
ABSTRACT 

CHANG, PETRA L. Y. C. Evaluating the Impact of Calcium and Phosphorus 
Supplementation on Mineral Status, Growth Performance and Carcass Characteristics of Low 
and High Birth-weight Pigs. (Under the direction of Dr. Eric van Heugten and Dr. Chad H. 
Stahl). 
 

Piglet birth weight and weaning weight are significantly correlated with lifetime growth 

performance. Low birth-weight pigs generally grow slower and have lower body weights 

throughout their lives than do heavy birth-weight pigs. Therefore strategies to improve the 

growth rate of small birth weight pigs warrant further investigation. Supplemental nutrition 

to nursing piglets has been shown to improve pre-weaning growth and increase body weight 

at the end of the nursery phase. Neonatal Ca and P deficiencies impact growth performance 

and the activity of the tissue-specific stem cells responsible for lifetime muscle and bone 

growth.  This study evaluated the impact of direct oral supplementation of Ca and P to 

nursing pigs on mineral status, growth performance and carcass characteristics. Using 

commercial sows (n = 52), 2 light-weight pigs (LW, 1.50 ± 0.25 kg BW) and 2 heavy-weight 

piglets (HW, 2.16 ± 0.30 kg BW) were selected at day 3 (d3) of age from within each litter. 

Within sow, 1 of the LW and 1 of the HW piglets were orally supplemented once daily with 

2 mL of a CaPO4 solution that provided 240 mg Ca and 182 mg P. The remaining LW and 

HW pig from each litter orally received 2 mL of a placebo. Pigs were weaned at an average 

of 22.5 d of age, weighed and blood samples were collected for analysis of serum Ca, 

inorganic P and parathyroid hormone (PTH).  At weaning, pigs were randomly allotted to 

pens (3 to 5 pigs per pen) according to sex, supplementation and birth weight. Pigs were fed 

3 diet phases in the nursery (44 days) and 3 diet phases in the finisher (98 days). At the end 

of the study carcass characteristics were determined using real-time ultrasound. Pre-wean 



mortality was increased (P<0.01) with decreasing birth (d3) weight. Serum P, Ca and bone 

ash weight increased linearly (P<0.05) with increasing weaning weight. Serum Ca 

concentrations had significant interactions (P<0.05) with birth weight and supplementation 

with CaPO4. Supplementation did not affect serum PTH and bone ash %. Birth weight had 

significant linear (P<0.01) and quadratic (P<0.05) effects on BW during all phases. ADG 

increased (P<0.05) linearly increasing with birth weight up until the second grower phase 

(134 d). Linear and quadratic birth weight by supplementation interactions on ADG were 

observed (P<0.05) during the overall finisher and wean to finish periods. Linear birth weight 

by supplementation interactions on ADFI were observed (P<0.05) for the total nursery phase 

and overall wean to finish period. Gilts consumed less feed (P<0.01) throughout the 

experimental period. Feed consumption increased (P<0.01) linearly with increasing birth 

weight, except during the finisher phase and at market weight, in which consumption 

decreased (P<0.01) as birth weight increased. G:F had significant (P<0.05) linear and 

quadratic birth weight by supplementation interactions during the overall finisher period. A 

quadratic (P<0.05) effect of birth weight was observed on G:F. Backfat depth and lean % had 

significant (P<0.05) linear and quadratic birth weight by supplementation interactions at 165 

d. Barrows had greater (P<0.01) backfat depth than gilts. Gilts were leaner (P<0.01) than 

barrows at 165 d and at market weight. Lean gain and loin eye area increased (P<0.05) 

linearly with increasing birth weight at 165 d. Number of days to reach market weight 

decreased (P<0.01) linearly with increasing birth weight. In conclusion, nursing pigs can 

absorb more Ca than what is supplied through the sow’s milk, however, supplementation 

with CaPO4 did not improve pig performance. Greater piglet birth weight reduced pre-

weaning mortality and improved performance to market weight. 
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CHAPTER I 

Literature Review 

 
 

Introduction 

 Global meat consumption is continuously increasing, especially in developing 

countries. Pork consumption is projected to more than double in low income countries by 

2030 (FAO, 2011). 

 Pork production has improved dramatically in part due to the use of improved 

genetics. Genetic selection programs have resulted in leaner market pigs that are more feed 

efficient and sows that are more prolific. However, greater sow prolificacy has increased 

piglet quality issues in multiple genetic lines. Generally, as litter size increases average piglet 

birth weight decreases and the proportion of low birth weight piglets increase (Johnson et al., 

1999). Low birth weights pigs are less likely to survive from birth to weaning and birth to 

market (Boyd, 2012). Low birth weights also lead to decreased weaning weights, which are 

positively correlated with lifetime growth performance (Schinckel et al., 2007). 

  Proper nutrition of the neonate is crucial in improving individual body weight to 

weaning. It has been demonstrated that sow milk production limits the piglets’ full growth 

potential (Harrell et al., 1993). Therefore, supplemental nutrition at this time can have 

profound effects throughout a pig’s life cycle. 

 Furthermore, lean growth depends on the activity of satellite cells and mesenchymal 

stem cells (MSC). Satellite cells contribute to hypertrophy of muscle fibers, while adipocytes 

are derived from MSC. From previous studies conducted in our lab, calcium and phosphorus 
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nutrition to the neonate altered satellite cell and MSC proliferation. Therefore, early mineral 

nutrition can have great impact on muscle growth and development. 

 In this review, birth weight, supplemental nutrition and muscle development of the 

newborn pig will be discussed, in addition to Ca and P metabolism and nutrition. 

 

Piglet birth weight 

 Prenatal growth is mainly affected by sow’s nutrition and uterine capacity, as 

described by Foxcroft et al. (2006) and Wu et al. (2006). In reviews by Rehfeldt et al. (2010) 

and Robinson et al. (1999), maternal nutrition and its effects on fetal growth is thoroughly 

covered. The authors describe the effect of fetus nutrient restriction in undernourished sows, 

as well as hormonal regulations (e.g., IGF) that occur in response to feeding. 

 Moreover, fetal development of muscle fibers was described by Foxcroft et al. 

(2006). Dwyer et al. (1994) observed higher number of secondary muscle fibers relative to 

primary fibers (S:P) in pigs from sows that received supplemental feed at different times 

during pregnancy. Although not shown in that study, many other authors (Wigmore and 

Stickland, 1983; Handel and Stickland, 1988; Dwyer and Stickland, 1991; Dwyer et al., 

1993; Rehfeldt and Kuhn, 2006) have demonstrated that increased number of secondary 

muscle fibers is associated with heavier birth weights, which in turn are associated with 

better postnatal performance. In contrast, Nissen et al. (2003) found no significant 

differences in S:P in piglets from sows that received additional feed during pregnancy. 

Furthermore, Rehfeldt et al. (2001) described significant effects on muscle fiber number 

inpiglets from gilts injected with somatotropin during pregnancy. Muscle development will 

be discussed in more detail in a different section of this chapter. 
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 Because pigs are highly prolific animals, intrauterine growth retardation (IUGR) is of 

frequent occurrence in swine (Wu et al. 2006; Bérard et al., 2010), and is characterized by 

poor development of fetuses, leading to lower birth weights of piglets. Increased litter size 

has been shown to be associated with lower birth weights of piglets (Johnson et al., 1999; 

Quiniou et al., 2002; Foxcroft et al., 2006; Bérard et al., 2008). In addition, Père and Etienne 

(2000) have previously demonstrated that increasing litter size is not followed by the same 

magnitude of increased blood flow to the uterus, which compromises fetal development. 

 Bérard et al. (2010) found that secondary fiber number was reduced in the dark 

portion of the semitendinosus and in the psoas major muscles from piglets born from 

unilaterally hysterectomized-ovariectomized (UHO) gilts. (UHO females are used to 

investigate intrauterine crowding effects during gestation). This and many other experiments 

(Dwyer et al., 1994; Nissen et al., 2003; Bee, 2004; Cerisuelo et al., 2009; Markham et al., 

2009) show how prenatal intervention can affect birth weight and postnatal performance of 

pigs. 

 Piglets with low birth weight have higher risk of dying before weaning. This has been 

reported by Roehe and Kalm (2000), Milligan et al. (2002) and Fix et al. (2010c), which 

showed the association between mortality and other factors, such as parity, genetics, litter 

size and gestation length, to be the strongest for individual birth weight. Van der Lende and 

de Jager (1990) observed that piglets born with less than 1 kg of body weight were at a high 

risk of pre-weaning death. Similar results were also reported by Quiniou et al. (2002), in 

which piglets born weighing less than 0.6 kg had 85% pre-weaning mortality, compared to 

less than 15% for pigs weighing 1 kg or more. 
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 According to English and Morrison (1984), low birth weight pigs are more prone to 

be undernourished, as they are less effective in competing for the teat than their larger 

littermates. These observations are supported by Le Dividich et al. (2005), who stated that 

colostrum consumption is positively correlated with birth weight; and increased colostrum 

consumption leads to better chances of survival. Lighter piglets have a weaker immune 

system and therefore are more likely to get sick (English and Morrison, 1984). Also, smaller 

pigs are more susceptible to cold stress (English and Morrison, 1984). The same authors 

describe asphyxia as being the main cause of stillborn pigs. Again, Quiniou et al. (2002) and 

Fix et al. (2010c) reported that low birth weight pigs had a higher risk of being stillborns than 

those weighing over 1 kg BW. 

 Birth weight and weaning weight are positively correlated with lifetime growth 

performance. This has been demonstrated by Larriestra et al. (2006), Smith et al. (2007) and 

Schinckel et al. (2007; 2010), in which different models were used to assess predictability of 

birth or weaning weights on subsequent growth performance. These authors have shown that 

lighter birth weights and weaning weights resulted in lighter pigs during the nursery phase 

and at slaughter. Similarly, many other observational studies have demonstrated this 

relationship (Powell and Aberle, 1980; Mahan and Lepine, 1991; Quiniou et al., 2002; 

Gondret et al., 2005; Rehfeldt and Kuhn, 2006; Bérard et al., 2008; Rehfeldt et al., 2008; 

Beaulieu et al., 2010; Fix et al., 2010b). Overall, low birth weight pigs exhibit decreased 

average daily gain when compared to heavier piglets. 

 Feed efficiency has shown variable results in the literature when considering birth 

weight. Schinckel et al. (2010) demonstrated that low birth weight pigs have poorer 
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efficiency and that efficiency improved as birth weight increased. Likewise, Bérard et al. 

(2008) found low weight pigs to be less efficient. 

 Moreover, Gondret et al. (2006) reported increased G:F during the grow-finish phase 

for heavy birth weight pigs, and similar results were observed by Mahan and Lepine (1991). 

In a more recent study by Mahan et al. (1998), light weaning weight pigs were more efficient 

during the nursery phase only, and heavier pigs were more efficient during the overall 

weaning to finish period. In all these experiments, low birth weight pigs took longer to reach 

market weight than heavy pigs. Similar findings were reported by Powell and Aberle (1980) 

and Wolter et al. (2002); however, these authors did not find significant differences in 

efficiency between light and heavy birth weight pigs. 

 Conversely, Fix et al. (2010a) found that G:F decreased with increased birth weight, 

although at a decreasing rate. It is worth noting that in this study, the end point was based on 

age and not slaughter weight, as the other studies discussed above. Yet, Nissen and Oksbjerg 

(2011) observed a tendency for low birth weight pigs to be less efficient than heavy pigs 

when using age as the trial end point. 

 In theory, lighter pigs have lower maintenance requirements and therefore will 

consume less feed than heavier pigs. This fact was substantiated by Nissen and Oksbjerg 

(2011), who reported reduced daily feed intake by low birth weight pigs. Furthermore, 

Powell and Aberle (1980) and Wolter et al. (2002) observed lower feed consumption 

amongst low birth weight pigs, and the similar G:F to heavier pigs is explained by the extra 

days that light pigs were on trial until they reached market weight. Mahan et al. (1998) 

observed lower daily feed intake by light weaning weight pigs during the nursery and overall 

wean to finish period, but not for the grow-finish phase. Additionally, Bérard et al. (2008) 
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showed that light weight pigs consumed less feed (daily) during the grow-finish phase. 

Again, for both trials, light pigs consumed more feed for the total period until they reached 

slaughter weight, and therefore were less efficient than heavy pigs. Also, Fix et al. (2010a) 

found that increasing birth weight increased feed intake, but the relationship with G:F is not 

as clear, since lighter pigs were more efficient in this case. 

 That lighter pigs consume less feed is not always true, as it was demonstrated by 

Gondret et al. (2006), in which low birth weight pigs consumed the same amount of feed 

during the finishing phase as heavy pigs, even though low birth weight pigs were less 

efficient. These authors speculate that the lighter pigs may not digest or utilize nutrients as 

efficiently due to poor nutrition earlier in life. Comparably, Mahan and Lepine (1991) argue 

that poorer efficiency of low birth weight pigs was due to more days to reach slaughter 

weight, since daily feed consumption was not significantly different during the grow-finish 

period. In addition, Schinckel et al. (2010) found the correlation of feed intake to birth weight 

to be weak. 

 Low birth weight pigs that were deprived of nutrients may exhibit compensatory or 

“catch-up” growth when supplied with sufficient nutrients. Compensatory growth is defined 

as a period of nutrient restriction, followed by ad libitum feeding, in which animals 

compensate for the undernourished period and are able to catch up with animals that have not 

been restricted (Hornick et al., 2000). It has been shown that pigs are able to compensate for 

a restricted period, but most research has been done during the growing-finishing phase 

(Prince et al., 1983; Critser et al., 1995; Oksbjerg et al., 2002; Therkildsen et al., 2002). One 

study by Gädeken et al. (1983) restricted pigs from 5 to 25 kg BW and analyzed subsequent 

performance. These authors found that restricted pigs were able to deposit more protein and 
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less fat than control pigs, by showing better protein digestibility and efficiency of use. The 

mechanisms by which animals are able to compensate are not entirely clear, but some authors 

speculate its relationship to protein synthesis (Oksbjerg et al., 2002), protein degradation 

(Therkildsen et al., 2002) and increased fat deposition and organ weight (Chaosap et al., 

2010). 

 Body composition at market weight as affected by birth weight has shown variable 

results in the literature. Powell and Aberle (1980), Wolter et al. (2002), Gondret et al. (2005), 

and Beaulieu et al. (2010) did not observe any differences in backfat, loin eye area or lean 

percentage amongst low and heavy birth weight pigs. Bérard et al. (2008) found similar 

results, except that carcass yield percentage was greater for low birth weight pigs, which is 

thought to be the result of lighter organ weights. 

 Some authors have shown increased fat deposition in low birth weight pigs. Bee 

(2004) observed increased adipose tissue yield and omental fat percentage in low birth 

weight pigs, even though lean tissue yield was not significantly different for low vs. high 

birth weight pigs. Similarly, Gondret et al. (2006) found that low birth weight pigs had 

greater perirenal fat weight and backfat depth, except that, in this study, the estimated lean 

content of the carcass was greater for heavy birth weight pigs.  Likewise, Schinckel et al. 

(2010) observed greater backfat depth and reduced predicted lean percentage for lighter birth 

weight pigs. Using artificial reared lambs, Greenwood et al. (1998) reported increased fat 

content in carcasses of low birth weight animals compared to high birth weight lambs. 

 All of the studies mentioned above had taken data from animals at the same body 

weight, and not at the same age. Using age as the end of the testing period, Fix et al. (2010b) 

demonstrated a tendency for backfat depth to increase as birth weight increases, and loin eye 



 

8 
 

area to increase at a decreasing rate as birth weight increases. Likewise, slaughtering animals 

at the same age, Rehfeldt et al. (2008) found perirenal and intramuscular fat percentages to 

be higher in low birth weight pigs, significant greater loin muscle area for heavy pigs, even 

though lean percentage and backfat depth did not differ amongst birth weight groups. 

Additionally, Rehfeldt and Kuhn (2006) reported increased internal fat percentage in low 

birth weight pigs and tendencies for loin eye area and lean percentage to be greater in heavy 

birth weight pigs. 

 In conclusion, birth weight has proven to significantly affect postnatal performance. 

Consequently, efforts to improve weight gain of piglets are most valuable, especially during 

the initial stages of life. 

 

Neonatal nutrition 

 The neonatal period of a piglet’s life exhibits the highest growth rate, particularly 

increased protein deposition, especially in muscle (Davis et al., 2008). It has been 

demonstrated that protein synthesis in the neonate is affected greatly by feeding, and that 

responsiveness to feeding decreases as the animals get older (Davis et al., 1996). 

 As reviewed by Le Dividich et al. (2005), early energy or colostrum intake is the 

crucial determinant of a piglets’ survival. Colostrum intake is positively correlated with birth 

weight (Le Dividich et al., 2005; Devillers et al., 2007). Consequently, the smallest pigs in 

the litter have an increased chance of dying or being undernourished. 

 When studying malnutrition in rats, Winick and Noble (1966) found that restricted 

animals had lower weight gain, total protein and RNA than control rats. They also found that 

the process of cell division and DNA increase were affected by restriction. Also using rats, 
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Glore and Layman (1983) studied different periods of feed restriction, and found that only 

animals restricted during the lactation period were not able to catch up after the recovery 

period. These authors suggest that reduced number of nuclei is responsible for reduced 

muscle mass in restricted animals. Additionally, Ward and Stickland (1993) found decreased 

rate of protein synthesis in undernourished guinea pigs. Greenwood et al. (1998; 2000) found 

that lambs under restricted feed access grew slower and deposited more muscle per kg of 

gain than lambs fed ad libitum. 

 Using artificially reared newborn piglets, Lefaucheur et al. (2002) reported reduced 

glycolytic capacity and increased beta oxidation of fatty acids, as well as a decrease in 

muscle protein in undernourished pigs. Comparably, Martin et al. (1974) observed depressed 

growth, reduced liver weight, reduced perirenal fat pads and adipose cell number and 

reduced RNA:DNA at 4 and 23 weeks in piglets fed a low energy diet. It is worth noting that 

from the period of 4 weeks to 23 weeks of age all pigs were offered the same diet ad libitum. 

Interestingly, no differences were detected when pigs were fed a low protein diet. The same 

authors also studied the effect of under nutrition by using small and large litters of pigs, in 

which the large litters were energy deprived. Pigs were weaned at 7 weeks of age and 

slaughtered at 6 months of age. Pigs from the large litters had consistent growth retardation 

throughout, however, at slaughter, muscle weight, DNA and RNA contents were equalized 

compared to those from small litters. This indicates that refeeding was able to reverse the 

effects of under nutrition for those parameters. Physiological limitations on milk production 

from the sow have been demonstrated to limit the piglets’ full growth potential (Harrell et al., 

1993; Boyd et al., 1995; Pluske et al., 2005). Studies by these authors have shown 
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remarkable improvement in growth when pigs were artificially reared compared to sow-

reared pigs. 

 Cabrera et al. (2010) observed beneficial effects on pre-wean and post-wean 

performance to market weight when pigs were fed milk replacers. In this study, pigs nursed 

the sow for 14 days, after which the sow was removed and milk replacer was fed for 6 days 

until weaning (20d).  Pigs in that treatment were heavier at weaning and reached slaughter 

weight quicker than sow reared pigs. Comparably, Harrell et al. (1993) reported that artificial 

reared pigs took 10 days less to reach market weight than sow reared pigs. 

 In addition, heavier weaning weights are correlated with improved postweaning 

performance (Mahan and Lepine, 1991; Mahan et al., 1998; Wolter and Ellis, 2001; Cabrera 

et al., 2010). Therefore, maximizing nutrient intake in neonatal pigs becomes a very relevant 

tool to improve production. 

 Generally, the use of milk replacers as a supplemental source of nutrients when 

piglets are still nursing the sow has shown substantial improvements in pre-weaning 

performance. Furthermore, a review by Odle and Harrell (1998) gathered information on 

several studies conducted with supplemental liquid diets to prove the value of this practice. 

 Azain et al. (1996), King et al. (1998) and Spencer et al. (2003) all reported improved 

pre-wean performance for pigs fed milk replacer during lactation, with beneficial effects of 

supplementation being accentuated under high temperature periods (Azain et al., 1996; 

Spencer et al., 2003). 

 Similarly, Dunshea et al. (1999) found supplemental milk replacers to improve pre-

wean performance and post-wean performance up until 41 days of age. Conversely, Wolter et 
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al. (2002), despite reporting heavier weaning weights for pigs fed supplemental milk 

replacers, found that this effect did not persist until pigs reached market weight. 

 Consequently, supplemental nutrition of the neonate becomes an imperative research 

topic in respect to animal welfare, management and pork production economics. 

 

Calcium and Phosphorus 

 Calcium is essential in many metabolic processes in the body, including formation of 

bone, functioning of muscular and neural tissues, as well as cell signaling (Crenshaw, 2001; 

Wasserman, 2005). Most (96-99%) of the Ca is found in skeletal bone and homeostasis is 

achieved mainly by absorption in the small intestine and resorption by kidney and bones 

(Crenshaw, 2001). Absorption in the small intestine occurs by transcellular and paracellular 

pathways. The paracellular pathway is a passive and non-saturable mode of transport that is 

dependent on calcium concentration, especially when dietary Ca intake is high. The 

transcellular pathway involves entry of Ca into enterocytes by specialized channels, TRPV5 

and TRPV6. Once inside the cell, Ca is transported by calbindins, which are regulated by 

vitamin D. Ca-binding proteins such as calmodulin and troponin C are responsible for muscle 

contraction as intracellular Ca concentrations rise (Crenshaw, 2001). Finally, Ca exits the cell 

through the plasma membrane ATP-dependent Ca pump and a Na+/Ca2+ exchanger 

(Wasserman, 2004; Pérez et al., 2008). 

 Parathyroid hormone (PTH) is the primary regulator of Ca metabolism (Figure 1.1). 

As circulating levels of plasma Ca decrease, PTH is secreted, affecting kidney and bone 

cells. In the kidneys, PTH will increase reabsorption of Ca and stimulate production of 1,25-

dihydroxy-vitamin D3 (calcitriol) through 1α-hydroxylase enzyme (Hsu and Levine, 2004; 
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Littledike and Goff, 1987; Crenshaw, 2001). Calcitriol and PTH act on bone to promote 

resorption of Ca. Under high Ca concentrations, calcitonin is secreted and acts to increase Ca 

urinary excretion and uptake by cells, as well as to decrease resorption of bone (Littledike 

and Goff, 1987; Crenshaw, 2001). 

 

Figure 1.1. Physiology of calcium metabolism (Sturm, 2010). 

  

 Phosphorus functions in the body include bone mineralization, membrane structure as 

phospholipids, nucleic acid constituent and energy metabolism as ATP (Littledike and Goff, 

1987; Crenshaw, 2001). Phosphorus in the body is found mainly in bones (~85%), about 

15% in soft tissue and little (~0.3%) in extracellular fluid (Tenenhouse and Portale, 2004). 

About 90% of the mineral is distributed in the ionic form, and the remainder is complexed 

with proteins.  

 Homeostasis is achieved by bone storage pools, intestinal absorption and renal 

reabsorption. Active saturable (transcellular) and passive non-saturable 

(paracellular)transport systems regulate P absorption in the small intestine (Lee et al., 1986; 
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Crenshaw, 2001). Absorption is higher in growing animals and increases with increased 

intake (Tenenhouse and Portale, 2004; Stein et al., 2008). Additionally, Saddoris et al. (2010) 

demonstrated improved absorption through stimulation of the transcellular pathway in pigs 

fed a mild phosphorus deficient diet. 

 Under low plasma P concentrations renal excretion is reduced as reabsorption in the 

tubules increase (Figure 1.2). Low plasma P also stimulates renal synthesis of 1,25-

dihydroxy-vitamin D3 (Littledike and Goff, 1987; Crenshaw, 2001; Riond et al., 2001; 

Tenenhouse and Portale, 2004; Tani et al., 2007; Berndt and Kumar, 2008; Bergwitz and 

Jüppner, 2010). 

 Concentration of plasma P also affects PTH secretion. Under high P concentrations, 

PTH secretion is increased, and the inverse relationship is also true. As mentioned 

previously, PTH will affect the 1α-hydroxylase enzyme in the kidneys to stimulate synthesis 

of 1,25-dihydroxy-vitamin D3. Therefore, increased PTH production due to elevated P 

concentrations will act to decrease renal reabsorption of P, and concomitantly to increase Ca 

reabsorption in the kidneys (Littledike and Goff, 1987; Crenshaw, 2001; Tenenhouse and 

Portale, 2004; Berndt and Kumar, 2008; Bergwitz and Jüppner, 2010). 

 Moreover, phosphatonins have been demonstrated to increase renal P excretion by 

inhibiting P transporters in the kidneys and to reduce absorption in the small intestine by 

inhibiting the 1α-hydroxylase enzyme, consequently decreasing 1,25-dihydroxy-vitamin D3 

synthesis (Berndt and Kumar, 2007). 
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Figure 1.2. Adaptations to changes in dietary phosphate (Berndt and Kumar, 2008). 

 

 The Ca to P (Ca:P) ratio is also important to ensure both elements are properly 

utilized. A large ratio and low levels of phosphorus in a diet will cause P to be poorly 

absorbed, affecting growth and leading to bone decalcification (Vipperman et al., 1974; 

Reinhart and Mahan, 1986; NRC, 2012). For typical corn-soybean meal diets, the 

recommended ratio is between 1:1 and 1.25:1 (Stein et al., 2011; NRC, 2012). Also, Liu et al.  
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(2000) observed a linear increase in P absorption in the small intestine when decreasing the 

Ca:P ratio from 1.5, 1.3 and 1:1 in a corn-soybean meal based diet with added phytase. 

Comparably, Qian et al. (1996) found a linear decrease in P and Ca digestibility and poorer 

performance of weanling pigs when increasing the Ca:P ratio from 1.2, 1.6, and 2:1. 

 Additionally, most of the P present in grains is in a complexed form as phytate, which 

is unavailable to pigs. Pigs lack the enzyme phytase that can hydrolyze phytate and release 

phosphorus. Microbial phytase supplementation in corn-soybean meal diets is a common 

practice in the US to improve phytate P utilization by swine and poultry (Lei et al, 1993; 

Veum et al., 2001; Driver et al., 2006; Hinson et al., 2009; Poulsen et al., 2010; Varley et al., 

2011). 

 The requirements for Ca and P in growing pigs and lactating sows have been 

established. As pigs grow, daily requirements for both minerals increase with increased body 

weight. Ca requirements range from 2.2 to 12.8 g/day, while P requirements range between 

1.8 to 12 g/day, for growing pigs from 5 to 135 kg of body weight (NRC, 2012). Gilt 

requirements can be marginally higher than barrows’, with boars having the highest 

requirements than either gilts or barrows. In pregnant sows, the late phase of gestation 

requires the most of these minerals, around 20 g/day of Ca and 15 g/day of P, that being the 

period of highest fetal Ca deposition (Mahan and Vallet, 1997). Lactating sows’ requirements 

are increased due to milk production, with values ranging from 35 to 48 g/day of Ca and 31 

to 41 g/day of P (NRC, 2012). Still, sow milk is adequate in its Ca and P composition 

regardless of the sow’s intake, indicating that these females will mobilize their own reserves 

under restriction periods (Mahan and Vallet, 1997). 
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Furthermore, Miller et al. (1964a; 1964b) determined a P level of 0.6% in the diet of 

baby pigs to provide adequate growth and maximum bone strength, and a level of 0.5% P to 

ensure greatest utilization of P and Ca when Ca was maintained at a 0.8% level. Many 

studies cite or demonstrate that maximum bone strength requires more Ca and P than is 

necessary for normal growth. 

 Typically, diets are formulated to optimize growth while minimizing P excretion. 

Phosphorus excretion has become an important environmental concern and cost of P sources 

has risen dramatically over the past decade. Hence phytase has become a popular feed 

additive to improve P utilization, and other feeding strategies have been applied in order to 

address these issues (Mavromichalis et al., 1999; Hinson et al., 2009). 

 Phosphorus restriction has shown to reduce growth performance and alter serum P 

and Ca profiles, as well as to produce fatter carcasses and affect bone mineralization in 

growing pigs (Cromwell et al., 1970; Partanen et al., 2010; Varley et al., 2011). In neonatal 

pigs, Schanler et al. (1991) observed reduced serum P, lean tissue and inferior bone 

mineralization in pigs fed low Ca and P diets for a 2 week period. Similarly, Alexander et al. 

(2010) reported poorer performance, reduced bone mineral content and plasma P and PTH 

concentrations in piglets fed a P deficient diet. These authors also reported decreased 

proliferation of mesenchymal stem cells and satellite cells in vivo for the P restricted 

animals, which may impair their growth potential later in life. Ryan et al. (2010) found that 

finishing pigs acquire greater bone mineral density than weanling pigs, therefore being more 

affected by low phosphorus diets than weanling pigs. On the other hand, Mavromichalis et al. 

(1999) found that excluding vitamin premixes and providing only 60% of added 
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monocalcium phosphate did not affect growth performance and meat quality in late finishing 

pigs. 

 Calcium and its relationship with bone integrity have been extensively studied in 

humans. Calcium supplementation either as a synthetic or organic source has shown positive 

effects on bone health and osteoporosis (Heaney, 2000). When studying Ca restriction in pre-

pubertal pigs, Ayiangar et al. (2010) found that deficient pigs had lower bone mineral content 

and density after a 10-week period of restriction or over a 4-week restriction period followed 

by a 6-week Ca adequate (recovery) period. In the same study, however, femur strength, 

mass and volume that were compromised after a 4-week restricted period were able to 

recover after the 6-week recovery period. 

 Additionally, Mahajan et al. (2011) studied the effects of Ca deficiency in neonatal 

pigs during an 18-day trial period, and reported reduced bone mineral density and strength. In 

the same study, the authors observed a reduction in mesenchymal stem cell proliferation in 

Ca restricted pigs, which may indicate a possible role of early Ca nutrition in developing 

bone health. 

 Undoubtedly, Ca and P nutrition have been extensively studied in growing swine, but 

its role in the neonate is still bleak and requires more comprehensive research. 

  

Muscle growth 

 Muscle tissue growth depends on protein deposition and cell proliferation (Allen et 

al., 1979). Protein deposition is the net effect of protein synthesis and degradation. Protein 

synthesis involves activation of amino acids by attaching them to a transfer RNA (tRNA) 

molecule. These amino acids will then bind to a ribosome and link to other amino acid 
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residues to form a protein molecule. The ribosome to which these activated amino acids bind 

is formed in a four-step process called initiation. In this process, a messenger RNA (mRNA) 

molecule is activated for subsequent translation, and it attaches to a ribosomal complex 

which carries a Met-tRNA molecule. The newly formed ribosome will bind the activated 

tRNA and initiate the elongation process and peptide bond formation. Termination occurs by 

hydrolysis of the bond between the newly formed protein and the tRNA (Young et al., 1985; 

Granner and Weil, 2006). 

 The whole process of protein synthesis is energy dependent and it is regulated by 

factors associated with each step, as well as hormones (e.g., STH, GH, IGF-I, testosterone), 

amino acids and other compounds, such as anabolic and repartitioning agents, which can act 

to increase synthesis. In response to feeding, insulin and amino acids will also stimulate 

protein synthesis (Davis et al., 2008). 

 Protein degradation is accomplished by many proteolytic systems, which include the 

ubiquitin-proteasome pathway, lysosomes and calpains; the latter being extremely important 

in muscle. Moreover, protein synthesis and degradation in muscle both decrease with age 

(Young, 1985). 

 The proliferation and differentiation of muscle cells have been described by Allen et 

al. (1979).  In the embryo, muscle precursor cells replicate and differentiate by changing their 

synthetic activity. Rehfeldt et al. (2010) describe the fusion of differentiated myoblasts to 

myotubes and their subsequent development into muscle fibers. Primary myofibers are 

formed in the initial stages of differentiation (Figure 1.3) and secondary fibers are formed on 

the surface of primary fibers.  Since fiber number is fixed at birth, postnatal growth is 

achieved by hyperplasia of existing muscle fibers (Foxcroft et al., 2006). Therefore, 
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alterations in myofiber formation can have profound effects on subsequent growth 

performance. 

 

Figure 1.3. Muscle fiber development in pigs (Foxcroft et al., 2006). 

 

 It has been demonstrated that maternal nutrition and uterine crowding affect muscle 

development in fetuses.  Bérard et al. (2010) observed reduced number of secondary fibers in 

the psoas major and rhomboideus muscle of piglets under uterine crowding conditions. They 

also reported reduced total fiber number in the dark semitendinosus and psoas major muscle, 

as well as reduced secondary to primary fiber (S/P) ratio in the rhomboideus muscle of 

uterine crowded piglets, even though the cross-sectional area of these muscles did not differ 

from control pigs. 

 Dwyer et al. (1994) found that pigs born from sows that consumed extra feed during 

different phases of gestation had an increased S/P ratio when compared to control pigs. 

Comparably, Markham et al. (2009) found an increased number of oxidative fibers in muscle 

from pigs born from supplemented sows, although total fiber number and cross-sectional area 

of muscle were not different. On the opposite, Cerisuelo et al. (2009) observed reduced 
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primary, secondary and total number of fibers in pigs from supplemented sows, but increased 

total muscle area, with no effect on pigs’ postnatal performance. 

 By feeding either a high or low energy content diet to pregnant sows, Bee (2004) 

reported increased percentage of fast oxidative-glycolytic fibers in the light semitendinosus 

and tendency of reduced slow oxidative fibers in the dark semitendinosus of pigs from 

restricted sows, as well as tendencies of increased fast glycolytic fibers in the light and dark 

semitendinosus of pigs from supplemented sows with no differences in cross-sectional area 

of muscle. The author speculates that the increased glycolytic capacity in pigs from restricted 

sows relates to their delayed muscle development. Additionally, Nissen et al. (2003) 

observed no effect of restricting or extra feeding sows on fiber number, S/P ratio, area or 

DNA and RNA content of the semitendinosus muscle of their progeny. Studying the effects 

of feed restriction during gestation in guinea pigs, Dwyer et al. (1995) observed reduced fiber 

number and S/P ratio in biceps muscle of fetuses from dams restricted throughout gestation. 

Conversely, Glore and Layman (1983) found that restricting rats during gestation did not 

affect muscle fiber number of the offspring. 

  Rehfeldt et al. (2001) treated gestating gilts with somatotropin to analyze its effects 

on muscle development of the litter. At birth, primary, secondary and total fiber number of 

the semitendinosus muscle were increased in middle weight pigs from treated sows and 

cross-sectional area was also increased in primary fibers in pigs from treated sows. Pigs from 

somatotropin treated sows also had greater DNA, RNA and protein content in muscle at birth 

than control pigs. 

 In early studies by Widdowson (1971) and Powell and Aberle (1980), runt piglets 

were compared to their large littermates, and, in both cases, runts had less total muscle DNA 
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and protein. The authors attribute poorer growth performance of runt pigs to their impaired 

muscle development.  Furthermore, Wigmore and Stickland (1983) reported reduced number 

of myofibers in smaller fetuses compared to large ones, due to fewer secondary fibers in the 

small fetuses. Primary myofibers were also smaller in size in the small fetuses, which might 

have an effect on secondary fiber formation. Similar results were observed by Handel and 

Stickland (1987). Comparably, Dwyer and Stickland (1991) found S/P ratio to be higher 

amongst large compared to small littermates at 5 weeks of age, and considering the work by 

Handel and Stickland (1987), they conclude that the number of secondary myofibers is more 

susceptible to extrinsic factors occurring during gestation than primary fibers. In a later study 

by the same authors (Handel and Stickland, 1988), they found that low birth weight pigs with 

similar number of fibers than their heaviest littermates exhibited compensatory growth. 

Dwyer et al. (1993) also observed decreased number of muscle fibers when small versus 

heavy littermates were compared, but did not observe a correlation between muscle fiber 

number and birth weight when comparing piglets across litters. In the same study, the authors 

reported a positive correlation between fiber number and growth performance for pigs from 

25 kg to slaughter. 

 More recent studies have shown similar results from the ones discussed previously. 

Nissen et al. (2004) found heavy littermates to have increased primary and secondary muscle 

fibers, and secondary myofiber number was positively correlated with birth weight, weaning 

and carcass weight, whereas primary fiber number was associated with body weight and 

average daily gain and meat deposition rate. The cross-sectional area and DNA and RNA 

content of the semitendinosus muscle were all reduced in the low birth weight pigs when 

compared to their heaviest littermates. Similarly, Rehfeldt and Khun (2006) reported 
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increased total and secondary fiber number for heavy birth weight pigs, as well as increased 

protein and total DNA content in the semitendinosus muscle of heavy pigs. They also found 

total fiber number to be positively correlated with birth weight. However, in the same study, 

low birth weight pigs had increased cross-sectional area of the semitendinosus and 

longissimus muscle at slaughter (pigs were of the same age), which is in disagreement with 

results from Nissen et al. (2004). The authors describe increased percentage of giant fibers in 

low birth weight pigs, which are associated with reduced meat quality. 

 Likewise, Gondret et al (2005; 2006) observed increased cross-sectional area of 

semitendinosus and longissimus muscle in low birth weight pigs (slaughtered at a constant 

body weight), which is in agreement with Handel and Stickland (1987) and Bee (2004). The 

reasoning behind it is that hypertrophy is more pronounced when fewer fibers are present in 

muscle, which was the case for low birth weight pigs (Gondret et al., 2005; Gondret et al., 

2006). In all the aforementioned studies (Gondret et al., 2005; Gondret et al., 2006; Rehfeldt 

and Khun, 2006) overall growth performance was poorer for light birth weight pigs, but no 

correlation with fiber number was reported by these authors. 

 Studying the effect of birth weight in lambs, Greenwood et al. (2000) reported 

increased content and daily accretion of DNA, RNA and protein in semitendinosus muscle of 

high birth weight lambs. However, myofiber number and type were not different for low 

versus high birth weight lambs, with the exception of a tendency for cross-sectional area of 

the semitendinosus muscle to be greater at birth in heavy lambs. 

 The effects of nutrition on postnatal muscle development have been described. 

Winick and Noble (1966) studied the response of rats to caloric restriction and refeeding 

during different stages of development. The more critical effects were observed when rats 
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were restricted during the suckling period, when even after refeeding recovery was not 

attained in regards to body weight, protein and DNA content and cell number. Similarly, 

Glore and Layman (1983) found DNA and protein content to be reduced in the soleus and 

extensor digitorum longus muscle from the offspring of rats after a restriction period either 

during gestation or lactation. The protein to DNA ratio was decreased in the lactation 

restricted offspring. After the recovery period, at 100 days of age, all effects were reversed, 

except for DNA content of muscle, which matched the reduction in muscle weight. In the 

same study, no differences were found in myofiber number, but fiber diameter of the 

extensor digitorum longus muscle was decreased significantly at 100 days for all restricted 

groups. Conversely, Martin et al. (1974) reported that reduced RNA and DNA content in 

muscle due to a seven week restricted nursing period was reversed after pigs were fed ad 

libitum until six months of age. 

 Ward and Stickland (1993) studied the effects of undernutrition in guinea pigs from 

birth until six weeks of age. Smaller fiber cross-sectional area in the biceps brachii and 

soleus muscle and decreased protein content in semitendinosus muscle of restricted animals 

were reported. Also, RNA:DNA and protein:DNA ratios were reduced in undernourished 

guinea pigs, indicating diminished protein synthesis in those animals. 

 In a more recent study by Lefaucheur et al. (2003), neonatal piglets were restricted of 

milk and colostrum during 7 days in order to assess muscle development. As expected, total 

myofiber number was not affected by treatment, but muscle development was impaired in the 

severely restricted pigs. Similar to results found by Ward and Stickland (1993), cross-

sectional area and protein content of the longissimus lumborum muscle were reduced in 
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restricted animals, affecting more so the glycolytic fibers, thus indicating a delay in muscle 

maturation in response to undernutrition. 

 Postnatal muscle growth therefore is dependent on DNA accretion, which is 

associated with increasing number of nuclei in the muscle fibers. Myonuclei are incapable of 

mitosis, and, consequently, growth is accomplished by the action of satellite cells (Campion, 

1984). Satellite cells were first described in 1961 and received its name due to its location 

underneath the basal lamina, adjacent to the myofiber (Figure 1.4) (Zammit et al., 2006). 

Additional information on morphology and structure of satellite cells has been reviewed by 

Campion (1984). 

 

 

Figure 1.4. Satellite cell location in muscle fibers (Modified from Yablonka-Reuveni et al., 

2008) 

  

 Satellite cells proliferate and differentiate to fuse into myotubes, providing myonuclei 

to myofibers and allowing hypertrophy of fibers during postnatal growth (Figure 1.5) 

(Campion, 1984; Zammit et al., 2006; Bi and Kuang, 2012).  In mature muscle, satellite cells 

can be activated due to stress, such as exercise or trauma, in which they function to repair 

and regenerate muscle (Bi and Kuang, 2012). 
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Figure 1.5. Satellite cell myogenesis (Modified from Zammit et al., 2006) 

 

Extensive research has been conducted in identification of markers and factors that 

regulate satellite cells. Quiescent cells express the paired box transcription factor (Pax7), 

CD34 and myogenic factor 5 (Myf5) (Zammit et al., 2006; Yablonka-Reuveni et al., 2008; 

Alexander, 2011). During activation, the myogenic determination factor 1 (MyoD) is rapidly 

expressed in satellite cells, while Myogenin characterizes the initial stages of differentiation 

(Zammit et al., 2006). 

 Studying the effects of aging in satellite cells of mice, Shefer et al. (2006) found that 

with increased age, pool size decreased, even though the myogenic potential of the cells 

remained unaffected. Mesires and Doumit (2002) studied pigs up to twenty-one weeks of age 

and found that proliferation of satellite cells did not decline with age, while differentiation 

was decreased early, which may relate to increased myogenic potential early in life. 

 In addition, mesenchymal stem cells (MSC) differentiate into muscle cells and aid in 

growth and repair of damaged tissue (Charbord, 2010; Du et al., 2011; Bi and Kuang, 2012). 

Mesenchymal stem cells can also differentiate into adipocytes, chondrocytes and osteoblasts 

(Chamberlain et al., 2007; Muruganandan et al., 2009; Charbord, 2010). Furthermore, the 

differentiation of MSC into either bone cells or adipocytes is “competitively balanced”; 
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indicating that the same mechanisms which induce differentiation into one cell type actively 

inhibits the other (Muruganandan et al., 2009). 

 Adipogenesis involves commitment of MSC to preadipocytes and subsequent 

terminal differentiation into mature adipocytes (Billon et al., 2008; Muruganandan et al., 

2009). Insulin has been shown to induce adipocyte differentiation, and the expression of 

peroxisome proliferator activated receptor gamma (PPARγ) is thought to be the key regulator 

of adipogenesis, while the Runt related transcription factor (Runx2) is responsible for 

osteogenesis (Ringe et al., 2002; Mahajan, 2009; Muruganandan et al., 2009). 

 According to Ringe et al. (2002), similarities between swine and human MSC make 

the use of porcine MSC a powerful tool in tissue engineering. Also, bone marrow derived 

MSC are easily harvested and adhere well to plastic.  

 On previous studies conducted in our lab, the effects of mineral nutrition on satellite 

cells and MSC were demonstrated in neonatal piglets. Alexander et al. (2010) fed P adequate 

and ~25% deficient diets to one day old pigs for 15 days and reported decreased MSC and 

satellite cell proliferation in vivo in P deficient animals. Also, when feeding approximately 

25% excess P, in vitro proliferation of satellite cells was reduced after 24 h, but proliferation 

rates from adequate, deficient and excess P pigs were not significantly different after 48 h 

(Alexander, 2011). 

 Additionally, Mahajan et al. (2010) found a 50% decrease in proliferation in vivo of 

MSC in neonatal piglets fed a 40% Ca deficient diet. In those studies with restricted Ca and 

P, expression of genes related to bone and adipose cell formation were altered, and could 

indicate a shift in MSC differentiation towards adipogenesis in mineral deficient pigs. 

Likewise, by feeding neonatal piglets Ca adequate, 30% deficient or ~40% excess diets, Li et 
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al. (2012) reported increased in vivo proliferation of MSC of pigs fed the excess Ca diet. The 

mechanisms by which gene expression is altered in Ca deficient pigs was studied by Seabolt 

et al. (2011). 

 Finally, growth potential of the neonate has still many areas that require further 

investigation. These could lead to a better understanding on the basic mechanisms that 

program muscle growth, and, by doing so, improving the efficiency of pork production. 
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CHAPTER II 

Evaluating the Impact of Calcium and Phosphorus Supplementation on Mineral Status, 

Growth Performance and Carcass Characteristics of Low and High Birth-weight Pigs 

 

ABSTRACT 

The objective of this study was to evaluate the impact of direct oral supplementation of Ca 

and P to nursing pigs on mineral status, growth performance and carcass characteristics. 

Using commercial sows (n = 52), 2 light-weight pigs (LW, 1.50 ± 0.25 kg BW) and 2 heavy-

weight piglets (HW, 2.16 ± 0.30 kg BW) were selected at day 3 (d3) of age from within each 

litter. Within sow, 1 of the LW and 1 of the HW piglets were orally supplemented once daily 

with 2 mL of a CaPO4 solution that provided 240 mg Ca and 182 mg P. The remaining LW 

and HW pig from each litter orally received 2 mL of a placebo. Pigs were weaned at an 

average of 22.5 d of age, weighed and blood samples were collected for analysis of serum 

Ca, inorganic P and parathyroid hormone (PTH).  At weaning, pigs were randomly allotted to 

pens (3 to 5 pigs per pen) according to sex, supplementation and birth weight. Pigs were fed 

3 diet phases in the nursery (44 days) and 3 diet phases in the finisher (98 days). At the end 

of the study carcass characteristics were determined using real-time ultrasound. Pre-wean 

mortality was increased (P<0.01) with decreasing birth (d3) weight. Serum P, Ca and bone 

ash weight increased linearly (P<0.05) with increasing weaning weight. Serum Ca 

concentrations had significant interactions (P<0.05) with birth weight and supplementation 

with CaPO4. Supplementation did not affect serum PTH and bone ash %. Birth weight had 

significant linear (P<0.01) and quadratic (P<0.05) effects on BW during all phases. ADG 

increased (P<0.05) linearly with birth weight up until the second grower phase (134 d). 
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Linear and quadratic birth weight by supplementation interactions on ADG were observed 

(P<0.05) during the overall finisher and wean to finish periods. Linear birth weight by 

supplementation interactions on ADFI were observed (P<0.05) for the total nursery phase 

and overall wean to finish period. Gilts consumed less feed (P<0.01) throughout the 

experimental period. Feed consumption increased (P<0.01) linearly with increasing birth 

weight, except during the finisher phase and at market weight, in which consumption 

decreased (P<0.01) as birth weight increased. G:F had significant (P<0.05) linear and 

quadratic birth weight by supplementation interactions during the overall finisher period. A 

quadratic (P<0.05) effect of birth weight was observed on G:F. Backfat depth and lean % had 

significant (P<0.05) linear and quadratic birth weight by supplementation interactions at 165 

d. Barrows had greater (P<0.01) backfat depth than gilts. Gilts were leaner (P<0.01) than 

barrows at 165 d and at market weight. Lean gain and loin eye area increased (P<0.05) 

linearly with increasing birth weight at 165 d. Number of days to reach market weight 

decreased (P<0.01) linearly with increasing birth weight. In conclusion, nursing pigs can 

absorb more Ca than what is supplied through the sow’s milk, however, supplementation 

with CaPO4 did not improve pig performance. Greater piglet birth weight reduced pre-

weaning mortality and improved performance to market weight. 

 

Introduction 

Piglet birth weight and weaning weight are strongly correlated with lifetime growth 

performance (Schinckel et al., 2007). Low birth-weight pigs grow slower and have lower 

body weights throughout their lives than do heavy birth-weight pigs (Gondret et al., 2005; 

Rehfeldt et al., 2008). It has been argued that suckling pigs don’t grow to their full genetic 
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potential because of limited sow’s milk production and composition (King and Pluske, 2003). 

Alternatively, supplemental nutrition to nursing piglets has been shown to improve pre-

weaning growth (Wolter et al., 2002) and increase body weight at the end of the nursery 

phase (Azain et al., 1996; Spencer et al., 2003). 

Postnatal muscle growth is achieved by hypertrophy of preexisting muscle fibers 

(Foxcroft et al., 2006), which in turn depends on the activity of satellite cells. Satellite cells 

provide myonuclei to muscle fibers (Campion, 1984) that will lead to an increase in DNA 

content and protein synthesis, and, therefore, muscle growth. Indeed, growth performance 

can be improved by increasing muscle growth and inhibiting fat deposition. While 

adipogenesis involves generation and differentiation of preadipocytes into mature adipocytes, 

those are derived from mesenchymal stem cells (MSC) (Billon et al., 2008). MSC are 

multipotent cells found in the bone marrow that can differentiate into several different cell 

types, including adipocytes. Consequently, by altering the differentiation potential of MSC, 

fat deposition could be affected. 

From previous studies conducted in our lab, Mahajan et al. (2011) observed around 

50% decreased proliferation of MSC in neonatal pigs receiving a Ca deficient diet when 

compared to Ca adequate pigs. Moreover, P deficient diets fed to neonatal pigs decreased in 

vivo proliferation of MSC and satellite cells (Alexander et al., 2010), while excess P 

supplementation increased MSC proliferation but not satellite cells (Alexander, 2011). 

Likewise, neonatal pigs receiving excess Ca had increased MSC proliferation in vivo and 

their differentiation capacity was altered in vitro when compared to Ca adequate and 

deficient piglets (Li et al., 2012). Based on these findings, we hypothesize that neonatal 

nutrition programs satellite cells and MSC and those can impact the pig’s growth 



 

46 
 

performance. In addition, low birth-weight pigs are nutritionally challenged and therefore 

supplementing pigs with CaPO4 may alter programming and improve growth performance of 

low birth-weight pigs. Thus, the objective of this study was to evaluate the effects of 

supplementing CaPO4 to low and heavy birth-weight pigs on mineral status, growth 

performance and carcass characteristics. 

 

Material and Methods 

Animals 

All animal protocols were approved by North Carolina State University’s Institutional 

Animal Care and Use Committee. From commercial sows (n = 52), 2 light-weight (LW) pigs 

and 2 heavy-weight (HW) piglets were selected at d 3 of age, after cross-fostering (Table 1). 

Within sow, 1 of the LW and 1 of the HW piglets were orally supplemented once daily with 

2 mL of a CaPO4 solution that provided 240 mg Ca and 182 mg P. The remaining LW and 

HW pig from each litter orally received 2 mL of a placebo. Pigs were weaned at 22.5 d of 

age, weighed and blood samples were collected by venipuncture (Table 2). At weaning, 3 

pigs from each treatment were randomly selected and slaughtered for bone ash analysis 

(Table 2). Pigs were then randomly allotted to pens (3 to 5 pigs per pen) according to sex, 

supplementation and birth weight. Pens were 5.5 m2 in size with concrete flooring, nipple 

drinkers and one automatic feeder per pen. Pigs were fed ad libitum 3 diet phases in the 

nursery (44 days) and 3 diet phases in the finisher (98 days). 
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Serum and Bone Analyses 

Serum Ca concentrations were measured by flame absorption spectroscopy after 

dilution in 0.5% LaCl3. PO4 concentrations were determined using the method described by 

Gomori (1942). 

Serum PTH concentrations were determined from pooled samples of 3 pigs from the 

same treatment using a commercial kit (Porcine Intact PTH ELISA, Immunotopics) (Table 

2). 

Ash percentage was determined from clean humerus bones by oven drying at 110°C 

for 2 d, followed by ashing in a muffle furnace at 600°C for 24 h (Table 2).  

 

Pig Performance and Carcass Characteristics 

Pigs were weighed and body weights as well as feed intake were recorded at every 

diet change for ADG, ADFI and G:F calculations (Tables 3 and 4). At 165 d, backfat depth 

and loin eye area at the 10th rib were determined by ultrasound for all animals (Table 5). The 

same measurements were taken from the remaining animals when pigs reached market 

weight (mean BW = 119.6 kg), at approximately 171 d (Table 5). 

 

Statistical Analysis 

 Data were analyzed using the GLM procedure of SAS (v. 9.3; SAS Inst. Inc., Cary, 

NC). For mineral status and bone ash, models included fixed effects of supplementation, and 

weaning and birth (d3) weights were used as covariates. Fixed effect of sex and random 

effect of sow (litter) were included in models for P and Ca, and supplementation by birth 

weight interaction was left in the model when significant (P<0.05). 
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 For body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), 

gain:feed (G:F), days to market weight, average daily lean gain (ADLG) and carcass 

characteristics, models included fixed effects of supplementation and sex, birth (d3) weight 

was used as a covariate and sow was included as a random effect. Quadratic effects of birth 

weight and birth weight by supplementation interactions were left in the model when 

significant (P<0.05). 

 PROC GLIMMIX of SAS was used to analyze pre-wean mortality. 

 

Results 

Pre-wean mortality 

 Mortality was significantly (P<0.01) increased with decreasing birth (d3) weight. 

Approximately 21% of LW pigs died while only 1% of HW pigs did not survive. 

 

Serum and Bone Analyses 

 Serum phosphorus concentrations did not differ (P>0.10) due to supplementation, 

sex, birth weight and litter, but were increased (P<0.05) with increasing weaning weight of 

pigs (Tables 6 and 7). 

 Calcium concentrations showed a significant interaction (P<0.05) between birth 

weight and supplementation (Fig. 2.1). Smaller piglets at d 3 that were supplemented had 

higher serum Ca concentrations than control pigs, and that relationship reversed as pigs 

increased in weight, where supplemented pigs had lower Ca concentrations than control pigs. 

Concentrations increased linearly with increasing weaning weight. Sow significantly 

(P<0.05) impacted Ca concentrations (Tables 6 and 7). 
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 Supplementation with CaPO4 did not affect (P>0.10) PTH concentrations (Tables 6 

and 7). 

 Bone ash weight increased (P<0.01) with increasing weaning weights but was 

unaffected by birth weight or supplementation with CaPO4 (Tables 6 and 7). Bone ash 

percentage did not differ (P>0.10) amongst supplemented and unsupplemented pigs and 

neither between birth and weaning weights. 

  

Pig Performance and Carcass Characteristics 

 BW increased (P<0.01) linearly with increasing birth weight (Tables 8 and 9). 

Quadratic effects of birth weight on BW were significant (P<0.05) for all phases (Fig. 2.2 

and 2.3). Supplementation tended (P<0.10) to decrease BW during the second grower and 

finisher phases. Significant (P<0.05) interactions were observed amongst linear and quadratic 

effects of birth weight by supplementation during the finisher phase (Fig. 2.4) and at market 

weight. The interaction indicates decreased BW due to supplementation in lighter pigs. 

Barrows tended (P<0.10) to be heavier during the second grower and finisher phases. Sow 

significantly (P<0.05) affected BW throughout the experimental period. 

 Linear and quadratic interactions between birth weight and supplementation 

significantly (P<0.05) impacted ADG during the finisher phase, overall finisher period and 

wean to finish period (Fig. 2.5) (Tables 8 and 10). These interactions were similar to the ones 

for BW, as lighter supplemented pigs had lower ADG than control pigs. Barrows gained 

(P<0.05) more weight during the second grower and finisher phases, as well as during the 

overall finisher period, and tended (P<0.10) to gain more during the overall wean to finish 

period. ADG increased (P<0.05) linearly with birth weight, except for the finisher phase (at 
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165 d), even though there was a trend (P<0.10) for an increase during the finisher phase and 

at market weight. Quadratic effects were observed (P<0.05) for ADG during the weaning and 

second grower phases. Differences amongst litters were significant (P<0.05) during all 

phases for ADG. 

 Birth weight by supplementation interactions on ADFI were observed (P<0.05) 

during the second phase in the nursery, overall nursery period, first and second grower 

phases and overall wean to finish period (Fig. 2.6 and 2.7) (Tables 11 and 12). Light 

supplemented pigs consumed less feed than light control pigs; as pigs increased in body 

weight, supplementation increased consumption. Gilts consumed less feed (P<0.01) than 

barrows during the overall finisher period and throughout the experimental period. Feed 

consumption increased (P<0.01) linearly with increasing birth weight, except for the finisher 

phase and at market weight; in those last phases, consumption decreased (P<0.01) as birth 

weight increased. Sow had significant (P<0.05) effect during the first grower phase and 

tended (P<0.10) to affect the second phase in the nursery. 

 Significant linear and quadratic interactions between birth weight and 

supplementation on G:F were detected (P<0.05) during the finisher phase, at market weight 

and overall finisher period (Fig. 2.8) (Tables 11 and 13). Supplementation decreased 

efficiency of the lightest and heaviest pigs when compared to control pigs. Feed efficiency 

was unaffected by sex (P>0.10) at any time during the trial. Efficiency improved linearly 

(P<0.05) with increasing birth weight during the second grower phase and showed a 

tendency (P<0.10) for improvement during the overall wean to finish period. Quadratic 

effects of birth weight on G:F were observed during the second grower phase wean to finish 
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period (Fig. 2.9). Litter significantly (P<0.05) influenced feed efficiency during the overall 

finisher period and wean to finish period. 

 Backfat depth at 165 d and at market weight showed significant (P<0.05) linear and 

quadratic interactions between birth weight and supplementation with CaPO4 (Fig. 2.10). 

Supplementation had greater impact on reducing backfat in lighter pigs compared to control 

pigs. Barrows had greater (P<0.01) backfat depth than gilts (Tables 14 and 15). Sow 

significantly (P<0.05) impacted backfat depth. 

 Loin eye area at 165 d and at market weight was unaffected (P>0.10) by CaPO4 

supplementation, sex and litter (Tables 14 and 15). At 165 d, loin eye area increased (P<0.01) 

linearly with increasing birth weight. 

 Standardized fat free lean (SFFL) at 165 d and at market weight was unaffected 

(P>0.10) by CaPO4 supplementation and sex (Tables 14 and 15). SFFL increased (P<0.01) 

linearly with increasing birth weight and quadratic effects of birth weight were observed 

(P<0.05) at 165 d and at market weight. Litter significantly (P<0.05) impacted SFFL. 

 Lean % had significant (P<0.01) linear and quadratic interactions between birth 

weight and supplementation at market weight, but not at 165 d (Fig. 2.11) (Tables 14 and 

15). The interaction indicates increased lean % in lightest and heaviest pigs at birth when 

compared to control pigs of the same birth weight. Gilts were leaner (P<0.01) than barrows at 

165 d and at market weight. Litter had no effect (P>0.10) on lean %. 

 ADLG at 165 d and at market weight was unaffected (P>0.10) by CaPO4 

supplementation and sex (Tables 14 and 15). Lean gain increased (P<0.05) linearly with 

increasing birth weight at 165 d and at market weight and quadratic effects of birth weight 

were observed (P<0.05) at market weight and a trend (P<0.10) was detected at 165 d. Sow 
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significantly (P<0.05) affected ADLG at market weight and tended (P<0.10) to impact lean 

gain at 165 d. 

 Number of days to reach market weight was unaffected (P>0.10) by supplementation 

and sex (Tables 14 and 15). A linear decrease (P<0.01) in days was observed with increasing 

birth weight of pigs. 

 

Discussion 

Mortality 

 In this study, piglets were selected at d3 of age in order to minimize death losses in 

experimental treatments, especially amongst LW pigs. Nonetheless but as expected, mortality 

amongst lighter pigs was higher than for heavier pigs. Low weight pigs consume less 

colostrum than heavy pigs (Le Dividich et al., 2005; Devillers et al. 2007), and therefore are 

more susceptible to dying than heavy pigs. Supplementation with CaPO4 did not affect 

mortality. 

 

Mineral Status 

 Supplementation did not alter serum P and concentrations were found to be within 

normal range. P supplementation was calculated to be approximately 15% excess of P intake 

provided by daily sow milk consumption. In a similar study by Alexander (2011), serum P 

concentrations of pigs fed either a P adequate or 25% excess diet were not significantly 

different, which is in agreement with our results. This indicates that a higher dose may be 

necessary to alter P serum levels in the neonate. Furthermore, Mahajan (2009) and Alexander 
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et al. (2010) observed reduced plasma Pi and PTH levels in pigs fed a 25% P deficient diet 

when compared to pigs fed a P adequate diet. 

 The interaction found in serum Ca concentrations indicates that lighter pigs were 

more responsive to supplementation than heavier pigs. Ca supplementation was calculated to 

be approximately 17% excess of Ca intake provided by daily sow milk consumption. 

Increasing weaning weight increased Ca concentrations, which might be explained by 

increased milk intake by heavier littermates. Also, sow was found to significantly affect Ca 

concentrations, indicating differences in milk output from different dams. Mahajan (2009) 

observed no differences in plasma levels of Ca in pigs fed Ca deficient (~30%) and adequate 

diets, but an increase in PTH levels for the Ca deficient pigs. It is worth noting that Ca and P 

concentrations in sow milk are adequate and highly constant (Mahan and Vallet, 1997). 

 In our study, PTH levels were not affected by supplementation, again suggesting that 

higher levels of supplementation may be needed to alter serum concentrations of this 

hormone. Li et al. (2012) found reduced serum PTH concentrations in piglets fed 40% excess 

Ca, whilst Alexander (2011) observed increased PTH concentrations for pigs fed 25% P 

excess compared to 25% P deficient pigs. 

 Supplementation with CaPO4 did not affect bone characteristics, which, once again, 

might be due to insufficient Ca and P levels supplemented and, also, a small number of 

animals were sampled, which caused standard errors to be high. Comparably, Alexander 

(2011) did not detect differences in bone dry matter or ash % among P adequate and 25% P 

excess fed pigs, which is consistent with our findings. Moreover, Li et al. (2012) observed 

increased bone ash weight and percentage in pigs fed 40% excess Ca, and Mahajan (2009) 
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described improvements in bone health of pigs fed adequate Ca diets when compared to 30% 

Ca deficient pigs.  

 

Growth performance and Carcass characteristics 

Supplementation effect 

 Supplementation effects on performance and carcass characteristics were mostly 

detected as interactions with birth weight and as animals increased in age, mostly at the 

grower and finisher periods, except for ADFI, in which interactions were found to be 

significant during the total nursery period and grower phases. Differences due to 

supplementation were more pronounced in the lightest and heaviest pigs, while middle 

weight pigs had similar outcomes when they were supplemented or not. 

 From previous studies conducted in our lab, Li et al. (2012) did not observe 

improvements in performance of piglets fed a 40% excess Ca diet over a 15 d period 

compared to adequate pigs, but MSC proliferation was altered in vivo in those animals.  

Alexander (2011) found improved growth from d 6 to d 12 in pigs fed 25% excess P 

compared to adequate and 25% deficient pigs. However, considering the overall trial period 

(12 d), no significant differences in growth were detected, which is in agreement with our 

findings. Furthermore, Mahajan (2009) reported no differences in growth performance when 

feeding neonatal pigs either a 30% Ca deficient or adequate diet over an 18 d trial period, but 

50% decrease of in vivo proliferation of MSC. These results indicate that mineral 

supplementation to the neonate may only display alterations in performance later in life, and 

higher doses or a different dosing approach may be required for more pronounced effects. 
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 On the other hand, several studies conducted using milk replacers have shown 

positive results from supplementation on performance. In a study by Dunshea et al. (1999) 

where skim milk was supplemented to suckling pigs, pigs that received extra nutrition grew 

faster and consumed more feed postweaning than those that only had access to sow’s milk. 

Similarly, Azain et al. (1996) reported heavier weaning weights for pigs supplemented with 

milk replacer. Yet, the authors do not reveal the Ca or P content of the formulas used in these 

experiments. It is likely that supplying extra protein and energy to these pigs improved 

growth. Additionally, Wolter et al. (2002) observed significant interactions for heavy piglets 

supplemented with milk replacer to have higher weaning weights than light pigs that were 

also supplemented. Still, in the same study, overall wean to finish performance was not 

affected by supplementation. The authors reported no differences in backfat depth and lean % 

due to supplementation, which is in disagreement with our findings. 

 

Birth weight effect 

 BW was significantly increased with increasing birth weight throughout the 

experimental period, which is in agreement with many other experiments. Most studies used 

birth weight as categorical variables (Powell and Aberle, 1980; Quiniou et al., 2002; Smith et 

al., 2007;  Rehfeldt et al., 2008; Bérard et al., 2008 and Nissen and Oksbjerg, 2011). Others 

(Fix et al., 2010 and Schinkel et al., 2010) used birth weight as a continuous variable, which 

was the same approach used in the present study. Similarly to Fix et al. (2010), quadratic 

effects of birth weight on BW were found to be significant in every phase throughout the 

testing period. A more pronounced increase in BW was observed in lighter pigs, and 
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stabilized as animals increased in body weight, tending towards a decrease in older animals 

(at 165 d and market weight). 

 ADG increased with increasing birth weight in a linear manner throughout the testing 

period; these results are in agreement with Fix et al. (2010) and Schinkel et al. (2010), and 

many others using birth weight as a categorical value (Mahan et al. 1998; Wolter et al., 2002; 

Rehfeldt et al. 2008; Gondret et al., 2005; Cerisuelo et al., 2009; Nissen and Oksbjerg, 2011). 

Contrary to Fix et al. (2010) and Schinkel et al. (2010), quadratic effects of birth weight on 

ADG were not significant for every phase during the present study. Nonetheless, significant 

quadratic effects were observed during the pre-weaning phase, which were similar to the 

quadratic effects found on BW. Interactions between birth weight and supplementation 

during the overall finisher period and wean to finish period also matched the effects found on 

BW during the finisher phase. 

 LW pigs compete less efficiently for the teat during the suckling phase and, therefore, 

consume fewer nutrients from the sow’s milk than do HW pigs. In the present study, smaller 

pigs did not show compensatory, or “catch up” growth. Nevertheless, Handel and Stickland 

(1988) reported that LW pigs that had similar number of muscle fibers to HW pigs, displayed 

compensatory growth, and were able to reach or overcome the lower initial BW at slaughter. 

Furthermore, postnatal performance has been argued to relate to muscle fiber number, which 

is greater for HW than for LW pigs (Wigmore and Stickland, 1983; Handel and Stickland, 

1988; Dwyer and Stickland, 1991; Dwyer et al., 1993; Gondret et al., 2005; Rehfeldt and 

Kuhn, 2006). 

 Smaller pigs have lower maintenance requirements; hence eat less feed than heavier 

pigs. In our study, ADFI increased linearly with increasing birth weight, except for the last 
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finisher phase up until when animals reached slaughter weight. These findings can be 

explained by the fact that heavier pigs took fewer days to reach market weight, and were 

removed from the trial at that point. It has been previously demonstrated that LW pigs take 

longer to reach slaughter weight than HW pigs, ranging between 7 to 14 extra days (Powell 

and Aberle, 1980; Quiniou et al., 2002; Wolter et al., 2002; Gondret et al., 2006; Bérard et 

al., 2008). Similarly, Wolter et al. (2002) and Nissen and Oksbjerg (2011) reported higher 

ADFI for HW pigs, while Bérard et al. (2008) found LW pigs to consume more total feed 

during the grower phase until slaughter weight. Conversely, Schinkel et al. (2010) did not 

find ADFI to be affected by birth weight and Gondret et al. (2006) did not find significant 

differences in daily feed consumption between LW and HW pigs. 

 Feed efficiency was improved linearly with increasing birth weight during the second 

grower phase and tended to improve during the overall finisher period and wean to finish 

period. These results are somewhat in disagreement with Schinkel et al. (2010), in which the 

linear relationship of birth weight and feed efficiency became weaker as animals increased in 

age. Additionally, Nissen and Oksbjerg (2011) reported poorer efficiency in LW pigs 

compared to HW pigs, while Powel and Aberle (1980) and Wolter et al. (2002) did not find 

significant differences in G:F amongst LW and HW pigs. 

  Backfat depth and lean % at 165 d and at slaughter weight were not affected by birth 

weight. These findings are in agreement with Gondret et al. (2005), who found no differences 

in these variables when pigs were harvested at the same weight. Conversely, Fix et al. (2010) 

detected a tendency for increased birth weight to increase backfat for animals at the same 

age, while Gondret et al. (2006) reported increased backfat depth and reduced lean meat 

content in carcasses from LW pigs harvested at same weight. 
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 Loin eye area was increased linearly with increasing birth weight at 165 d, but not at 

slaughter weight. Similar results were reported by Rehfeldt and Kuhn (2006) and Rehfeldt et 

al. (2008), in which reduced loin eye area was observed in LW compared to HW pigs 

slaughtered at the same age. These authors also reported reduced lean % for LW pigs. On the 

other hand, Bérard et al. (2008) found no significant differences in lean %, subcutaneous fat 

and loin eye area amongst LW and HW pigs. Lower muscle deposition rate for LW pigs was 

observed by Nissen et al. (2004), while meat % remained unaffected by birth weight. 

Similarly, LW lambs had lower rate of gain of muscle than HW lambs (Greenwood et al., 

2000), which is in accordance with our findings of increased ADLG and SFFL with 

increasing birth weight. 

 

Sex effect 

 Barrows tended to be heavier than gilts and had higher ADG and ADFI after the 

second grower phase and up until slaughter weight, but G:F was not affected by sex at any 

time during this study. Comparably, Fix et al. (2010) reported significant sex effects on BW 

and ADG during all phases, with barrows having higher BW and ADG entering the grower 

period; Rehfeldt et al. (2008) observed similar results. Wolter and Ellis (2001) observed 

increased ADG and ADFI for barrows from 50 to 110 kg BW, but no differences were 

detected on BW or G:F. Similarly, Wolter et al. (2002) reported higher ADG and feed intake 

for barrows from 25 to 110 kg BW, with no differences on BW and feed efficiency, except 

for improved efficiency of gilts from 65 to 110 kg BW. Nonetheless, Bee et al. (2004) did not 

find sex to significantly affect growth performance of pigs. G:F was not affected by sex at 

any time in the present study. 
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 Gilts had reduced backfat depth and were leaner than barrows. These findings are in 

agreement with Powel and Aberle (1980), Wolter and Ellis (2001), Wolter et al. (2002), Bee 

et al. (2004), Rehfeldt et al. (2008) and Fix et al. (2010). 

 

Conclusion 

 Nursing pigs were able to absorb more Ca than what was supplied to them through 

the sow’s milk. However, supplementation with CaPO4 did not improve pigs’ performance, 

suggesting that piglets already receive enough Ca and P through the milk. Additionally, low 

birth weight of pigs increased pre-wean mortality and led to poorer performance to market 

weight. Consequently, increasing piglets’ birth weight and maximizing neonatal nutrition can 

be powerful tools to improve pork production. 
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Table 1. Summary statistics of birth weights for pigs used at different data collection points. 

 

 

Table 2. Summary statistics for serum and bone analyses. 

 
          

 
Number of pigs Mean SD Min Max 

Ca, mg/L 180 102.1 5.89 86.4 115.94 
P, mg/L 180 64.9 6.92 37.7 96.67 
PTH, pg/L 56 20.68 8.66 9.93 49.96 
Ash weight, g 12 3.46 0.628 2.74 4.97 
Ash % 12 41.90 1.35 39.73 43.95 

       

 

 

 

 

 

 

                    

      
Birth (D3) Weight 

 
Number of pigs Suppl Control Females Males Mean SD Min Max 

Day 3 208 104 104 91 117 1.83 0.43 0.95 2.90 

Weaning, ~22.5d 150 74 76 74 76 1.84 0.41 0.98 2.82 

Phase 1 Nursery, 36d 150 74 76 74 76 1.84 0.41 0.98 2.82 

Phase 2 Nursery, 50d 149 73 76 73 76 1.84 0.41 0.98 2.82 

Phase 3 Nursery, 66d 149 73 76 73 76 1.84 0.41 0.98 2.82 

Grower 1, 100d 147 73 74 72 75 1.83 0.41 0.98 2.82 

Grower 2, 134d 146 72 74 71 75 1.83 0.42 0.98 2.82 

Finisher, 165d 145 72 73 70 75 1.84 0.42 0.98 2.82 

Market weight, ~171d 145 72 73 70 75 1.84 0.42 0.98 2.82 

          



 

66 
 

Table 3. Summary statistics for BW measures and ADG. 

 
          

 
Number of pigs Mean SD Min Max 

Body weight, kg 
     Day 3 150 1.84 0.411 0.98 2.82 

Weaning, ~22.5d 150 5.54 1.203 3.35 8.40 
Phase 1 Nursery, 36d 150 8.72 1.772 4.90 12.80 
Phase 2 Nursery, 50d 149 15.01 2.991 8.20 23.30 
Phase 3 Nursery, 66d 149 23.31 4.630 15.70 38.00 
Grower 1, 100d 147 55.73 8.515 35.40 75.40 
Grower 2, 134d 146 88.45 14.343 46.00 121.90 
Finisher, 165d 145 114.00 18.858 57.15 155.67 
Market weight, ~171d 145 119.56 17.616 61.78 155.67 
Average Daily Gain, g/day 

     Pre-wean, ~22.5d 150 193.9 49.6 74.2 313.9 
Phase 1 Nursery, 36d 149 228.8 71.1 67.9 396.4 
Phase 2 Nursery, 50d 149 450.2 116.9 164.3 750.0 
Phase 3 Nursery, 66d 149 706.5 128.6 418.8 1056.3 
Grower 1, 100d 147 868.3 144.4 461.8 1194.1 
Grower 2, 134d 146 960.8 215.7 285.3 1561.8 
Finisher, 165d 145 852.7 203.9 236.1 1232.7 
Market weight, ~171d 145 873.8 196.3 215.4 1232.7 
Total Nursery Phase, 44d 149 472.5 91.5 218.2 683.0 
Total Finisher Period, 98d 145 895.4 164.0 387.6 1242.6 
Wean to Finish, 142d 145 763.8 130.6 376.8 1050.2 
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Table 4. Summary statistics for ADFI and G:F. 

  
     

 
Number of pigs Mean SD Min Max 

Average Daily Feed Intake, kg/day 
     Phase 1 Nursery, 36d 150 0.240 0.043 0.122 0.312 

Phase 2 Nursery, 50d 149 0.585 0.091 0.390 0.757 
Phase 3 Nursery, 66d 149 1.019 0.126 0.783 1.325 
Grower 1, 100d 147 1.707 0.177 1.405 2.130 
Grower 2, 134d 146 2.662 0.306 2.157 3.375 
Finisher, 165d 145 2.580 0.297 2.040 3.359 
Market weight, ~171d 145 2.798 0.265 2.319 3.359 
Total Nursery Phase, 44d 149 0.633 0.085 0.447 0.811 
Total Finisher Period, 98d 145 2.307 0.245 1.910 2.921 
Wean to Finish, 142d 145 1.787 0.187 1.500 2.233 

Gain:Feed 
     Phase 1 Nursery, 36d 149 0.95 0.265 0.34 2.12 

Phase 2 Nursery, 50d 149 0.77 0.162 0.34 1.18 
Phase 3 Nursery, 66d 149 0.69 0.099 0.43 0.93 
Grower 1, 100d 147 0.51 0.076 0.28 0.66 
Grower 2, 134d 146 0.36 0.075 0.11 0.53 
Finisher, 165d 145 0.33 0.073 0.10 0.51 
Market weight, ~171d 145 0.31 0.066 0.09 0.43 
Total Nursery Phase, 44d 149 0.75 0.110 0.37 1.05 
Total Finisher Period, 98d 145 0.39 0.064 0.20 0.51 
Wean to Finish, 142d 145 0.43 0.063 0.25 0.55 
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Table 5. Summary statistics for carcass characteristics and ADLG. 

            

 
Number of pigs Mean SD Min Max 

At 165 d 
     Backfat depth1, cm 145 2.27 0.706 0.67 4.01 

Loin eye area1, cm2 145 47.08 8.69 20.33 67.29 
SFFL, kg 145 44.8 7.12 22.91 58.41 
Lean % 145 53.19 2.83 43.59 62.27 
ADLG, kg 145 0.362 0.061 0.168 0.467 

      At market weight 
     Backfat depth1, cm 145 2.40 0.699 0.69 4.01 

Loin eye area1, cm2 145 49.49 8.02 25.29 67.29 
SFFL, kg 145 46.9 6.49 26.08 58.41 
Lean % 145 53.18 2.69 43.62 62.27 
ADLG, kg 145 0.363 0.059 0.167 0.467 

      Number of days to market weight 145 171.0 6.1 165 179 
1Measured by ultrasound at the 10th rib 

      

 

Table 6. Effects, random, fixed, covariates, and interactions included in the final model for 

mineral status and bone analysis. 

                    

 
Fixed 

 
Body Weight 

 
Interaction 

 
Random 

 
Suppl Sex   Day 3 Weaning   D3wt*Suppl   Sow/Litter 

Ca 0.04 0.59 
 

 <0.01  <0.01 
 

0.04 
 

0.05 
P 0.23 0.30 

 
0.16 0.04 

 
- 

 
0.98 

PTH 0.11 - 
 

0.43 0.48 
 

- 
 

- 
Ash weight 0.71 - 

 
0.89  <0.01 

 
- 

 
- 

Ash % 0.85 -   0.37 0.49   -   - 
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Table 7. Estimates of intercepts, fixed effects, body weight and interactions for mineral status and bone analysis due to a 1 kg 

increase in birth weight or weaning weight. 

                                  

          
Body Weight 

 
Interaction 

 
Intercept SE   Suppl1 SE1   Sex2 SE2   Day 3 SE Weaning SE   D3wt*Suppl3 SE3 

                 Ca, mg/L 104.2 4.60 
 

-7.88 3.70 
 

0.48 0.90 
 

-7.56 2.13 3.22 0.69 
 

3.92 1.92 
P, mg/L 60.4 5.62 

 
1.33 1.10 

 
1.25 1.21 

 
-3.87 2.72 1.95 0.95 

 
- - 

PTH, pg/L 18.13 5.50 
 

3.83 2.35 
 

- - 
 

4.48 5.64 -1.37 1.93 
 

- - 
Ash weight, g 0.080 0.471 

 
0.053 0.137 

 
- - 

 
0.039 0.277 0.604 0.146 

 
- - 

Ash % 42.95 3.21   -0.18 0.93   - -   1.78 1.88 -0.72 0.99   - - 
1Estimate for control pigs; supplemented = 0 
2Estimate for gilts; barrows = 0 
3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 
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Table 8. Effects, fixed, covariates, interactions and random included in the final model for BW measurements and ADG. 

                      

 
Fixed 

 
Birth Weight 

 
Interactions 

 
Random 

 
Suppl Sex   Linear Quadratic   D3wt*Suppl D3wt*D3wt*Suppl   Sow/Litter 

Body weight 
          Weaning, ~22.5d 0.11 0.72  <0.01 <0.01  - -  <0.01 

Phase 1 Nursery, 36d 0.40 0.77  <0.01 <0.01  - -  <0.01 
Phase 2 Nursery, 50d 0.22 0.59  <0.01 0.03  - -  <0.01 
Phase 3 Nursery, 66d 0.21 0.79  <0.01 0.02  - -  <0.01 
Grower 1, 100d 0.32 0.25  <0.01 0.01  - -  <0.01 
Grower 2, 134d 0.55 0.05  <0.01 <0.01  - -  <0.01 
Finisher, 165d 0.01 0.07  <0.01 0.02  0.01 0.02  0.01 
Market weight, ~171d 0.01 0.06  <0.01 <0.01  0.01 0.01  <0.01 

 
          

Average Daily Gain           
Pre-wean, ~22.5d 0.12 0.63  <0.01 0.01  - -  <0.01 
Phase 1 Nursery, 36d 0.69 0.95  <0.01 -  - -  0.03 
Phase 2 Nursery, 50d 0.26 0.43  <0.01 -  - -  0.05 
Phase 3 Nursery, 66d 0.38 0.32  <0.01 -  - -  0.02 
Grower 1, 100d 0.51 0.17  <0.01 -  - -  0.01 
Grower 2, 134d 0.89 0.02  0.01 0.03  - -  0.04 
Finisher, 165d <0.01 0.05  0.19 0.20  <0.01 <0.01  0.03 
Market weight, ~171d <0.01 <0.01  0.09 0.09  <0.01 <0.01  0.04 
Total Nursery Phase, 44d 0.37 0.88  <0.01 -  - -  0.02 
Total Finisher Period, 98d <0.01 0.04  0.02 0.04  0.01 0.01  0.01 
Wean to Finish, 142d 0.01 0.07  <0.01 0.03  0.01 0.02  0.01 
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Table 9. Estimates of intercepts, fixed effects, birth weight and interactions for BW due to a 1 kg increase in birth (d3) weight. 

                 

        
Birth (D3) Weight 

 
Interactions 

  
Intercept SE Suppl1 SE1 Sex2 SE2 Linear SE Quadratic SE 

 
D3wt*Suppl3 SE3 D3wt*D3wt*Suppl4 SE4 

Body weight, kg 
                

Weaning, ~22.5d 
 

-2.40 1.182 0.19 0.117 0.05 0.129 5.75 1.300 -0.94 0.349 
 

- - - - 

Phase 1 Nursery, 36d 
 

-3.02 2.013 0.17 0.199 0.06 0.220 9.24 2.214 -1.58 0.594 
 

- - - - 

Phase 2 Nursery, 50d 
 

-3.94 3.878 0.47 0.377 0.23 0.418 14.82 4.254 -2.58 1.138 
 

- - - - 

Phase 3 Nursery, 66d 
 

-4.42 6.217 0.76 0.604 -0.18 0.670 24.51 6.819 -4.51 1.824 
 

- - - - 

Grower 1, 100d 
 

2.99 12.236 1.20 1.203 -1.53 1.324 45.75 13.405 -9.25 3.585 
 

- - - - 

Grower 2, 134d 
 

-0.65 21.712 1.30 2.152 -4.61 2.349 80.24 23.885 -17.46 6.401 
 

- - - - 

Finisher, 165d 
 

-52.14 37.823 147.92 56.386 -5.91 3.221 171.15 42.929 -41.02 11.519 
 

-160.50 62.738 41.73 16.859 

Market weight, ~171d 
 

-25.41 35.554 138.217 53.003 -5.86 3.027 163.13 40.353 -41.89 10.828 
 

-152.08 58.974 40.40 15.848 

1Estimate for control pigs; supplemented = 0 

2Estimate for gilts; barrows = 0 

3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 

4Estimate for interaction of D3wt*D3wt with control pigs; D3wt*D3wt*Suppl = 0 
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Table 10. Estimates of intercepts, fixed effects, birth weight and interactions for ADG due to a 1 kg increase in birth (d3) weight. 

                                  

        
Birth (D3) Weight 

 
Interactions 

  
Intercept SE Suppl1 SE1 Sex2 SE2 Linear SE Quad SE   D3wt*Suppl3 SE3 D3wt*D3wt*Suppl4 SE4 

Average Daily Gain, g/day 
 

               

Pre-wean, ~22.5d 
 

-110.6 62.96 9.8 6.23 3.3 6.87 242.2 69.24 -47.5 18.58  - - - - 

Phase 1 Nursery, 36d 
 

73.8 50.62 4.4 10.80 -0.7 11.74 86.9 15.69 - -  - - - - 

Phase 2 Nursery, 50d 
 

142.9 85.62 20.6 18.05 15.8 19.93 138.2 26.57 - -  - - - - 

Phase 3 Nursery, 66d 
 

335.7 91.64 17.0 19.32 -21.2 21.33 157.7 28.44 - -  - - - - 

Grower 1, 100d 
 

631.3 107.20 15.2 22.81 -34.9 25.02 110.2 33.32 - -  - - - - 

Grower 2, 134d 
 

-98.1 352.70 4.7 34.96 -91.4 38.15 999.7 387.99 -236.7 103.97  - - - - 

Finisher, 165d 
 

-561.6 425.59 2225.8 634.46 -72.0 36.24 1730.9 483.04 -455.8 129.61  -2494.0 705.94 661.2 189.70 

Market weight, ~171d 
 

-406.5 407.14 1795.2 606.96 -103.4 34.67 1618.6 462.10 -435.3 123.99  -2037.4 675.33 548.5 181.48 

Total Nursery Phase, 44d 
 

199.1 63.74 12.1 13.43 -2.2 14.84 125.9 19.78 - -  - - - - 

Total Finisher Period, 98d 
 

-418.3 337.01 1336.9 502.41 -60.4 28.70 1420.9 382.51 -354.1 102.64  -1466.1 559.01 383.8 150.22 

Wean to Finish, 142d   -343.4 265.06 1022.0 395.14 -42.1 22.57 1155.1 300.83 -279.4 80.72  -1107.7 439.65 287.3 118.15 

1Estimate for control pigs; supplemented = 0 

2Estimate for gilts; barrows = 0 

3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 

4Estimate for interaction of D3wt*D3wt with control pigs; D3wt*D3wt*Suppl = 0 

 

 

 

 



 

73 
 

Table 11. Effects, fixed, covariates, interactions and random included in the final model for ADFI and G:F. 

                      

 
Fixed 

 
Birth Weight 

 
Interactions 

 
Random 

 
Suppl Sex   Linear Quadratic   D3wt*Suppl D3wt*D3wt*Suppl   Sow/Litter 

Average Daily Feed Intake 
          Phase 1 Nursery, 36d 0.42 0.29  <0.01 -  - -  0.29 

Phase 2 Nursery, 50d <0.01 0.94  <0.01 -  0.01 -  0.07 
Phase 3 Nursery, 66d 0.04 0.62  <0.01 -  - -  0.17 
Grower 1, 100d <0.01 0.04  <0.01 -  <0.01 -  0.03 
Grower 2, 134d 0.04 <.0.01  <0.01 -  0.02 -  0.19 
Finisher, 165d 0.22 <.0.01  <0.01 -  - -  0.61 
Market weight, ~171d 0.36 <.0.01  <0.01 -  - -  0.59 
Total Nursery Phase, 44d 0.02 0.91  <0.01 -  0.05 -  0.10 
Total Finisher Period, 98d 0.60 <.0.01  <0.01 -  - -  0.30 
Wean to Finish, 142d 0.06 <.0.01  <0.01 -  0.05 -  0.22 

Gain:Feed           
Phase 1 Nursery, 36d 0.81 0.52  0.57 -  - -  0.10 
Phase 2 Nursery, 50d 0.66 0.43  0.71 -  - -  0.39 
Phase 3 Nursery, 66d 0.55 0.44  0.63 -  - -  0.23 
Grower 1, 100d 0.75 0.79  0.17 -  - -  0.01 
Grower 2, 134d 0.69 0.79  0.05 0.04  - -  0.01 
Finisher, 165d <0.01 0.37  0.31 0.25  <0.01 <0.01  0.05 
Market weight, ~171d 0.02 0.70  0.08 0.12  0.01 0.01  0.07 
Total Nursery Phase, 44d 0.73 0.89  0.79 -  - -  0.28 
Total Finisher Period, 98d 0.04 0.43  0.10 0.08  0.03 0.03  <0.01 
Wean to Finish, 142d 0.65 0.58   0.05 0.05   - -   0.01 
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Table 12. Estimates of intercepts, fixed effects, birth weight and interactions for ADFI due to a 1 kg increase in birth (d3) weight. 

                      

        
Birth (D3) Weight 

 
Interactions 

  
Intercept SE Suppl1 SE1 Sex2 SE2 Linear SE   D3wt*Suppl3 SE3 

Average Daily Feed Intake, kg/day 
            Phase 1 Nursery, 36d  0.082 0.029 0.005 0.006 0.007 0.007 0.082 0.009  - - 

Phase 2 Nursery, 50d  0.103 0.062 0.147 0.053 0.001 0.013 0.229 0.022  -0.070 0.028 
Phase 3 Nursery, 66d  0.500 0.083 0.037 0.018 -0.010 0.019 0.244 0.026  - - 
Grower 1, 100d  1.002 0.135 0.329 0.116 -0.059 0.028 0.388 0.049  -0.171 0.061 
Grower 2, 134d  1.857 0.240 0.433 0.205 -0.277 0.049 0.500 0.086  -0.250 0.109 
Finisher, 165d  2.468 0.218 -0.058 0.047 -0.302 0.051 0.188 0.068  - - 
Market weight, ~171d  3.493 0.153 -0.030 0.033 -0.371 0.036 -0.196 0.048  - - 

Total Nursery Phase, 44d  0.209 0.060 0.119 0.051 -0.001 0.012 0.203 0.021  -0.054 0.027 

Total Finisher Period, 98d  1.900 0.177 -0.020 0.038 -0.211 0.041 0.292 0.055  - - 

Wean to Finish, 142d   1.250 0.151 0.244 0.129 -0.144 0.031 0.325 0.054  -0.138 0.069 
1Estimate for control pigs; supplemented = 0 
2Estimate for gilts; barrows = 0 
3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 
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Table 13. Estimates of intercepts, fixed effects, birth weight and interactions for G:F due to a 1 kg increase in birth (d3) weight. 

 

 

 

 

                      

        
Birth (D3) Weight 

 
Interactions 

  
Intercept SE Suppl1 SE1 Sex2 SE2 Linear SE Quad SE   D3wt*Suppl3 SE3 D3wt*D3wt*Suppl4 SE4 

Gain:Feed                 
Phase 1 Nursery, 36d  0.93 0.21 -0.01 0.04 -0.03 0.05 0.04 0.07 - -  - - - - 

Phase 2 Nursery, 50d  0.78 0.13 0.01 0.03 0.02 0.03 -0.02 0.04 - -  - - - - 

Phase 3 Nursery, 66d  0.69 0.08 -0.01 0.02 -0.01 0.02 -0.01 0.02 - -  - - - - 

Grower 1, 100d  0.52 0.06 0.00 0.01 0.00 0.01 -0.02 0.02 - -  - - - - 

Grower 2, 134d  0.08 0.12 0.00 0.01 0.00 0.01 0.27 0.13 -0.07 0.04  - - - - 

Finisher, 165d  -0.10 0.16 0.71 0.23 0.01 0.01 0.53 0.18 -0.15 0.05  -0.79 0.26 0.21 0.07 

Market weight, ~171d  -0.16 0.14 0.53 0.22 0.00 0.01 0.52 0.16 -0.13 0.04  -0.60 0.24 0.16 0.06 

Total Nursery Phase, 44d  0.75 0.09 -0.01 0.02 0.00 0.02 -0.01 0.03 - -  - - - - 

Total Finisher Period, 98d  0.02 0.13 0.42 0.20 0.01 0.01 0.43 0.15 -0.12 0.04  -0.48 0.22 0.13 0.06 

Wean to Finish, 142d  0.21 0.10 0.00 0.01 0.01 0.01 0.22 0.11 -0.06 0.03  - - - - 

1Estimate for control pigs; supplemented = 0 

2Estimate for gilts; barrows = 0 

3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 

4Estimate for interaction of D3wt*D3wt with control pigs; D3wt*D3wt*Suppl = 0 
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Table 14. Effects, fixed, covariates, interactions and random included in the final model for carcass characteristics, ADLG and 

days to market weight. 

                      

 
Fixed 

 
Birth Weight 

 
Interactions 

 
Random 

 
Suppl Sex   Linear Quadratic   D3wt*Suppl D3wt*D3wt*Suppl   Sow/Litter 

At 165 d 
          Backfat depth1, cm 0.02 <0.01  0.20 0.28  0.02 0.02  0.02 

Loin eye area1, cm2 0.44 0.49  <0.01 -  - -  0.13 
SFFL, kg 0.55 0.47  0.01 0.04  - -  0.04 
Lean % 0.16 <0.01  0.98 -  - -  0.40 
ADLG, kg 0.65 0.45  0.04 0.08  - -  0.06 

           
At market weight           

Backfat depth1, cm 0.02 <0.01  0.44 0.45  0.01 <0.01  0.02 

Loin eye area1, cm2 0.82 0.38  0.31 -  - -  0.16 
SFFL, kg 0.48 0.41  <0.01 <0.01  - -  0.04 
Lean % <0.01 <0.01  0.89 0.87  <0.01 <0.01  0.44 
ADLG, kg 0.86 0.20  <0.01 0.02     0.02 

           
Number of days to market weight 0.26 0.15  <0.01 -  - -  0.12 
1Measured by ultrasound at the 10th rib 
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Table 15. Estimates of intercepts, fixed effects, birth weight and interactions for carcass characteristics, ADLG and days to market 

weight. 

                      

        
Birth (D3) Weight 

 
Interactions 

  
Intercept SE Suppl1 SE1 Sex2 SE2 Linear SE Quad SE   D3wt*Suppl3 SE3 D3wt*D3wt*Suppl4 SE4 

At 165 d                 

Backfat depth1, cm  -1.51 1.421 4.84 2.119 -0.43 0.121 4.29 1.613 -1.09 0.433  -5.49 2.357 1.47 0.633 

Loin eye area1, cm2  29.06 6.901 1.16 1.479 -1.13 1.609 6.48 2.149 - -  - - - - 

SFFL, kg  6.9 11.67 0.7 1.16 -0.9 1.26 33.2 12.84 -7.3 3.44  - - - - 

Lean %  50.90 2.13 0.65 0.46 2.52 0.50 0.01 0.66 - -  - - - - 

ADLG, kg  0.104 0.104 0.005 0.010 -0.008 0.011 0.235 0.114 -0.055 0.031  - - - - 

                 
At market weight                 

Backfat depth1, cm  -0.61 1.406 5.01 2.097 -0.42 0.120 -5.98 2.333 1.68 0.627  -5.98 2.333 1.68 0.627 

Loin eye area1, cm2  41.73 6.502 0.31 1.394 -1.34 1.516 2.05 2.025 - -  - - - - 

SFFL, kg  11.5 10.76 0.8 1.07 -1.0 1.16 36.5 11.84 -9.2 3.17  - - - - 

Lean %  61.41 5.61 -22.66 8.37 2.04 0.48 -12.42 6.37 3.37 1.71  26.11 9.31 -7.14 2.50 

ADLG, kg  0.065 0.098 0.002 0.010 -0.014 0.011 0.294 0.107 -0.071 0.028  - - - - 

                 
Number of days to market weight  191.9 4.4 1.1 0.9 1.5 1.0 -10.4 1.4 - -  - - - - 

1Estimate for control pigs; supplemented = 0 

2Estimate for gilts; barrows = 0 

3Estimate for interaction of D3wt with control pigs; D3wt*Suppl = 0 

4Estimate for interaction of D3wt*D3wt with control pigs; D3wt*D3wt*Suppl = 0 
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Figure 2.1. Linear interaction of birth weight by supplementation on serum Ca concentrations at weaning. 
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Figure 2.2. Quadratic effects of birth weight on body weight at weaning and nursery phases. 
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Figure 2.3. Quadratic effects of birth weight on body weight during the first and second grower phases and finisher phase at 165 d 

and at market weight (~ 171 d). 
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Figure 2.4. Quadratic interaction of birth weight by supplementation on body weight at finisher phase. 
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Figure 2.5. Quadratic interaction of birth weight by supplementation on average daily gain during the wean to finish period. 
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Figure 2.6. Linear interaction of birth weight by supplementation on average daily feed intake during the total nursery phase. 
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Figure 2.7. Linear interaction of birth weight by supplementation on average daily feed intake during the wean to finish period. 
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Figure 2.8. Quadratic interaction of birth weight by supplementation on gain:feed during the overall finisher period. 
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Figure 2.9. Quadratic effect of birth weight on gain:feed  during the wean to finish period. 
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Figure 2.10. Quadratic interaction of birth weight by supplementation on backfat at 165 d. 
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Figure 2.11. Quadratic interaction of birth weight by supplementation on lean % at market weight (~171 d). 
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