size
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Table 5. Equations for Ca and P composition of milk and requirement estimates in lactation diets’

STTD P, g/d

Components, g/d

Maintenance

Milk
Static

Dynamic

Mobilized from tissue

STTD Ca, g/d

Total Ca, g/d

Components, g/d

Maintenance

Milk
Static

Quiniou et al. (2021)

Gauthier et al. (2019)

Bikker and Blok (2017)

NRC (2012)

Jondreville and Dourmad (2005)
Jongbloed et al. (2003)
Jongbloed et al. (1999)

Quiniou et al. (2021)

Gauthier et al. (2019)

Bikker and Blok (2017)?

NRC (2012)

Jondreville and Dourmad (2005)
Jongbloed et al. (2003)
Jongbloed et al. (1999)

Quiniou et al. (2021)

Bikker and Blok (2017)

NRC (2012)

Jondreville and Dourmad (2005)
Jongbloed et al. (2003)
Jongbloed et al. (1999)

Quiniou et al. (2021)

Gauthier et al. (2019)3

Bikker and Blok (2017)*
NRC (2012)

Jongbloed et al. (2003)
Jongbloed et al. (1999)

Gauthier et al. (2019)
Bikker and Blok (2017)

Quiniou et al. (2021)
Gauthier et al. (2019)
Bikker and Blok (2017)
NRC (2012)°
Jongbloed et al. (2003)°
Jongbloed et al. (1999)°

Quiniou et al. (2021)
Gauthier et al. (2019)
Bikker and Blok (2017)¢

Quiniou et al. (2021)
Bikker and Blok (2017)

Maintenance + milk

Maintenance + (milk + 0.98)
Maintenance + (milk + 0.98) - mobilized
Maintenance + milk — mobilized
Maintenance + milk

Maintenance + milk - mobilized

Maintenance + milk — mobilized

0.010 x sow BW x 0.96
(10 x sow BW) + 1000
(9.5 x sow BW) = 1000
(7 x sow BW) + 1000
(10 x sow BW) + 1000
(7 x sow BW) + 1000
(7 x sow BW) + 1000
(0.0257 x (litter ADG + 1000) + 0.42 x litter size) x 0.196

((litter ADG x 5.4 + piglet mean BW x 0.007) x litter size) + (0.91 x 0.98)
(0.0257 x (litter ADG + 1000) + 0.42 x litter size) x 0.1955

(0.0257 x (litter ADG + 1000) + 0.42 x litter size) x 6.38 x 1.55 + 50
(5.877 x piglet ADG + 0.0112) x litter size

(0.6096 x litter ADG + 0.0115) x litter size

(0.0257 x (litter ADG + 1000) + 0.42 x litter size) x (2.763 - 0.014 x d)
x exp(=0.025 x d) x exp(-exp(0.5 - 0.1 x d)) x 0.196

Protein in milk x 1.55 + 50

-0.87
-0.96
—(litter ADG x 9.6 + 28)
-0.80

Maintenance + milk + 0.98

Maintenance + (milk + 0.98) — mobilized

Maintenance + milk + (fecal digestibility of Ca + 100)
STTD Ca + 0.50

STTD Ca + 0.50

2.00 x STTD P

3.30 x STTD P

320xSTTD P

0.035 x sow BW x 0.96
14 x sow BW
13.25 x sow BW

P milk, static + 1.42 x 2.0
((litter ADG x 8.0 + (piglet mean BW x 0.010) x litter size) + (0.91 x 0.98)
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Dynamic
Quiniou et al. (2021)
Gauthier et al. (2019)
Mobilized from tissue
Bikker and Blok (2017)7

P milk, dynamic + 1.42 x 2.0
P milk, dynamic x 1.37

0.06

'Units for the following components: sow BW (kg), day of lactation (d), litter size (n), litter ADG (kg), piglet ADG (kg), and piglet mean BW (kg).
2Use coefficient of 10 if assuming no sow BW loss in lactation. Use coefficient 9.5 if assuming sow BW loss of 22.5 kg in lactation.

Protein in milk (g/d) = (0.0257 x (litter ADG + 1000) + 0.42 x litter size) x 6.38 x milk production factor.

Milk production factor = milk production (kg) + average milk production for the lactation period (kg/d).

Milk production (kg) = a x #* x exp(~c x £).

a=exp(l+3x(-1y20 x log(128 + 27) - 3 x log(20) x ly30 + 5 x log(20) x ly20 - 2 x log(20) x ly5 + 4 x ly5 x log(128 + 27) + 12 x ly30 x log(35)

- 20 x log(5) x 1y20 + 8 x log(5) x ly5) + log(128 + 27)).
b =-(3.23352 x 1y30 - 5 x 1y20 + 2 x ly$) + log(128 + 27).

c=1+15x(ly5 x log(128 + 27) - 1y20 x log(128 + 27) - 3 x log(20) x ly30 + 5 x log(20) x 1y20 - 2 x log(20) x ly5 + 3 x ly30 x log(5) -

5 xlog(5) x 1y20 + 2 x log(5) x ly5) + log (128 + 27).

Natural log of milk yield on day 5 of lactation: ly5 = 1.93 + 0.07 x (litter size — 9.5) + 0.04 x (litter ADG - 2.05).

Natural log of milk yield on day 20 of lactation: 1y20 = 2.23 + 0.05 x (litter size - 9.5) + 0.23 x (litter ADG - 2.05).

Natural log of milk yield on day 30 of lactation: ly30 = 2.15 + 0.02 x (litter size - 9.5) + 0.31 x (litter ADG - 2.05).

“Use 0.87,0.97, 0.68, 0.68, or 0.39 g/d P from mobilized body tissue if assuming BW loss of 22.5 kg in lactation for parity 1, 2, 3, 4, and 3, respectively. P
from mobilized body tissue is disregarded if assuming no sow BW loss in lactation.

Calculated by using a set total Ca:STTD P ratio.

¢Use coefficient of 14 if assuming no sow BW loss in lactation. Use coefficient 13.25 if assuming sow BW loss of 22.5 kg in lactation.
"Use 0.06, 0.05, or 0.03 g/d Ca from mobilized body tissue if assuming BW loss of 22.5 kg in lactation for parity 1 and 2, 3 and 4, and 5, respectively. Ca
from mobilized body tissue is disregarded if assuming no sow BW loss in lactation.

observed in more recent models and when they were devel-
oped. Models were developed using 10 to 11 pigs per litter by
Jongbloed et al. (1999) compared to 15 to 16 pigs by Bikker
and Blok (2017). The input values into the factorial equations
can have large effects on the sow’s Ca and P requirements for
milk production.

Litter ADG also influences the requirement estimates for
Ca and P. For example, when increasing the litter ADG from
2.1 to 2.5 kg/d, the dynamic STTD P for milk requirement
increases by 17.1% (13.3 to 16.0 g/d; Gauthier et al., 2019)
or 14.6% (14.1 to 16.5 g/d; Quiniou et al., 2021). Similar
increases were observed for static STTD P requirements for
output in milk (15.9%; Jongbloed et al., 1999, 2003). Based
on the models, the range of STTD P requirements for milk
production is approximately 13.8 to 18.5 g/d during lactation
for a parity 1 sow with a litter size of 15 piglets.

The Ca requirement for milk is generally determined using
a ratio relative to P. Gauthier et al. (2019) used a ratio of
1.37:1 (STTD Ca:STTD P). Calcium requirements for fetal
and placental growth, and milk output are commonly calcu-
lated as a ratio to P because little research is available to de-
termine Ca requirement estimate.

Modeled Requirement Estimates

The STTD P and total Ca or STTD Ca requirement estimates
are determined by using total requirements for maintenance,
milk production, and tissue mobilization (Jongbloed et al.,
1999, 2003; NRC, 2012; Bikker and Blok, 2017). However,
the amount of Ca and P mobilized is often provided with little
explanation of how it was determined. Total Ca requirements
can be estimated using a ratio relative to STTD P, but there is
wide variation in suggested Ca:P ratios (3.20:1 total Ca:STTD
P for Jongbloed et al., 1999; 3.30:1 for Jongbloed et al., 2003;
2.00:1 for NRC, 2012). But if a 3.20:1 total Ca:STTD P ratio
is used with a STTD P requirement of 25.1 g/d, the total Ca
requirement would be calculated to be approximately 80 g/d
(Jongbloed et al., 1999, 2003). However, determining the ap-
propriate ratio is important because excess Ca decreases P

digestibility potentially causing an increased P requirement
(Lee et al., 2023). These total Ca estimates are greater than
all the empirical and factorial estimates collected in this lit-
erature review.

In summary, the STTD P requirements during lactation
range from 14.2 to 25.1 g/d for STTD P and 28.4 to 55.6 g/d
for total Ca in parity 1 sows with a litter size of 15 piglets.
These are similar to requirements determined by empirical
studies (8.5 to 22.1 g/d for STTD P and 21.1 to 50.4 g/d of
total Ca; Figures 5 and 6).

Conclusion

The large variation among results of empirical studies
and factorial models makes it difficult to define precise
Ca and P requirements for gestating and lactating sows.
However, with the most recent data from Grez-Capdeville
and Crenshaw (2022), a minimum level of 6.0 STTD P g/d
during gestation and 22.1 g/d STTD P during lactation
appears to meet basal requirements. This is similar to the
estimate proposed by the NRC (2012) of 6.0 g/d of STTD
P during the first 90 d of gestation. After day 90, sows may
have to mobilize maternal stores to meet the needs of the
growing fetuses (van Riet et al., 2016). During lactation,
22.1 g/d of STTD P meets the requirement estimates pro-
vided by NRC (2012).

Once a P requirement estimate is established, the studies
in this meta-analysis frequently estimate a Ca requirement
based on a ratio relative to P. The NRC (2012) suggests a
2.3:1 and 2.0:1 ratio of total Ca:STTD P for gestation and
lactation, respectively. Empirical studies and factorial models
in this review had a range of total Ca:STTD P in gestation of
1.84:1 to 4.0:1 and 2.2:1 to 3.3:1 in lactation. In conclusion,
at least 6.0 and 22.1 g/d of STTD P appear to meet minimum
requirements during gestation and lactation, respectively. The
limited data and variation between studies emphasize the
need for future research evaluating Ca and P requirements for
reproducing sows.
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Table 6. Results of modeled requirement estimates for Ca and P levels in lactation’

Lactation, d 7 14 21
Sow BW, kg 192 187 180
Piglet mean BW, kg 1.75 2.91 4.25
STTD P, g/d
Quiniou et al. (2021)
Maintenance 1.8 1.8 1.7
Milk (static) 13.8 13.8 13.8
Milk (dynamic) 13.6 16.7 16.5
STTD P (static milk) 15.6 15.6 15.6
STTD P (dynamic milk) 15.5 18.5 18.2
Gauthier et al. (2019)?
Maintenance 1.9 1.9 1.8
Milk (dynamic) 15.6 16.9 15.6
STTD P 17.6 18.8 17.4
Bikker and Blok (2017)
Maintenance 1.8 1.8 1.7
Milk (static) 15.3 15.5 15.6
Mobilized from body tissue -0.87 -0.87 -0.87
STTD P 16.5 16.7 16.7
NRC (2012)
Maintenance 1.3 1.3 1.3
Milk (static) 13.8 13.8 13.8
Mobilized from body tissue -0.96 -0.96 -0.96
STTD P 14.2 14.2 14.1
Jondreville and Dourmad (2005)
Maintenance 1.9 1.9 1.8
Milk (static) 14.0 14.0 14.0
STTD P 15.9 15.8 15.8
Jongbloed et al. (2003)
Maintenance 1.3 1.3 1.3
Milk (static) 14.9 14.9 14.9
Mobilized from body tissue -0.86 -0.86 -0.86
STTD P 15.3 15.3 15.3
Jongbloed et al. (1999)
Maintenance 1.3 1.3 1.3
Milk (static) 23.0 23.0 23.0
Mobilized from body tissue -0.80 -0.80 -0.80
STTD P 23.5 23.5 23.5

Calcium, g/d
Quiniou et al. (2021)°

Maintenance 6.5 6.3 6.0
Milk (static) 39.0 39.0 39.0
Milk (dynamic) 38.4 46.9 46.5
Total Ca (static milk) 45.4 45.2 45.0
Total Ca (dynamic milk) 44.9 53.2 52.5
Gauthier et al. (2019)?
Maintenance 2.7 2.6 2.5
Milk (dynamic) 21.9 23.7 21.8
STTD Ca 24.6 26.3 24.3
Bikker and Blok (2017)*
Maintenance 2.5 2.5 2.4
Milk (static) 23.2 23.4 23.6
Mobilized from body tissue -0.06 -0.06 -0.06

STTD Ca 25.7 25.8 25.9
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Table 6. Continued

NRC (2012)

Total Ca 28.4 28.4 28.3
Jongbloed et al. (2003)

Total Ca 50.5 50.5 50.5
Jongbloed et al. (1999)

Total Ca 75.2 75.2 75.2

'Estimated requirements were determined using a first parity sow with a litter size of 15 and litter ADG of 2.5 kg. Sow BW was estimated using values
representative of weight gain during lactation (Bikker and Blok, 2017).

*Milk component was divided by 0.98 (maintenance + (milk + 0.98)).

*Milk component was divided by 0.50 (maintenance + milk =+ (fecal digestibility of Ca + 100)).

*Milk component was divided by 0.98 (maintenance + (milk + 0.98) — mobilized).
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16.0 |
o ——Quiniou et al., 2021 - dynamic
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—— Gauthier et al., 2019
S
)
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Figure 4. Modeled standardized total tract digestible P (STTD R g/d) requirement estimates for P output in milk during lactation.
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Figure 5. Standardized total tract digestible P (STTD P, g/d) requirement estimates during lactation from factorial and empirical estimates. Factorial
estimates are displayed by solid lines and empirical estimates are displayed by dashed lines. Factorial estimated requirements were determined using
a litter size of 15 and litter ADG of 2.5 kg for parity 1 sows. Sow BW (198, 195, 192, 187 and 180 kg, for days 1, 4, 7, 14, 21, respectively) was estimated
using values representative of weight gain during lactation (Bikker and Blok, 2017).
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Figure 6. Total Ca (g/d) requirement estimates during lactation from factorial and empirical estimates. Factorial estimates are displayed by solid lines
and empirical estimates are displayed by dashed lines. Factorial estimated requirements were determined using a litter size of 15 and litter ADG of
2.5 kg for parity 1 sows. Sow BW (198, 195, 192, 187 and 180 kg, for days 1, 4, 7, 14, 21, respectively) was estimated using values representative of
weight gain during lactation (Bikker and Blok, 2017). Jongbloed et al. (1999) determined a total Ca requirement of 75.6, 75.5, 75.4, 75.3, and 75.2 g/d,
for days 1, 4, 7,14, 21, respectively as a result of a 3.20:1 total Ca:STTD P ratio which are not included in the figure.
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