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 By more closely meeting the nutrient requirements of gestating sows, we can provide cost 

feed savings, reduce nutrient excretion, and improve sow longevity. This model is able to predict 

sow body composition (using sow body weight [BW] and backfat [BF]) and whole body protein 

deposition (Pd; using energy content of the feed and amount offered). Gestational Pd can be 

divided into pregnancy- and maternal-associated; the former is well characterized, whereas the 

latter is not. Maternal Pd is difficult to estimate as it is dependent on energy intake, and parity-

specific maternal growth, but may also be under the control of pregnancy-associated hormones.  

Changes in sow BW and BF, repeated nitrogen (N) balance observations throughout 

gestation, chemical body composition, and glucose tolerance tests were performed to determine: 

changes in whole body and maternal Pd at two feeding levels (high and low) across three parities 

and the influence on sow and litter performance; the accuracy of the NRC (2012) body 

composition prediction equations; and the hormonal control of maternal Pd in late gestation. 

Whole body and maternal Pd were consistently greater in gilts and sows on the high feeding 

level and greater in gilts compared to parity 2 and 3. In gilts, reduced maternal Pd in late 

gestation, regardless of nutrient intake, suggests inherent physiological control. Sow and litter 

performance were not adversely affected by gestational feeding level. The prediction of body 

protein was accurate using the NRC (2012) model; however body lipid was poorly predicted in 



the current group of sows. Hormonal control of nutrient partitioning during pregnancy was 

evident as insulin resistance was observed at d 75 and 108 of gestation in gilts, a mechanism to 

shunt nutrients to the fetus and prepare the sow for the demands of lactation. It is speculated that 

this insulin resistance cannot be manipulated by dietary intervention, but may decrease with 

increasing parity. Further long-term sow studies are needed to better define maternal Pd and its 

determinants across multiple parities, and the underlying cellular mechanisms of insulin 

resistance in late gestating sows and how the onset and severity is influenced by parity. 
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Chapter 1  

Introduction and Literature Review 

1.1 Introduction 

Improving the feed efficiency of swine production has always been important, yet little 

attention has been paid to the breeding herd, particularly gestating sows. More recently it has 

been summarized that sow nutrient requirements are anything but static throughout gestation 

(NRC, 2012) and yet, gestating sows are generally fed a single ration, potentially at a constant 

feeding level, throughout gestation. This highlights a large opportunity to develop feeding 

programs that more closely match sow nutrient requirements throughout gestation to not only 

save on feed costs, but also to improve sow performance and longevity, reduce nutrient excretion 

into the environment, and improve the sustainability of the industry. 

Encompassed in the NRC (2012) gestating sow model are predictors of body composition 

based on sow body weight (BW) and backfat (BF), which are more objective measurements of 

body condition than visual inspection (Verstegen et al., 1987). Monitoring and managing sow 

body condition may help improve sow performance, as it is important to avoid both over- and 

under-conditioned sows, which can be associated with farrowing, lactation, and subsequent 

reproductive performance problems (Dourmad et al., 1994; Mahan, 1998).   

To determine the changing nutrient requirements during gestation, better estimation of 

whole body protein deposition (Pd; nitrogen [N] retention × 6.25) is required, as Pd is one of the 

main determinants of energy and amino acid (AA) requirements (NRC, 2012) in the gestating 

sow. Whole body Pd encompasses that required for the products of conception and the maternal 

body. Pregnancy-associated Pd is well characterized and can be predicted (NRC, 2012). In 

contrast, prediction of maternal Pd is quite difficult, as there is no defined requirement per se. To 
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date, literature on the dynamics of Pd throughout gestation, especially the differentiation between 

maternal and pregnancy-associated Pd, is limited (NRC, 2012). 

The nutrient requirements for the products of conception are quite low during the first 

two thirds of pregnancy, with a dramatic increase in the last third due to rapid fetal Pd. In order 

to meet greater fetal nutrient demands, the physiology of pregnancy elicits a change in maternal 

metabolism and nutrient partitioning to facilitate greater nutrient delivery to the fetus and 

associated tissues (e.g., mammary gland). Most notably this is characterized by a progressive 

development of whole body insulin resistance in gestating swine (George et al., 1978; Père et al., 

2000). Maternal skeletal muscle (SM) and adipose tissue becomes insulin resistant in late 

gestation of other species (Leterque et al., 1984; Hauguel et al., 1987; Barbour et al., 2007), 

which impairs glucose uptake, protein synthesis, and protein degradation in maternal SM and 

adipose tissue (Wang et al., 2006; Barros and Gustafsson, 2011). This has not been documented 

in gestating swine, but it is possible that protein gain in the maternal body of sows may be 

modified in late gestation to support the developing conceptus. 

In this review of existing literature, important considerations for gestating sow feeding 

programs will be outlined, including our current consideration of sow maturity and implications 

for sow body composition, the pattern of Pd throughout gestation and assessment of the NRC 

(2012) gestating sow model, and the hormonal influence of pregnancy on nutrient partitioning, 

particularly in late gestation. Discrepancies and gaps in the literature will be discussed to outline 

the importance of the research reported in this thesis.  
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1.2 The Determinants of Gestating Sow Nutrient Requirements  

The main objective of nutrient intake during gestation is to meet the nutrient 

requirements of the developing conceptus and maternal body, while simultaneously controlling, 

or in some cases limiting, the amount of body fat accretion until farrowing (Pettigrew and Yang, 

1997). Current feeding strategies usually involve a single ration, most likely formulated for the 

sows with the highest requirements (i.e., parity 1 sows in late gestation) with possibly some 

variation in the amount of feed provided. This is irrespective of the well documented changes in 

nutrient requirements throughout gestation for fetal growth (Ji et al., 2005) and the differences in 

maternal requirements based on parity or maturity. Unfortunately, there is a dearth of 

information pertaining to the changes in maternal nutrient requirements throughout gestation and 

across parities. 

During early gestation, nutrients are predominately used for maternal gain, body reserve 

restoration, and maintenance (Verstegen et al., 1987; Dourmad et al., 1996). From mid to late 

gestation, there is a transition towards greater nutrient requirements for the products of 

conception, resulting in increased whole body Pd and decreased maternal fat deposition (Close et 

al., 1985; Verstegen et al., 1987). This greater Pd can be attributed to the high protein content of 

the developing fetus (Noblet et al., 1985).  

The overall effect of increased daily nutrient intake for gestating sows translates to 

greater BW gain (Frobish et al., 1966), which may prepare the sow for a successful lactation with 

adequate body stores. However, if BW gain, more specifically fat gain due to excess energy 

intake, exceeds what is ideal (body condition score of 3; Young et al., 2001), it will result in a 

greater incidence of farrowing, locomotion, and voluntary feed intake problems, as well as 

culling and mortality (Dourmad et al., 1994; Mahan, 1998). Over the course of a single gestation, 

it is assumed that a sow will gain 65, 60, and 52 kg in parities 1, 2, and 3, respectively, including 
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the weight of the products of conception (NRC, 2012). Approximately 30 % of this gestational 

BW gain is maternal gain in gilts (Ji et al., 2005), which decreases with increasing parity. 

Currently, there is little information about the composition of this maternal gain during gestation 

(Shields et al., 1984) and across parities.   

1.2.1 Developing Fetus 

From mid to late gestation, there is increased development of the fetus and associated 

tissues (placenta and fluids, and mammary gland) and this is rarely affected by sow nutrient 

intake, as the sow will mobilize her own body stores if dietary intake is inadequate (Frobish et 

al., 1996; Pettigrew and Yang, 1997; Mahan, 1998). As such, the NRC (2012) gestating sow 

model presents the weight, protein, and energy gain of the conceptus as a function of anticipated 

litter size (LS) at birth, mean piglet birth weight, and day of gestation. This is under the 

assumption that nutrient intake will always be at least adequate to meet conceptus requirements. 

However, for example, if energy intake is below the maintenance energy requirements of the sow 

throughout gestation, there may be decreased LS and piglet birth weight (Noblet et al., 1985) and 

the sow will have lower body reserves at farrowing (Dourmad et al., 1996). Additionally, under 

severe protein restriction, pregnancy and LS is usually maintained, but fetal growth is reduced 

(Shields et al., 1985). Post-weaning, these sows may have poor body condition and experience 

increased weaning to estrus interval and/or decreased conception rates (Dourmad et al., 1994).  

1.2.2 Maternal Body  

Nutrient requirements for the maternal body encompass that for maintenance and 

permanent growth. Maintenance requirements are well characterized and increase with body size 

(Clowes et al., 2003). Permanent growth is associated with body structure and must be 

considered separately for sows of differing parities. Primiparous sows, or gilts, enter their first 

gestation before they have reached mature size and structure. Therefore, during their first 
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gestation, gilts are not only supporting the developing conceptus, but also accumulating maternal 

body growth (lipid and protein) to reach a mature body size (Whittemore, 1996). Conversely, 

multiparous sows are mature (or close to) in size, but they have greater maintenance nutrient 

requirements associated with a greater BW. At this time, there is no way to classify ‘mature’ 

body size and the time at which they reach this maturity; however, parity 2 and greater sows are 

generally considered mature and managed similarly. From early to mid gestation is the ideal time 

for restoration of maternal weight gain mobilized in a previous lactation, or physical maturity to 

be reached (Dourmad et al., 1996; Noblet et al., 1997). During late gestation and lactation, 

nutrient requirements for the conceptus and growing litter, respectively, are much higher than 

earlier in gestation (Noblet et al., 1985), and maternal metabolism is altered in order to partition 

a greater proportion of dietary nutrients towards the conceptus or growing litter (Whittemore, 

1996). 

1.2.3 Lactation Performance 

A successful gestation feeding program should aim enhance future lactation performance, 

as the phases of the reproductive cycle are quite interrelated. At the onset of lactation there is a 

high nutrient demand for milk production, but is usually accompanied by reduced feed intake 

after farrowing, therefore requiring body store mobilization to meet those needs (Noblet et al., 

1997). If a sow is over-conditioned at farrowing, she is more likely to have reduced feed intake 

and support milk production through mobilization of body protein and lipid stores (Weldon et al., 

1994; Mahan, 1998). Severe body store mobilization will likely increase the weaning to estrus 

interval, especially in gilts, and increase the number of non-productive days (Noblet et al., 1985; 

Dourmad et al., 1994; Mahan, 1998).  
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Sow lactation performance is also influenced by parity, where it is well established that 

gilts will eat less, and may not meet the needs of lactation (Dourmad et al., 1994; Mahan, 1998). 

Voluntary feed intake will continue to increase with increasing parity (Mahan, 1998), reducing 

the stress on the sow’s body for nutrients to support milk production. Piglet growth while on the 

sow is determined by the quality and quantity of milk produced, which is predominately driven 

by the number of piglets nursing (NRC, 2012). Of the limited body of literature, gestation 

feeding program or parity does not seem to negatively influence milk composition (Klobasa et 

al., 1987; Mahan, 1998).  

Sow body condition at farrowing (indirectly the gestation feeding program) and parity 

have a profound effect on lactation performance and sow body condition (i.e., BW and BF; 

Dourmad et al., 1994; Mahan, 1998). A successful lactation where the sow loses minimal body 

protein and fat reserves while supporting robust piglets will improve the chances of a short 

weaning to estrus interval, subsequent breeding, and overall reproductive efficiency. 

1.2.4 Sow Longevity 

There is great merit in long term sow studies as sow longevity is a key factor in farm 

efficiency and profitability. To date, the body of literature utilizing the same sows for multiple 

parities is limited. One consideration for sow longevity is the weight development throughout her 

life. The ideal weight development incorporates the prevention of large fluctuations (Close and 

Cole, 1986; Verstegen et al., 1987; Dourmad et al., 1996). Reproductive functionality is also 

imperative for longevity, yet a large proportion of sows are culled (62, 53, and 39 % of all culls 

for parity 1, 2, and 3+, respectively) due to reproductive problems (i.e., reduced or delayed estrus 

and conception; Anil et al., 2005). High culling rates (regardless of parity at culling) reduce 

overall herd productivity by increasing the number of replacement gilts needed and subsequently 

shifting the age distribution towards a greater proportion of younger females (Anil et al., 2005). 
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This ultimately reduces overall herd productivity as gilts have smaller LS and are more likely to 

be culled (Anil et al., 2005). Enrolment of the same sows for successive parities provides 

valuable insight into sow longevity and reproductive performance parameters that are crucial for 

a profitable and successful sow herd. 

1.3 NRC (2012) Gestating Sow Model: Current Understanding  

Modern sows are far more efficient than their predecessors with increased productivity, 

leanness, and weight at maturity. This improved performance potential necessitates the re-

evaluation of nutrient requirements and associated optimal feeding strategies. The most recent 

review of sow nutrient requirements (NRC, 2012) used a combination of empirical data from 

both growing-finishing pigs and gestating sows. As such, there is likely a degree under- or over-

estimation of nutrient requirements because the objectives for these life stages and physiological 

processes are quite different (NRC, 2012). The NRC (2012) gestating sow model predicts sow 

nutrient requirements based on the energy content (and feed intake) of the diet, BW at breeding, 

parity, gestation length, and anticipated LS and average piglet birth weight. There is also 

capability to match observed performance (BW and BF) throughout gestation with model-

predicted performance (NRC, 2012). In the instance of discrepancy between observed and 

model-predicted values, the user can modify estimated sow maintenance energy requirements 

and maternal N gain associated extra energy intake, both of which aim to encompass genotype 

differences that impact body composition and growth. The NRC (2012) gestating sow model is 

largely based off of the model outlined by Dourmad et al. (2008) with a few major refinements, 

including AA profiles of individual protein pools, inclusion of LS and mean piglet birth weight 

to characterize the growth of the fetuses, and the influence of parity on the relationship between 

energy intake and maternal Pd.      
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1.3.1 Prediction of Chemical Body Composition  

 Estimating changes in body composition can be used to evaluate if feeding strategies are 

appropriate for production goals, reproductive performance, and health (Verstegen et al., 1987). 

Measuring BW and BF of live sows are useful, non-invasive management tools to estimate 

composition of growth in real-time and over specific time periods (e.g., throughout gestation), 

however there is inherent variation in both. Body weight may vary depending on the frequency 

of scale calibration and time of weighing; i.e., time since last meal, drink, urination, and 

defecation. Arguably the larger contributor to variation lies in the measurement of BF thickness, 

which will vary with site of measurement, technician, and posture of the sow. Irrespective of this 

variation, prediction equations are available (NRC, 2012) to estimate whole body protein (BP) 

and lipid (BL), which utilize measurements of BW (kg) and BF (mm; 6.5 cm from the midline 

over the last rib). For calculations, empty BW (eBW, kg) is first calculated to account for gut fill 

(4 % of BW; Equation 8-49; NRC, 2012): 

eBW, kg = live BW × 0.96 

Whole BP (Equation 8-50; NRC, 2012) and BL (Equation 8-51; NRC, 2012) can then be 

calculated, respectively: 

BP, kg = 2.28 + (0.178 × eBW) – (0.333 × BF) 

BL, kg = -26.4 + (0.221 × eBW) + (1.331 × BF) 

These body composition prediction equations were derived from serial slaughter studies, 

and whole BP and BL content were related to eBW and BF measurements of the same animals. 

A limitation of these equations is that the assumed relationship between BW, BF, and body 

composition does not change with genotype or across different physiological states. Genotype 
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differences influencing the BF thickness and BP content may impact the ability of these 

equations to predict body composition accurately (Gill, 2006). In addition, these equations do not 

consider any other information, for example, physiological state or other live animal 

measurements. The influence of physiological state on body composition has been demonstrated 

in dairy cattle, where BP and BL content differed between cows of the same BW at prepartum, in 

early lactation, or late lactation (no fat measurement given; Andrew et al., 1994). Utilization of 

these potentially inaccurate BP and BL prediction equations to make feeding decisions may 

result in over- or under- feeding of nutrients, resulting in over- or under- condition, of which the 

consequences have been discussed previously.  

1.3.2 Nitrogen Retention  

Protein and AA requirements for gestating sows are largely influenced by N retention, 

however empirical data for whole body N retention in gestating sows are limited (NRC, 2012). 

Therefore, several assumptions were made when creating the gestating sow model to estimate 

AA requirements of gestating sows, including the use of some data from growing-finishing pigs 

(NRC, 2012). Whole body Pd (N retention × 6.25) can be divided into six distinct pools (NRC, 

2012; Figure 1.1); two maternal-associated (time- and energy intake-dependent Pd) and four 

pregnancy-associated (mammary, placenta and fluids, uterus, and fetus). The timing, magnitude, 

and AA composition of Pd in the different pools is not static throughout gestation, which makes 

it difficult to closely estimate AA requirements of gestating sows (Ji et al., 2005) and 

necessitates the use of several time points when measuring Pd throughout gestation (Clowes et 

al., 2003). Additional research and data are needed to assess estimated AA requirements during 

gestation present in current nutrient requirement models (NRC, 2012).  
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Figure 1.1. Whole body protein deposition (g/d) in 6 distinct pools throughout gestation (NRC, 

2012), demonstrated for a parity 1 sow (gilt). Four pools are associated with pregnancy 

(mammary, uterus, placenta and fluids, and fetus). Two pools are associated with the maternal 

body (time- and energy-intake dependent). Energy intake-dependent Pd results from energy 

intake above that required for maintenance and products of conception. Time-dependent 

maternal Pd represents residual Pd that cannot be attributed to any other protein pools, whereas 

(NRC, 2012). 

Protein deposition and associated AA requirements are dependent on energy and N 

intake, stage of gestation, maturity of the sow, and LS (Close et al., 1985; Pettigrew and Yang, 

1997). Protein deposition in gestating sows is highest in early (d 30 to 40) and late (d 90 to 114) 

gestation and lowest in mid (d 50 to 70) gestation (Jones and Maxwell, 1982), resulting in an 

overall linear increase in Pd with day of gestation (Willis and Maxwell, 1984; Dourmad et al., 

1996). In addition, gilts have greater AA requirements than that of an older sow, as there is still a 

large requirement for maternal Pd to reach a mature size (Pettigrew and Yang, 1997; Mahan, 

1998). This high potential for Pd decreases as the sow ages and approaches mature lean body 

mass, however, coincides with increased requirements for maintenance (Pettigrew and Yang, 

1997). 
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The retention efficiency of standardized ileal digestible (SID) lysine (Lys) is the 

percentage of absorbed SID Lys (minus that required for maintenance) that is actually retained 

and is assumed to be constant throughout gestation. The efficiency calculation accounts for 

maternal maintenance Lys requirements based on sow BW and feed intake, with an efficiency of 

0.75 to use Lys for maintenance (adapted from growing-finishing pigs; NRC, 2012). 

Standardized ileal digestible Lys used for retention is calculated for each individual pool 

assuming the following g Lys per 100 g crude protein (CP) retained: maternal, 6.74 g Lys; fetal 

body, 4.99 g; uterus, 6.92 g; placenta and fluids, 6.39 g; and mammary gland, 6.55 g (NRC, 

2012). The equation for Lys retention efficiency can be described as:  

Lys content of maternal + fetus+ uterus + mammary+ placenta and fluids 

SID Lys intake−Lys for maintenance 
 x 100  

The estimated efficiency of Lys utilization for whole body protein retention is 0.49 from 

day 90 to 114 of gestation and was based on empirical Lys requirement studies in growing-

finishing pigs (NRC, 2012). This period of gestation is where Lys requirements are assumed to 

be the highest and when sow performance is more likely to be affected by Lys intake as 

demonstrated by the period of greatest Pd (Pettigrew and Yang, 1997; NRC, 2012). It is 

unknown at this time whether the Lys retention efficiency changes with day of gestation, across 

the different protein pools, or with parity.   

1.3.3 Pregnancy-associated Protein Deposition 

Pregnancy is a dynamic process with changing nutrient demands, especially in late 

gestation. Pregnancy-associated Pd is quite low until approximately day 50 of gestation, where 

there is a dramatic increase in conceptus Pd to the end of gestation (Noblet et al., 1985; Ji et al., 

2005), increasing the associated AA requirements of the pregnancy-associated pools. The NRC 

(2012) gestating sow model provides prediction equations for Pd in pregnancy-associated tissues, 
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which are well characterized (Figure 1.1). Protein content (g) of the fetus (Equation 8-56; NRC, 

2012) accounts for LS and day of gestation (t), whereas protein content (g) of the placenta and 

fluids (Equation 8-57; NRC, 2012), uterus (Equation 8-59; NRC, 2012), and mammary 

(Equation 8-60; NRC, 2012) only consider day of gestation (D): 

Fetus (g protein) = exp (8.729 – 12.5435 × exp 
(–0.0145 × D)

 + 0.0867 × LS) 

Placenta and fluids (g protein) = [(38.54) × (D / 54.969)
7.5036

] / [1 + (D / 54.969)
7.5036

]  

Uterus (g protein) = exp (6.6361 – 2.4132 × exp 
(–0.0101 × D)

)  

Mammary tissue (g protein) = exp (8.4827 – 7.1786 × exp 
(–0.0153 × (D – 29.18)

)  

These equations can be applied to consecutive days and subtracted from one another to 

arrive at Pd for a specific day or period of gestation. In these calculations, it is assumed that 

maternal factors (e.g. parity) and nutrient intake do not impact the growth of the conceptus. If 

nutrient intake is insufficient, gestating sows utilize maternal fat and protein reserves to meet the 

energy and AA requirements (Willis and Maxwell, 1984). If energy and protein restriction is 

severe enough after fetal skeletal development, there will be decreased fetal growth and 

development (Shields et al., 1985; Pettigrew and Yang, 1997; Mahan, 1998). Recognition of the 

change in Pd of pregnancy-associated tissues as gestation progresses is crucial and ideally would 

be accompanied by a change in the feeding program. 

1.3.4 Maternal-associated Protein Deposition 

The requirements for maternal Pd depend on the parity (or maturity) of the sow and 

degree of body store mobilization in a previous lactation (Clowes et al., 2003; NRC, 2012). 

Maternal Pd is greatest at the beginning of gestation when the demands from the products of 

conception are the lowest (Dourmad et al., 1996). Maternal Pd does not seem to be dependent on 
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the magnitude of body reserve mobilization that occurred during a previous lactation or the 

amount of body structure growth that remains, but is heavily influenced by the energy intake 

available above that for maintenance and the products of conception (Dourmad et al., 1996; 

NRC, 2012). Maternal Pd is particularly important for gilts, as they are not physically mature by 

first breeding or during gestation (Whittemore, 1996). This greater growth requirement increases 

their total nutrient requirements in order to support maternal growth and the products of 

conception (Ji et al., 2005). 

More recently, maternal Pd was broken up into two different pools, time- and energy 

intake- dependent (NRC, 2012). Energy intake-dependent Pd results from energy intake above 

that required for maintenance and the products of conception, whereas time-dependent maternal 

Pd represents residual Pd that cannot be attributed to any other protein pools (NRC, 2012). The 

general patterns of energy intake- and time- dependent maternal Pd during gestation have been 

established (NRC, 2012).  

The relationship between energy intake-dependent maternal Pd and energy intake above 

that required for maintenance and products of conception is assumed to be linear and constant 

across all stages of gestation (based on data from growing-finishing pigs; Dourmad et al., 2008; 

NRC, 2012). With increasing parity, the slope of this relationship between energy intake and 

energy intake-dependent Pd is assumed to decline and reach zero by parity 4 and greater (NRC, 

2012). Time-dependent maternal Pd accounts for replenishment of mobilized body protein from 

the previous lactation and any remaining requirement for maternal growth. Protein gain in this 

pool only occurs in early gestation, before conceptus demands begin to increase (d 56) and is 

assumed to decrease with increasing parity (NRC, 2012). While there is an equation for time-

dependent Pd, it is likely difficult to apply to groups of sows outside the empirical data of one 
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study (Dourmad et al., 1996) that it was based on. The actual rates of deposition and 

requirements for time- and energy intake- dependent Pd remain to be elucidated and are likely 

influenced by sow genotype and previous performance (i.e., gilt rearing or previous lactation). 

1.4 The Role of Insulin in Nutrient Uptake in Skeletal Muscle 

Insulin plays an essential role in the signalling required for nutrient metabolism in the 

body. Insulin is an anabolic hormone that promotes uptake of glucose and AA by SM and 

adipose tissue, while also preventing gluconeogenesis in SM and lipolysis in adipose tissue 

(Tremblay et al., 2005). In a normal post-prandial state, blood glucose levels rise, which is 

sensed by glucose transporter 2 (GLUT2) receptors on pancreatic β-cells and insulin is released 

into the peripheral circulation in order to return glucose to homeostatic levels (Barros et al., 

2006a). Insulin then binds to the insulin receptor (IR) on SM and adipose cells to facilitate 

glucose and AA uptake (Tremblay et al., 2005) via activation of several phosphorylation 

cascades (Barros and Gustafsson, 2011; Figure 1.2).  
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Figure 1.2. Visual representation of the normal insulin signalling pathway in skeletal muscle that 

is involved in the regulation of whole body insulin sensitivity utilizing the literature cited in 

sections 1.4 and 1.5.  

The IR is composed of two α subunits and two β subunits (Barros et al., 2006a). On the 

cell surface, the α subunits contain the binding site for insulin, which phosphorylates the tyrosine 

domain on the β subunit located within the transmembrane domain (Barbour et al., 2007). This 

facilitates docking of the receptor to intracellular insulin receptor substrate 1 (IRS-1) and 

subsequent tyrosine phosphorylation (Barbour et al., 2007). Once IRS-1 is phosphorylated, it 

triggers the recruitment of phosphoinositide 3-kinase (PI3K) via p85α (regulatory subunit), 

which is a critical step to generate PI3K activity (Barbour et al., 2007), and must be accompanied 

p110 (catalytic subunit) to form a heterodimer for PI3K activation (Shao et al., 2002; Barbour et 

al., 2007; Figure 1.2). Association of PI3K with IRS-1 results in formation of 
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phosphatidylinositol-3,4,5-triphosphate (PIP3) and downstream signalling to protein kinase B 

(Akt; Shao et al., 2002; Barbour et al., 2007). Protein kinase B activation stimulates activity of 

glucose transporter 4 (GLUT4) translocation to the cell membrane, activation of mammalian 

target of rapamycin complex 1 (mTORC1), and inhibits the activity of the ubiquitin-proteasome 

pathway (UPP; Wang et al., 2006; Barbour et al., 2007; Shimobayashi and Hall, 2014; Figure 

1.2).  

Once GLUT4 has translocated to the cell membrane, glucose can diffuse into the cell 

(Barros and Gustafsson, 2011; Shao et al., 2002; Figure 1.2). The GLUT4 isoform is the only 

glucose transporter that requires insulin, is highly expressed in the SM, and represents a rate-

limiting step in insulin-induced glucose uptake (Barros et al., 2006a). Skeletal muscle is critical 

for glucose disposal (75 % in humans; Barros and Gustafsson, 2011), but decreases with 

progression of pregnancy (40-60 % decrease in humans; Shao et al., 2002), likely due to 

impairment of GLUT4 translocation, not GLUT4 abundance (Barbour et al., 2007), resulting in 

an insulin resistant state. Insulin resistance can manifest in two ways; 1) pancreatic β-cell 

dysfunction, where the pancreas is no longer sensitive to glucose or 2) altered IR or downstream 

signalling cascades in peripheral tissues (SM and adipose), which leads to impaired glucose (and 

insulin) clearance (Buchanan et al., 2007). Through frequently sampled intravenous glucose 

tolerance tests (FSIGTT), reduced whole body insulin sensitivity has been demonstrated in late 

gestating multiparous sows (Père et al., 2000); the mechanism behind reduced whole body 

insulin sensitivity in gestating sows is unknown. Progressive insulin resistance during gestation 

is a proposed evolutionary advantage that spares glucose for the fetus and other pregnancy-

associated tissues, as glucose is their main energy substrate (Père et al., 2000). Whether these 
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same characteristics of progressive insulin resistance are present in growing, gestating gilts, 

where there is greater competition between maternal and fetal tissues, is unknown. 

Activation of mTORC1 in a normal state phosphorylates several substrates, including 

ribosomal protein S6 kinase beta-1 (S6K1; ribosome biogenesis) and eIF4E-binding protein 1 

(4EBP1; mRNA translation), ultimately stimulating protein synthesis (Shimobayashi and Hall, 

2014). Phosphorylated S6K1 also phosphorylates IRS-1 on a serine residue (in contrast to 

tyrosine), which reduces downstream signalling from IRS-1 (including mTORC1 activation), and 

forms a negative feedback loop (Shimobayshi and Hall, 2014). Additionally, Akt activation will 

inhibit the UPP and downstream protein degradation, likely resulting in net protein deposition 

(Lecker et al., 2006; Figure 1.2).  

In an insulin resistant state, there are several impairments that contribute to the condition 

at the SM level, all of which occur after insulin binds to its receptor (Figure 1.3). In normal 

pregnancy, IRS-1 protein is downregulated in late pregnancy (Friedman et al., 1999), leading to 

overall decreased insulin action and subsequent cascade. This reduced expression is coupled with 

IRS-1 serine phosphorylation (in contrast to tyrosine) due to the negative feedback loop from the 

mTORC1 pathway, which is upregulated in an insulin resistant state due to AA stimulation of 

mTORC1 (Tremblay et al., 2005; Barbour et al., 2007; Figure 1.3) and reduces IRS-1 association 

with IR (Barbour et al., 2007). At the PI3K level, excess p85α forms monomers that compete 

with p85α/p110 heterodimers, ultimately reducing PI3K activation (Friedman et al., 1999; 

Barbour et al., 2005). Pregnancy may also stimulate increased PI3K association with IR (as 

opposed to IRS-1), which decreases activation of Akt (Shao et al., 2002; Barbour et al., 2007). At 

this time, it is unknown whether these mechanisms occur simultaneously, synergistically, or 
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perhaps depend on the species and degree of insulin resistance required to partition adequate 

nutrients to the developing fetus. 

 

Figure 1.3. Visual representation of the proposed impairments in the insulin signalling pathway 

in skeletal muscle, resulting in reduced whole body insulin sensitivity in late gestation utilizing 

the literature cited in sections 1.4 and 1.5.    

Reduction of Akt activity results in decreased mTORC1 activation through insulin 

stimulation. However, mTORC1 can also be activated by AA (Tremblay et al., 2005), so while 

there may be diminished insulin-activated mTORC1 action through the negative feedback loop, 

mTORC1 remains active (Tremblay et al., 2005; Shimobayshi and Hall, 2014). It is unknown 

whether the high fetal AA demands in late gestation (and associated insulin resistance) would 

modulate sustained AA activation of mTORC1 in maternal tissues. Reduction in Akt activity will 

also induce the UPP, resulting in protein degradation (Lecker et al., 2006; Wang, 2006). When 
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subsequent protein degradation exceeds protein synthesis there is net loss in Pd. This precise 

mechanism has not been demonstrated in gestating sows.  

1.5 Estrogens and Their Metabolic Targets  

During pregnancy in swine, there are several estrogen isoforms in circulation, with the 

most abundant being estradiol-β (E2) and estrone sulfate (E1S). The most potent estrogen is E2 

(Barros et al., 2006a) and levels remain relatively constant during gestation until d 70, where 

levels rise until farrowing (Robertson and King, 1974). The most abundant estrogen circulating 

during pregnancy is E1S, but is in an inactive form when sulfoconjugated (Bazer et al., 1979). 

Estrone sulfate levels peak between d 22 and 30 (maternal recognition of pregnancy) and 

decrease until d 70, after which levels rise until farrowing (Robertson and King, 1974).  

 The uterine endometrium of pregnant swine can metabolize progesterone or free 

estrogen produced by the ovary to predominately conjugated estrogens (i.e., E1S; with a 

sulfotransferase enzyme) and minor conversion to free steroids (i.e., E1, E2; Bazer et al., 1979). 

It has been suggested that hypothalamic, pituitary, and ovarian tissues may be able to convert the 

circulating E1S back into the active form at the time of maternal recognition (Heap et al., 1979). 

It is unknown whether a similar mechanism is active in late gestation when E1S and E2 levels 

rise after d 70 of gestation.  

 The nuclear estrogen receptors (ER) can be one of two isoforms – α or β, which are 

ligand-activated transcription factors (Barros et al., 2006a) and both are expressed in the SM of 

pigs (Kalbe et al., 2007; Figures 1.2 and 1.3). Estradiol is able to pass through the phospholipid 

membrane of the cell to bind to either α or β ER, whereby the ER translocates to the nucleus of 

the cell in order to bind to specific sequences (estrogen response elements; ERE) in the promoter 

region of target genes to activate or repress gene transcription (Barros et al., 2006a). A third ER 
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was recently discovered, G-protein-coupled receptor 30 (GPR30), and has received a lot of 

attention for its ability to initiate rapid, non-genomic signalling events (Ronda and Boland, 

2016). Relatively little is known about GPR30, including the role it plays during pregnancy and 

its characterization in pregnancy-associated tissues of swine.  

Estradiol is classically implicated in the improvement of insulin sensitivity (Barros and 

Gustafsson, 2011). However, the exceptionally high levels seen during late pregnancy may 

actually contribute to decreased insulin sensitivity (Barros et al., 2008). Barros and Gustafsson 

(2011) suggest the net effect of E2 depends on the balance between ERα and ERβ. In mice 

without ERα, glucose intolerance and insulin resistance are present; yet in mice without ERβ, 

glucose tolerance and insulin release are normal (Barros and Gustafsson, 2011). Therefore, if 

there is an imbalance in the number of ERα and ERβ, favouring ERβ in maternal tissues, such as 

SM, circulating E2 may bind to a greater number of ERβ, contributing to insulin resistance 

(Barros and Gustafsson, 2011; Figure 1.3). Estradiol may also play a role in stimulating the p85α 

subunit of PI3K (Shao et al., 2002), which reduces PI3K activation and subsequent downstream 

actions, as discussed previously (Figure 1.3). The GPR30 is suspected to have a similar effect on 

glucose tolerance as ERα in terms of improving or promoting insulin sensitivity (Mårtensson et 

al., 2009). In mice without the GPR30 gene, there is reduced insulin release, glucose tolerance, 

and skeletal muscle growth (Mårtensson et al., 2009).    

1.6 Implications of Assessing the NRC (2012) Gestating Sow Model and Further 

Understanding of Nutrient Partitioning in Late Gestation   

Our most recent model (NRC, 2012) to estimate gestating sow nutrient requirements still 

requires further assessment. This is especially true for maternal Pd where the designation 

between time- and energy-intake dependent Pd is logical, but not easily modelled or 

distinguishable in live-animal studies. For energy-intake dependent maternal Pd, the assumption 
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that there is a constant linear relationship between increased energy intake above maintenance 

(and the products of conception) and Pd in this pool throughout gestation needs confirmation. 

Better understanding of maternal Pd (and its interaction with energy intake) ultimately leads to 

better understanding of the AA requirements of gestating sows. There is a dire need for 

additional long-term sow studies to understand the influence of parity on the dynamics of whole 

body (and maternal) Pd and any implications for future performance and sow longevity. 

Characterization of the dynamics of Pd throughout gestation also requires a better understanding 

of the physiology behind pregnancy and associated nutrient partitioning. The evolutionary 

adaptation of reduced insulin sensitivity towards the end of gestation is independent of nutrient 

intake and likely influences glucose and AA uptake into maternal tissues, ultimately impacting 

lipid deposition, and protein synthesis and degradation. The extent of this reduction in insulin 

sensitivity and associated changes in glucose and AA metabolism across parities will have 

important implications for estimating AA requirements and associated feeding programs in 

gestating sows.  

1.7 Summary 

More closely feeding sows to their nutrient requirements may improve health, longevity, 

profitability, and sustainability. The first parity sow is the basis of all breeding herds and it is 

imperative that we are better able to ensure her retention in the herd, which can only be 

accomplished with long term sow studies. Further information is still needed to accurately 

determine the nutrient requirements of gestating sows, which largely depend on whole body Pd 

and are influenced by the parity and maturity of sows. The NRC (2012) gestating sow model 

differentiates whole body Pd into pregnancy-associated (well-characterized) and maternal-

associated (poorly characterized) Pd. The dynamics of Pd in the gestating sow model still require 

further assessment for the maternal-associated pools in particular, as the requirements for 
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maternal Pd are largely still unknown, but are influenced by energy intake, parity of the sow, and 

likely pregnancy-associated hormones. The progressive decrease in insulin sensitivity towards 

the end of gestation in sows partitioning more nutrients towards the fetus, most likely under the 

influence of increased E2, but the impacts on maternal glucose and AA metabolism (and 

ultimately the maternal body) are unknown.  
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Chapter 2 

Research Rationale and Objectives 

Feeding programs that are tailored to a sow’s changing nutrient requirements throughout 

gestation offer an opportunity to decrease feed costs and nutrient excretion into the environment, 

while also improving sow longevity, profitability, and sustainability of the industry. There is an 

opportunity to utilize the recent NRC (2012) gestating sow model to predict changes in sow 

nutrient requirements throughout gestation, using changes in body weight (BW) and backfat 

(BF), and estimated whole body protein deposition (Pd; albeit from quite limited empirical data). 

The latter being one of the main determinants of energy and amino acid (AA) requirements of 

the gestating sow. Sow Pd during gestation can be divided between pregnancy- (well 

characterized) and maternal- (not well characterized) associated. Maternal Pd is difficult to 

estimate as it is dependent on energy intake and maternal growth required to recuperate 

mobilization during lactation or to reach maturity (in the case of gilts), but may also be under the 

control of pregnancy-associated hormones.  

Determining the nutrient requirements for maternal protein pools (encompassed in whole 

body Pd) pose a challenge, as they are heavily influenced by energy intake, parity, and the 

balance between maternal and fetal requirements; all of which are difficult to estimate. Secondly, 

the ability to estimate changes in body composition using BW and BF is a very useful 

management tool for making feeding decisions, but the accuracy of predicting chemical body 

composition using BW and BF at different physiological states needs to be evaluated. Finally, 

the physiological controllers of maternal Pd have received little attention as there has been more 

concern with preventing compromised lactation performance, such as reduced sow feed intake 

and associated BW and BF losses.  
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The overall aim of the research presented in this thesis is to better understand the 

dynamics (and controllers) of whole body and maternal Pd across multiple parities and explore 

the accuracy of predicted sow performance (i.e., BW, BF, Pd) using the NRC (2012) gestating 

sow model. This thesis is driven by the following hypotheses: the magnitude of whole body and 

maternal Pd will decrease with increasing parity; the pattern of whole body and maternal Pd will 

be similar to that predicted by NRC (2012) and remain unchanged across parities due to 

pregnancy-associated hormonal regulation; and prediction of chemical body composition from 

live animal measurements and NRC (2012) is accurate at different physiological states. The 

specific objectives are to: 

1) Characterize the patterns of whole body and maternal Pd in gestating sows across 

three successive parities and provided two feeding levels (Chapter 3 and 4); 

2) Evaluate the accuracy of predicted chemical body composition based on empty BW 

and BF using the equations provided by the NRC (2012; Chapter 5); and 

3) Determine the effect of pregnancy on glucose tolerance and Pd of gilts in late 

gestation to better understand the shift in nutrient partitioning from maternal to fetal 

tissues (Chapter 6). 

To address the research objectives outlined for this thesis, the same group of sows are 

followed from the first to the third parity, provided with either 15 % above or 15 % below 

estimated metabolizable energy (ME) requirements for late gestation, while meeting or 

exceeding the estimated amino acid (AA) requirements according to NRC (2012). Whole body 

Pd is measured and maternal Pd is estimated through nitrogen (N) balance observations. This not 

only addresses the lack of Pd data throughout gestation, but also monitors long-term sow 

performance (i.e., changes in BW and BF throughout gestation and lactation, litter growth, and 
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sow retention across parities). To further explore the accuracy of body composition prediction 

equations, non-pregnant gilts and weaned parity 3 sows are used to determine chemical body 

composition for comparison with prediction outputs. Finally, the physiology of pregnancy and 

control of maternal Pd is explored in pregnant and non-pregnant gilts through N balance 

observations and glucose tolerance tests. Gilts are important to consider as the requirement for 

maternal growth is relatively high while simultaneously supporting a pregnancy and gilts are also 

the foundation of a successful sow herd.  
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Chapter 3  

Dynamics of Nitrogen Retention in Gestating Gilts at Two Feeding Levels
1
 

3.1 Abstract 

Whole body protein deposition (Pd) is a main determinant of amino acid (AA) requirements of 

gestating gilts; however, data on the dynamics of Pd is limited. The main objective of this study 

was to measure whole body Pd during gestation (pregnancy-associated and maternal) in gilts at 

two feeding levels. Changes in body weight (BW) and backfat (BF) throughout gestation and 

subsequent lactation performance were also evaluated. We hypothesized that the effect of feed 

intake on maternal Pd decreases towards the end of gestation due to increased fetal nutrient 

demands. Fifty-one pregnant Yorkshire gilts (initial BW and BF at d 28 ± 0.5 of gestation, 168.6 

± 2.2 kg and 16.9 ± 0.8 mm, respectively) were used. Gilts were assigned to one of two feeding 

levels (high and low; 2.54 and 1.87 kg/d, respectively) of the same diet (3.30 Mcal metabolizable 

energy [ME]/kg, 17.8 % crude protein [CP], 0.82 % standardized ileal digestible [SID] lysine 

[Lys]) from d 33 to 112 ± 0.5 of gestation. Nitrogen (N) balance observations (based on total 

urine collection with urinary catheters and determination of fecal N digestibility using an 

indigestible marker) were made at five distinct time periods, each 4-d in length, starting at d 38, 

52, 66, 87, and 108 ± 0.5 of gestation. Pregnancy-associated Pd (fetus, mammary gland, uterus, 

and placenta and fluids) was calculated for each gilt and N balance period using the NRC (2012) 

gestating sow model, based on actual litter size (LS; including stillborn) and mean piglet birth 

weight. Maternal Pd was calculated as the difference between whole body Pd and pregnancy-

associated Pd. Across all N balance periods, whole body and maternal Pd was consistently 40.1 ± 

5.2 g/d greater (P < 0.001) for gilts on the high feeding level, compared to the low feeding level. 

                                                           
1
 A version of this chapter has been published: Miller, E., C. Levesque, N. Trottier, and C. F. M. 

de Lange. 2016. Dynamics of nitrogen retention in gestating gilts at two feeding levels. J. Anim. 

Sci. 94: 3353-3361.  
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At both feeding levels, whole body Pd increased (linear and quadratic, P < 0.020) with day of 

gestation and maternal Pd decreased (cubic, P < 0.010) with day of gestation. During lactation, 

maternal voluntary feed intake and litter performance were not affected by gestation feeding 

level. Gilts on the high feeding level lost more BW and BF during lactation (P ≤ 0.030). In 

summary, the effect of feeding level on whole body and maternal Pd was constant throughout 

gestation. However, the gradual decline in maternal Pd with day of gestation is in contrast to 

NRC (2012), and has important implications for the factorial estimation of AA requirements of 

gestating gilts towards the end of gestation. 

Key words: gestating gilts, maternal protein deposition, nitrogen retention 

3.2 Introduction 

There is limited information pertaining to the dynamics of protein deposition (Pd; 

Nitrogen [N] retention × 6.25) in gestating sows, which is a key determinant of amino acid (AA) 

requirements (NRC, 2012). Protein deposition in the gestating sow can be divided into six 

distinct pools; four pregnancy-associated (fetus, mammary gland, uterus, and placenta and fluids) 

and two maternal (time- and energy intake-dependent; Dourmad et al., 2008; NRC, 2012). 

Pregnancy-associated Pd is reasonably well defined in the NRC (2012) gestating sow model, 

while maternal Pd remains poorly understood. The NRC (2012) gestating sow model assumes 

that the effect of energy intake above maintenance on energy intake-dependent maternal Pd 

remains constant throughout gestation (Dourmad et al., 2008; NRC, 2012). Whole body Pd that 

is not associated with energy intake (or the products of conception) is referred to as time-

dependent maternal Pd and is assumed to subside around d 56 of gestation, when nutrient 

demands begin to increase (NRC, 2012). Maternal Pd is particularly important for first parity 

sows (i.e., gilts), as they have not attained their mature body lean tissue mass entering their first 
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lactation and is estimated at 30 to 40 % of mature lean tissue mass (Whittemore, 1996). Further 

understanding of the dynamics of maternal Pd, including effects of energy intake, is required to 

more closely estimate AA requirements throughout gestation. Moreover, maternal Pd during late 

gestation is likely to be compromised due to the increased nutrient demand for the growth of the 

fetus and associated products of conception, which is predominately protein (Noblet et al., 

1985).We hypothesized that the effect of feed intake on maternal Pd decreases towards the end 

of gestation due to increased fetal nutrient demands. The objective of this study was to determine 

whole body and maternal Pd in gilts at two different feeding levels during gestation. Changes in 

body weight (BW) and backfat (BF) and subsequent lactation performance were also evaluated.  

3.3 Materials and Methods  

The experimental protocol was approved by the University of Guelph Animal Care 

Committee (AUP # 1415) and followed Canadian Council of Animal Care guidelines (CCAC, 

2009).  

3.3.1 Animals and General Management 

The study was conducted at the Arkell Swine Research Station (OMAFRA-University of 

Guelph, Arkell, ON, Canada). Fifty-one gestating Yorkshire gilts (bred to Yorkshire sires) were 

sourced in 4 groups of 10 to 18 gilts at pregnancy confirmation and housed individually 

throughout gestation in conventional gestation stalls (0.64 × 2.13 m). Actual BW and BF (6.5 cm 

from the midline over the last rib) at breeding were 146.7 ± 2.3 kg and 17.2 ± 0.8 mm, 

respectively. From breeding to d 32 of gestation, gilts were fed 2 to 2.5 kg/d of a standard diet 

(Table 3.1) according to a body condition score of 3 (Young et al., 2001). Random assignment to 

dietary treatment was based on BW and BF measured at d 28 ± 0.5 of gestation once confirmed 

pregnant, while targeting similar BW and BF for the two treatments: 15 % above and 15 % 

below estimated metabolizable energy (ME) requirements for gestating gilts (NRC, 2012). The 
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energy requirements were determined according to NRC (2012), considering estimated mean 

BW at breeding (145 kg), parity (1), gestation length (114 d), anticipated total BW gain (65 kg), 

anticipated litter size (LS; 12.5 piglets), and anticipated mean piglet BW at birth (1.4 kg). 

Starting at d 33 ± 0.5 of gestation, gilts were fed 2.54 (high feeding level) or 1.87 (low feeding 

level) kg/d of a standard experimental diet (Table 3.1) in a single daily meal fed at 0800 h. The 

experimental diet was formulated to exceed AA requirements of gilts on the low feeding level 

from d 90 to 114 of gestation, in order to exceed AA requirements of all gilts and throughout 

gestation. Thus in this experiment, the feeding level effect was considered synonymous with an 

energy intake effect. The experiment was conducted over a 13-month period and used 9 

subsequent batches of the same experimental gestation diet. Titanium dioxide was included as an 

indigestible marker to calculate apparent total tract N digestibility. Gilt BW and BF was 

measured and gilt average daily gain (ADG) was calculated every 2-wk throughout gestation 

from d 42 ± 0.5 of gestation.  

Gilts were moved to farrowing crates at d 112 ± 0.5 of gestation and then fed a standard 

lactation diet until weaning at d 21.5 ± 0.6 of lactation (Table 3.1). Gilt and piglet management 

during lactation followed standard Arkell Swine Research Station protocol relevant to the genetic 

line. Piglets were processed (i.e., tail docking, ear notching, needle teeth clipping, and iron 

dextran injection) within 24-h of birth. The number of pigs born alive, stillborn, or mummified, 

and total litter weights were recorded. Litter size was standardized to 9 piglets within 24-h of 

birth, using cross-fostering independent of treatment when necessary. On the day after farrowing, 

gilts received 1 kg of feed; thereafter feed intake was increased 0.5 kg/d until d 7 of lactation. 

Starting at d 7, gilts were fed ad libitum, farrowing crates were opened to allow for free gilt 

movement (Canarm Eurocrate, Arthur, ON, Canada), and creep feed was offered to the piglets. 
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Litters were weighed at birth, d 7, 14, and 21 of age and again at weaning if it occurred after d 

21. All piglet mortalities were recorded and weighed. Litter and piglet gains were calculated 

based on standardized litters accounting for piglet death loss. Colostrum samples were taken 

from gilts when an investigator was present at farrowing (within 1-h of the birth of the first 

piglet) and subsequent milk samples (d 14.7 ± 0.6) were taken from the same gilts after 

intramuscular administration of 1 mL oxytocin (20 I.U./mL, Vétoquinol, QC, Canada) to 

stimulate milk let down. Gilts were weighed within 24-h of farrowing and feed intake, BW, and 

BF was measured at weekly intervals. 

3.3.2 Nitrogen Balance 

Five N balance periods were conducted over 4-d periods starting at d 38, 52, 66, 87, and 

108 ± 0.5 of gestation. Prior to each N balance period, urinary catheters (Lubricath®, 2-way, 30 

cc balloon, 18 FR, Bard Medical Canada Inc., Oakville, ON, Canada) were lubricated and 

inserted flaccidly through the urethra, and the balloon was inflated with 30 mL of saline solution 

to retain the catheter in the bladder. Urine was collected quantitatively every 24-h in closed 

containers joined to the catheters with polyvinyl tubing and H2SO4 was added to the containers to 

maintain a pH of less than 3. After each successful 24-h collection (96 % success rate), a 

representative subsample was obtained and stored at 4 °C until further analysis. Urinary catheters 

were removed at the end of each N balance period. Grab fecal samples were collected daily, 

pooled per gilt and N balance period, and stored at ‒20 C until further analysis. 

3.3.3 Nutrient Analysis  

Feed subsamples were collected weekly throughout the study. Samples within each of the 

9 batches of feed were pooled and homogenized before nutrient analysis of each individual 

batch. Fecal samples were pooled after each N balance period for each gilt and a 200-g sample 

was freeze-dried and homogenized. Samples of diet, freeze-dried feces, and 24-h subsamples of 
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liquid urine were sent to a commercial laboratory (SGS Agri-Food Laboratories, Guelph, ON, 

Canada) for analyses of dry matter (DM; feed and feces), N (all samples), and Ca and P (feed 

only). Dry matter content of feed and feces was measured via forced air oven drying for 2-h at 

135 C according to AOAC (1997; Method 930.15). Nitrogen concentration was determined by 

combustion analysis according to AOAC (1997; Method 990.03; LECO-FP 428 analyzer, LECO 

Instruments Ltd., Mississauga, ON, Canada). Calcium and phosphorus contents were determined 

by inductively coupled plasma according to AOAC (1997; Method 985.01; PerkinElmer 

OPTIMA 3000, PerkinElmer Inc., Waltham, MA). Titanium dioxide concentration in feces 

(duplicate) and each batch of diet (quadruplicate) were quantified according to Myers et al. 

(2004), with minor adaptations (digestion for 24-h at 120 C in 10 mL tubes and addition of 

H2O2 after precipitate settled in 100 mL volumetric flasks). Absorbance of standards and samples 

were measured by spectrophotometry (Beckman DU-7400; Beckman Instruments Inc., Fullerton, 

CA) at 408 nm. Colostrum and milk samples were analyzed for crude protein (CP; N × 6.38), 

fat, and lactose concentration by infrared spectroscopy (Milkoscan FT Plus, series 6000, Foss 

Analytical, Hillerød, Denmark) at a commercial laboratory (Agriculture and Food Laboratory, 

Guelph, ON, Canada).  

3.3.4 Calculation of Whole Body Protein Deposition 

Nitrogen retention was calculated as described by Möhn and de Lange (1998). Daily N 

intake was calculated from feed intake and analyzed N content of the associated batch of feed, 

and N excretion was calculated from fecal and urinary output. Fecal N output (g/d) was 

calculated from N intake and apparent fecal N digestibility, with N digestibility estimated using 

titanium dioxide as an indigestible marker. Previously, we observed large daily variation in 

urinary N excretion in gestating gilts (Miller et al., 2013). For this reason, urinary N excretion 
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(g/d) was determined daily and when the coefficient of variation (CV) of daily N excretion 

within gilt and N balance period exceeded 15%, the most extreme value was removed (35 % of 

all balance periods warranted the removal of one extreme value). If the CV for the remaining 

three daily observations still exceeded 15 %, data for the entire N balance period was rejected 

and treated as a missing observation (3.5 % of all balance periods were removed for extreme 

day-to-day variation). 

The NRC (2012) gestating sow model was used to calculate Pd (g/d) in each of the 

pregnancy-associated pools (fetus, mammary gland, uterus, and placenta and fluids) based on 

actual LS (including stillborn) and actual mean piglet birth weight, for each gilt and N balance 

period. Pregnancy-associated Pd was subtracted from whole body Pd to arrive at maternal Pd 

(i.e., sum of time- and energy intake-dependent Pd). The post-absorptive efficiency of using 

dietary lysine (Lys) for whole body Pd above maintenance was calculated on an individual gilt 

basis from d 87 to 112 according to NRC (2012), when nutrient demands are greatest, to ensure 

that Lys intake did not limit Pd.  

3.3.5 Statistical Analysis  

Statistical analyses of N balance, gestation, and lactation performance data were 

conducted using the mixed model procedure of SAS (v9.4) with repeated measures and gilt as 

the experimental unit (SAS Inst. Inc., Cary, NC). The model included the fixed effects of feeding 

level (FL) and time (D; e.g., day of gestation), and their interactions. Random effects of block 

(i.e., group of gilts available) and gilt nested within feeding level and block were included. Pre-

planned contrasts were constructed to compare feeding levels within each time point, in addition 

to linear, quadratic, and cubic contrasts across time. Non-linear regression analyses were 

performed for maternal Pd and ADG during gestation. The degrees of freedom were computed 

with the Kenward-Roger adjustment for repeated measures and the autoregressive covariance 
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structure was used. A P < 0.05 was considered significant and 0.05 < P < 0.10 was considered a 

tendency. 

3.4 Results 

Bodyweight and BF at d 28 ± 0.5 of gestation did not differ between the two feeding 

levels. Overall ADG between d 42 and 112 ± 0.5 of gestation and absolute BW and BF at d 112 

± 0.5 of gestation were greater (P < 0.001; Table 3.2) for gilts on the high feeding level. Non-

linear regression analyses of ADG during successive 2-wk periods showed that ADG patterns 

were identical for the two feeding levels, with ADG systematically 0.21 ± 0.03 kg greater (P < 

0.001) for gilts on the high feeding level (Figure 3.1).   

Parameters of N utilization for the five N balance periods and two feeding levels are 

presented in Table 3.3. Nitrogen retention and whole body Pd was greater (P < 0.001) for gilts 

on the high feeding level during each N balance period, and there were positive linear and 

quadratic (P < 0.001) relationships with day of gestation for both feeding levels (Figure 3.2, 

panel A). The feeding level × day of gestation interaction for N utilization parameters was not 

significant, apart from N digestibility, which was greater (P < 0.001) for gilts on the low feeding 

level from d 52 to 91 (P < 0.004). Calculated pregnancy-associated Pd was not different between 

feeding levels and there were positive linear, quadratic, and cubic relationships (P < 0.001) for 

pregnancy-associated Pd with day of gestation. The feeding level × day of gestation interaction 

was not significant, apart from lower (P = 0.001) pregnancy-associated Pd for gilts on the high 

feeding level from d 108 to 112. Estimated maternal Pd was greater (P < 0.001) for gilts on the 

high feeding level and there were negative linear and cubic relationships (P < 0.001) with day of 

gestation for both feeding levels. Non-linear regression analyses of maternal Pd during the five N 

balance periods showed that maternal Pd patterns over time were identical for the two feeding 

levels and systematically 40.1 ± 5.2 g/d greater (P < 0.001) for gilts on the high feeding level 
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(Figure 3.2; panel B). The feeding level × day of gestation interaction was not significant for 

maternal Pd. Estimated Lys retention efficiency was 0.47 ± 0.04 from d 87 to 112 of gestation 

(mean of the last two balance periods in the current study) and did not differ between the two 

feeding levels.  

Gilts on the high feeding level had greater BW 24-h after farrowing and at weaning, as 

well as greater BW loss during lactation (P < 0.030; Table 3.4). Backfat at farrowing and BF 

loss during lactation was greater (P < 0.010) for gilts on the high feeding level and BF at 

weaning did not differ between gestation feeding levels. Gilt voluntary feed intake during 

lactation did not differ between gestation feeding levels. The number of pigs born alive was 

greater (P < 0.041) and total litter birth weight (including stillborn) tended to be greater (P = 

0.066) for gilts on the low feeding level. Piglet ADG did not differ between gestation feeding 

levels and litter growth rate tended to be greater (P = 0.071) for gilts on the high feeding level. 

Number of pigs weaned and piglet weaning weight did not differ between feeding levels. 

Gestation feeding level did not affect colostrum or milk fat, CP, or lactose content. However 

across the two feeding levels, concentration of fat was greater (P < 0.001, 6.5 ± 0.4 and 8.8 ± 0.4 

%, respectively), of CP was lower (P < 0.001, 20.1 ± 0.6 and 5.9 ± 0.4 %, respectively), and of 

lactose greater (P < 0.001, 2.0 ± 0.1 and 5.5 ± 0.1 %, respectively) in milk compared to 

colostrum. 

3.5 Discussion 

The current study was performed to evaluate the dynamics of Pd in gestating gilts at two 

feeding levels, changes in BW and BF during gestation, and subsequent lactation performance. 

Previous studies have reported a linear increase in whole body Pd with day of gestation in gilts 

(Kline et al., 1972; Willis and Maxwell, 1984; King and Brown, 1993). An increase in whole 

body Pd with day of gestation was also observed in the current study, but the nature of the 
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increase was best described by a quadratic relationship, most likely due to the greater number of 

N balance periods. A dip in whole body Pd from d 52 to 56 agrees with Dourmad et al. (1996) 

and may reflect lower total nutrient requirements in mid gestation when neither maternal or fetal 

requirements are particularly high. Throughout gestation, Pd was 40.1 g/d greater for gilts on the 

high feeding level, and is similar to that observed by King and Brown (1993) and Everts and 

Dekker (1994) during late gestation.  

Given that pregnancy-associated Pd is well characterized (NRC, 2012), maternal Pd can 

be indirectly estimated from whole body Pd. Younger sows will have greater energy and AA 

requirements for maternal Pd and lower maintenance requirements compared to older sows 

(Pettigrew and Yang, 1997). In the current study using gilts, three distinct phases of maternal Pd 

were identified as gestation progressed, regardless of feeding level. Greater maternal Pd during 

early gestation observed in the current study may be attributed to time-dependent maternal Pd, 

which is assumed to subside by d 56 of gestation (NRC, 2012), and appears more pronounced in 

the current study due to the young and physically immature gilts that were used. Maternal Pd 

was intermediate for mid gestation to that during early and late gestation (i.e., d 66 to 70). It is 

possible that maternal Pd at this time may serve to increase the labile reserves available for 

mobilization during late gestation and lactation if nutrient intake is limiting (Close et al., 1984). 

Finally, maternal Pd declined during late gestation (regardless of feeding level), agreeing with 

Close et al. (1984) and Shields et al. (1985), and may illustrate a physiological competition for 

energy and nutrients between maternal and fetal tissues that is independent of nutrient supply. It 

is well documented that insulin plays a large role in the regulation of muscle protein synthesis 

(Dibble and Manning, 2013; Shimobayashi and Hall, 2014), and there is evidence to suggest that 

sows develop reduced sensitivity to insulin during late gestation (Père et al., 2000). Thus, insulin 
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resistance may play a role in modulating maternal Pd during late gestation in order to partition 

energy and nutrients towards the fetus. This partitioning appears independent of energy intake. In 

the absence of maternal insulin resistance, one might expect a greater competition for available 

nutrients between maternal and fetal tissues such that larger litters would likely result in lighter 

piglet birth weight. Despite the difference in LS, piglet birth weight and the pattern of maternal 

Pd did not differ between feeding levels, lending support to the hypothesis of insulin resistance.  

Overall BW gain observed between breeding and farrowing agrees with Dourmad (1991) 

and estimated BW gain from NRC (2012). However, overall BF gain in the current study was 

lower than that reported by Dourmad (1991), which may be explained by the heavy selection 

pressure for a leaner genotype in the Yorkshire pigs used in the current study. Both BW and BF 

gains during gestation support the observed feeding level effect on Pd throughout gestation in the 

current study. The increased ADG observed in early gestation can be ascribed to increased 

maternal gain, as younger sows have large maternal Pd requirements. The increase in ADG 

towards the end of gestation is due to fetal gain, which is predominately in the form of protein 

and associated water (Noblet et al., 1985).  

Nitrogen balance observations are ideal for investigating changes in N retention over 

short time periods, while also allowing repeated measurements within individual animals. It is 

well accepted that N balance observations overestimate actual Pd due to uncaptured N losses 

(Möhn and de Lange, 1998). Direct measurements of Pd can be made using the serial slaughter 

assay, but is not appropriate for investigating short term changes in N retention due to the large 

variability in body composition measurements and the large number of animals that would be 

required. Based on a comparison of observed mean N retention across the N balance periods and 
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estimated Pd calculated from observed changes in BW and BF according to NRC (2012), it can 

be derived that in this study, N retention systematically overestimated Pd by approximately 20%. 

The experimental gestation diet was formulated to ensure sufficient intake of essential 

nutrients, with Lys formulated to be the first limiting AA. Based on observed Lys intake and gilt 

performance, the post-absorptive efficiency of using available Lys for retention in whole body 

Pd was calculated according to NRC (2012) and highest for gilts between d 87 and 112 of 

gestation at 0.47. Given that N retention overestimates Pd, this value will be lower than 0.47 and 

well below the biological maximum of 0.49 estimated for groups of gestating sows (NRC, 2012). 

Therefore, energy intake can be considered to be the main factor determining Pd throughout the 

experiment. 

Several studies have demonstrated that increased BF at farrowing and/or increased 

feeding level during gestation will lead to increased BW and BF loss, and decreased average 

daily feed intake (ADFI) during lactation (Mullan and Williams, 1989; Coffey et al., 1994; 

Young et al., 2004). In the current study, greater BW and BF loss during lactation was observed 

for gilts on the high feeding level, but in contrast, there was no effect of gestation feeding level 

on ADFI, most likely because gestation BF thickness was below the upper limit (i.e., 20 mm) 

where lactation ADFI is likely to be impacted. Different feeding levels during gestation in the 

current study yielded no differences in mean piglet birth weight, number of piglets at weaning, 

and mean weaning weight, agreeing with previous studies (Dourmad, 1991; Weldon et al., 1994; 

Young et al., 2004). There was a tendency for total litter birth weight to be greater for gilts on the 

low feeding level during gestation, which can be explained by the larger LS. However, it is 

speculated that this difference in total born alive is not attributed to the feeding levels in this 

study. There was no difference in the number of stillborn or mummified piglets, suggesting that 
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the difference occurred before the feeding levels were imposed at d 32, as fetuses that die after 

skeletal calcification (30 to 40 d of gestation) are not resorbed and would likely be mummified at 

farrowing (Mengeling, 1986). The tendency for greater litter gain from gilts given the high 

feeding level during gestation can be attributed to greater milk production at the cost of maternal 

protein and fat stores, as gilt ADFI was not different.    

3.6 Conclusions and Implications  

In summary, increasing feed allowance by approximately 30 % (i.e., 15 % above NRC 

recommendations) between d 33 and 112 of gestation for gilts resulted in greater whole body and 

maternal Pd throughout gestation (40.1 g/d), greater BW gain (20.9 kg), and greater BF gain (2.4 

mm). In contrast to the general pattern of maternal Pd represented in NRC (2012), a gradual 

decline in maternal Pd was observed after d 66, inidicating a competition between maternal and 

fetal nutrient requirements. Further, the consistent pattern of maternal Pd with feeding level 

invalidated our hypothesis and suggests some physiological regulation of maternal Pd that is 

independent of nutrient intake. The observed patterns in maternal Pd suggest that the proportion 

of AA requirements associated with maternal Pd of gestating gilts are lower towards the end of 

gestation than estimated. Elucidation of the distinct contributions of time- and energy-intake Pd 

to overall maternal Pd are also required.  

   



39 
  

Table 3.1. Ingredient composition and nutrient content of standard and experimental diets
1 

Item 

Standard 

Gestation 

Experimental 

Gestation
2
 

Standard 

Lactation 

Ingredient composition, % (as-fed)  
 

 

Corn, 8.3 % CP 37.85 70.55 54.80 

Soybean meal, 47.5 % CP 13.60 25.00 24.50 

Barley 35.00 ― 7.20 

Wheat 10.00 ― 10.00 

Animal and vegetable fat blend ― 1.00 ― 

Calcium carbonate 1.05 1.50 1.00 

Dicalcium phosphate ― 0.75 ― 

Salt ― 0.40 ― 

Vitamin and mineral mix
3
 2.50 0.60 2.50 

Titanium dioxide ― 0.20 ― 

Calculated nutrient content  
 

 

ME, Mcal/kg 3.18 3.30 3.32 

CP, % 14.03 17.66 17.41 

Total Lys, % 0.74 0.94 1.00 

SID Lys, 
4
 % 0.64 0.82 0.87 

Calcium, % 0.81 0.85 0.81 

Phosphorus, % 0.55 0.51 0.57 

Analyzed nutrient content, %  
 

 

CP 14.43 17.73 18.51 

Total Lys ― 0.97 ― 

Calcium 0.82 0.89 0.84 

Phosphorus 0.58 0.51 0.60 
1 

Gilts were fed a standard gestation diet from breeding to d 32 of gestation and a standard 

lactation diet from d 113 of gestation to weaning. From d 33 to 112, the experimental diet was 

fed.
 

2 
Values reflect the mean of 9 batches. 

3 
For the standard gestation and lactation diets (as supplied per kilogram of complete diet): 

vitamin A, 11,000 IU; vitamin D, 1,500 IU; vitamin E, 65 IU; Se, 0.3 mg; Cu, 25 mg; Zn, 150 

mg; Fe, 175 mg; Mn, 27.5 mg; and I, 0.6 mg (Floradale Feed Mill Limited, Floradale, ON, 

Canada). For experimental gestation diet (as supplied per kilogram of complete diet): vitamin A, 

12,000 IU as retinyl acetate (3.0 mg) and retinyl palmitate (2.04 mg); vitamin D3, 1,200 IU as 

cholecalciferol; vitamin E, 67 IU as dl-α-tocopherol acetate (52.8 mg); vitamin K, 3.0 mg as 

menadione; choline, 600 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; folic acid, 2.4 mg; 

niacin, 30 mg; thiamine, 1.8 mg; vitamin B6, 1.8 mg; biotin, 0.24 mg; vitamin B12, 0.03 mg; Se, 

0.36 mg from Na2SeO3; Cu, 18 mg from CuSO4
.
5H2O; Zn, 124.8 mg from ZnO; Fe, 120 mg 

from FeSO4; Mn, 22.8 mg from MnO2; and I, 0.36 mg from KI (DSM Nutritional Products 

Canada Inc., Ayr, ON, Canada). 
4 

Standardized ileal digestible. 
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Table 3.2. Overall growth performance and mean N metabolism across the five N balance 

periods of gilts at high or low feeding level
1
 from d 33 to 112 of gestation 

Item High Low SEM
3
 

P-value
2
 

FL D 

No. 25 26            

Feed allowance, kg/d 2.54 1.87        ―    ―     ―    

BW, kg  

Initial, d 28 

Final, d 112 

ADG, kg 

 

168.2 

226.9 

0.75 

 

169.5 

206.0 

0.54 

 

2.6 

2.9 

0.02 

 

0.656 

< 0.001 

< 0.001 

< 0.001 

 

 

< 0.001 

BF, mm  

Initial, d 28 

Final, d 112 

 

16.8 

19.3 

 

17.1 

16.9 

 

0.9 

0.9 

 

0.714 

0.002 

0.034 

N intake, g/d 73.0 53.4 1.1 < 0.001 < 0.001 

N digestibility, % 87.4 88.3 0.7 < 0.001 < 0.001 

Urinary N excretion, g/d 40.0 30.5 1.1 < 0.001 0.001 

Total N excretion, g/d 49.2 36.7 1.0 < 0.001 < 0.001 

N retention, g/d 23.7 16.7 1.7 < 0.001 < 0.001 

Pregnancy-associated Pd, 
4
 g/d 33.8 37.6 1.5 0.084 < 0.001 

Maternal Pd, 
5 

g/d 114.9 73.3 10.4 < 0.001 < 0.001 
1 

High and low feeding levels provided 15 % above and 15 % below estimated ME requirements 

for gestating gilts (NRC, 2012). 
2 

P-values represent main effect of feeding level (FL) and day of gestation (D) as no feeding 

level × day of gestation interactions were observed, except for BW; at each measurement after d 

53, gilts on the high feeding level had greater (P < 0.017) BW.  
3 

Maximum value of the standard error of the means. 
4 

Represents protein deposition (Pd) attributed to pregnancy-associated tissues (fetus, mammary 

gland, uterus, and placenta and fluids) and calculated using the NRC (2012) gestating sow model 

and based on actual LS and mean piglet birth weight. A feeding level × day of gestation 

interaction was observed (P = 0.001) from d 108 to 112, with gilts on the low feeding level 

having greater pregnancy-associated Pd, which can be attributed to the greater LS (Table 3.4).  
5 

Calculated as the difference between whole body protein deposition (Pd) and pregnancy-

associated Pd for each N balance period. A feeding level × day of gestation interaction was 

observed (P = 0.001), where gilts on the low feeding level had greater pregnancy-associated Pd 

between d 108 and 112, which can be attributed to the greater LS (Table 3.4).  
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Table 3.3. Nitrogen metabolism of gilts at high or low feeding level
1
 from d 33 to 112 of 

gestation 

Item High Low SEM 
2
 P-value 

Feed allowance, kg/d 2.54 1.87 ― ― 

Period 1 (d 38 to 42)     

No.
3
 25 26   

N intake, 
4 

g/d  71.9 52.2 1.2 < 0.001 

N digestibility, % 87.3 87.5 0.8 0.569 

Urinary N excretion, g/d 39.5 31.0 1.4 < 0.001 

Total N excretion, g/d 48.7 37.3 1.2 < 0.001 

N retention, g/d 23.1 14.9 1.8 < 0.001 

Pregnancy-associated Pd, 
5 

g/d 8.3 9.1 1.7 0.730 

Maternal Pd, 
6 

g/d 134.6 84.2 11.4 < 0.001 

Period 2 (d 52 to 56)     

No. 25 25   

N intake, g/d  70.8 51.5 1.2 < 0.001 

N digestibility, % 86.3 87.4 0.8 0.003 

Urinary N excretion, g/d 40.2 31.3 1.4 < 0.001 

Total N excretion, g/d 50.1 37.8 1.2 < 0.001 

N retention, g/d 20.7 13.7 1.8 < 0.001 

Pregnancy-associated Pd, g/d 23.7 26.7 1.7  0.204 

Maternal Pd, g/d 106.3 65.1 11.4 < 0.001 

Period 3 (d 66 to 70)     

No. 23 24   

N intake, g/d  74.1 54.1 1.2 < 0.001 

N digestibility, % 87.6 88.9 0.8 < 0.001 

Urinary N excretion, g/d 41.6 31.7 1.4 < 0.001 

Total N excretion, g/d 51.1 37.9 1.3 < 0.001 

N retention, g/d 23.1 16.3 1.9 < 0.001 

Pregnancy-associated Pd, g/d 26.0 29.0 1.7  0.213 

Maternal Pd, g/d 118.0 77.2 11.6 < 0.001 

Period 4 (d 87 to 91)     

No. 21 21   

N intake, g/d  74.8 54.5 1.2 < 0.001 

N digestibility, % 87.3 88.7 0.8 0.004 

Urinary N excretion, g/d 40.8 30.5 1.4 < 0.001 

Total N excretion, g/d 50.3 36.5 1.3 < 0.001 

N retention, g/d 24.4 17.9 1.9 < 0.001 

Pregnancy-associated Pd, g/d 40.9 45.2 1.7 0.073 

Maternal Pd, g/d 112.0 72.8 11.7 < 0.001 
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Period 5 (d 108 to 112)     

No. 23 21   

N intake, g/d  73.2 54.8 1.2 < 0.001 

N digestibility, % 88.6 89.1 0.8 0.148 

Urinary N excretion, g/d 37.6 28.1 1.4 < 0.001 

Total N excretion, g/d 45.9 34.0 1.3 < 0.001 

N retention, g/d 27.2 20.8 1.9 < 0.001 

Pregnancy-associated Pd, 
7 

g/d 69.8 78.1 1.7 < 0.001 

Maternal Pd, g/d 103.7 67.0 11.8 < 0.001 
1 

High and low feeding levels provided 15 % above and 15 % below estimated ME requirements 

for gestating gilts (NRC, 2012). 
2 

Maximum value of the standard error of the means. 
3 

Number of gilts, within each period where complete N balance data were collected.  
4 

Feeding level remained constant throughout gestation; differences in N intake with day of 

gestation were due to small differences in analyzed N content between batches of feed. 
5 

Protein deposition (Pd) attributed to pregnancy-associated tissues (fetus, mammary gland, 

uterus, and placenta and fluids) and calculated using the NRC (2012) gestating sow model based 

on actual LS and mean piglet birth weight.  
6 

Calculated as the difference between whole body protein deposition (Pd) and pregnancy-

associated Pd for each balance period.  
7 

A feeding level × day of gestation interaction was observed (P = 0.001), where gilts on the low 

feeding level had greater pregnancy-associated Pd between d 108 and 112, which can be 

attributed to the greater LS (Table 3.4).  
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Table 3.4. Farrowing and lactation (21.5 ± 0.6 d) performance of gilts at high or low feeding 

level 
1
 from d 33 to 112 of gestation 

Item High Low SEM 
2
 P-value 

No. 25 24   

BW, 
3 

kg  

Post-farrowing
 

Weaning
 

Change 

 

198.1 

191.4 

-8.6 

 

176.7 

174.0 

-1.6 

 

4.9 

4.9 

2.4 

 

< 0.001 

< 0.001 

0.030 

BF, 
4 

mm  

Farrowing 

Weaning
 

Change 

 

19.1 

15.2 

-4.4 

 

16.0 

14.1 

-2.7 

 

1.5 

1.3 

1.1 

 

0.001 

0.137 

0.003 

Gilt ADFI, 
5
 kg (as-fed) 4.7 4.9 0.3 0.438 

Born alive, # 10.6 12.4 0.6 0.041 

Mean piglet birth weight, 
6 

kg 1.33 1.25 0.05 0.130 

Mummified, # 0.4 0.2 0.2 0.316 

Stillborn, # 1.3 1.3 0.3 0.907 

Total litter birth weight, 
7 

kg  15.3 17.1 0.7 0.066 

Litter gain, 
7
 g/d 1914 1719 122 0.071 

Piglet gain, 
8 

g/pig/d 218.4 208.6 14.0 0.487 

Pigs weaned, # 8.3 8.3 0.3 0.976 

Piglet weaning weight, kg 6.1 5.8 0.3 0.283 
1 

High and low feeding levels provided 15 % above and 15 % below estimated energy 

requirements for gestating gilts (NRC, 2012). 
2 

Maximum value of the standard error of the means  
3 

Gilts weighed within 24-h of farrowing and at weaning (21.5 ± 0.6 d). 
4 

Backfat measurement taken before moving to farrowing room (about d 112 of gestation) and 3-

d post-weaning. 
5 

Average daily feed intake. 
6 

Including stillborn piglets. 
7 

Calculated as the total litter gain divided by the lactation length. Initial and final litter weight 

were based on standardized LS (9 piglets; within 24 h of birth). 
    

8 
Calculated as total litter gain divided by the number of days and accounting for piglet 

mortalities.
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Figure 3.1. Average daily gain (ADG, kg) between d 42 and 112 of gestation in gilts at high 

(2.54 kg/d) or low (1.87 kg/d) feeding level based on BW data obtained at 2-wk intervals (± 

SEM). The pattern of ADG can be described by a single quadratic regression equation (ADG, kg 

= 0.000174 (day) 
2 

– 0.02501 (day) + i, R
2 

= 0.271, Quadratic: P < 0.001; i = 1.58 and 1.37 kg 

for high and low feeding levels, respectively; day signifies day of gestation).  
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Figure 3.2. Whole body (panel A) and maternal (panel B) Pd between d 32 and 112 of gestation 

in gilts at either high (2.54 kg/d) or low (1.87 kg/d) feeding level (± SEM). Whole body Pd was 

calculated from whole body N retention based on N balance observations (total urine collection 

with urinary catheters and determination of fecal N digestibility using an indigestible marker). 

Maternal Pd was calculated as the difference between whole body Pd and pregnancy-associated 

Pd (NRC, 2012). Pregnancy-associated Pd is attributed to pregnancy-associated tissues (fetus, 

mammary gland, uterus, and placenta and fluids) and calculated using on the NRC (2012) model 

based on actual LS and mean piglet birth weight at each N balance observation. The pattern of 

maternal Pd can be described by a single cubic regression equation:  

Maternal Pd, g/d = – 0.00049 (day) 
3 

+ 0.1085 (day) 
2 

– 7.7887 (day) + i ; R
2 

= 0.625, Cubic: P = 

0.008; i = 293.0 and 250.4 g/d for high and low feeding levels, respectively; day signifies day of 

gestation. 
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Chapter 4  

Dynamics of Nitrogen Retention at Two Feeding Levels in Gestating Parity 2 and 3 Sows
2
 

4.1 Abstract 

Parity 2 (n = 39) and 3 (n = 28; same sows from parity 2 sows) Yorkshire sows were enrolled to 

measure whole body protein deposition (Pd) during gestation (maternal and pregnancy-

associated) at 2 feeding levels to test the hypothesis that the pattern of whole body and maternal 

Pd during gestation does not differ when feeding either 15 % above or 15 % below estimated 

metabolizable energy (ME) requirements, both exceeding amino acid (AA) requirements. Initial 

body weight (BW) and backfat (BF) at d 26 ± 0.3 of gestation were 195.4 ± 5.2 kg and 15.1 ± 

0.5 mm, and 223.1 ± 5.3 kg and 16.0 ± 0.6 mm for parity 2 and 3, respectively. Sows were 

assigned to 1 of 2 feeding levels (high and low; 15 % above and 15 % below estimated ME 

requirements, respectively) of the same diet (3.30 Mcal ME/kg, 17.8 % crude protein [CP], 0.82 

% standardized ileal digestible [SID] lysine [Lys]) from d 31 to 110 of each gestation cycle. Five 

N balances were conducted throughout each gestation starting at d 36, 51, 65, 85, and 106 ± 0.5 

during 4-d periods. Pregnancy-associated Pd was model-derived for each sow and N balance 

period using the NRC (2012) gestating sow model, based on actual litter size (LS; including 

stillborn) and mean piglet birth weight. Maternal Pd was calculated as the difference between 

whole body and pregnancy-associated Pd. Whole body Pd and maternal Pd were greater (P < 

0.002) for sows on the high feeding level. Whole body Pd increased (P < 0.001) with day of 

gestation and maternal Pd did not differ with day of gestation. Whole body and maternal Pd were 

greater (P ≤ 0.004) for parity 3 sows from d 51 to 54 and 85 to 88 of gestation only. Estimated 

efficiency of Lys retention for whole body Pd was not different between the 2 feeding levels, 

                                                           
2
 A version of this chapter has been published: Miller, E.G., C. L. Levesque, N. L. Trottier, and 

C. F. M. de Lange. 2017. Dynamics of nitrogen retention at two feeding levels in gestating parity 

2 and 3 sows. J. Anim. Sci. 95:2701-2710  
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greater (P = 0.016) for parity 3 sows, and increased quadratically (P = 0.027) with day of 

gestation. During lactation (21.3 ± 0.3 d), there was no effect on sow average daily feed intake 

and minimal effect on litter performance due to gestation feeding level or parity. Sows on the 

high feeding level had greater (P < 0.009) BW and BF loss during lactation and these parameters 

were not affected by parity. Feeding 15 % above estimated ME requirements during gestation 

resulted in consistently greater whole body and maternal Pd. Whole body and maternal Pd were 

particularly greater for parity 3 sows from d 51 to 54 and 85 to 88 of gestation. The pattern of 

maternal Pd, regardless of feeding level, was not affected by day of gestation and is in contrast to 

NRC (2012), where maternal Pd is expected to be greater in early gestation.   

Key words: gestating sows, nitrogen retention, maternal protein deposition 

 

4.2. Introduction 

There is limited literature pertaining to the dynamics of protein deposition (Pd; nitrogen 

[N] retention × 6.25) in gestating sows across successive parities and the associated amino acid 

(AA) requirements (NRC, 2012). Protein deposition can be divided into 6 distinct pools: 4 

pregnancy-associated (fetus, mammary gland, uterus, and placenta and fluids) and 2 maternal 

(energy intake- and time-dependent) pools (Dourmad et al., 2008; NRC, 2012). Energy intake-

dependent maternal Pd results from energy intake above that required for maintenance or the 

products of conception (NRC, 2012). The relationship between energy intake above maintenance 

and energy intake-dependent maternal Pd is assumed to be linear and constant across all stages 

of gestation (based on data from growing-finishing pigs; Dourmad et al., 2008; NRC, 2012). 

Time-dependent maternal Pd accounts for replenishment of mobilized body protein from the 

previous lactation and any remaining requirement for maternal growth. Time-dependent maternal 

Pd is assumed to subside by d 56 of gestation, and decrease with increasing parity (NRC, 2012). 
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In gestating gilts, the pattern of maternal Pd was not affected by feeding level and decreased in 

late gestation, while the relative difference between feeding level was similar throughout 

gestation (Miller et al., 2016). It was suggested that the mechanism involved in the regulation of 

maternal Pd was independent of nutrient intake (Miller et al., 2016). The effect of feeding level 

on the pattern of whole body and maternal Pd in parity 2 and 3 sows is unknown. We 

hypothesized that maternal Pd decreases towards the end of gestation and the relative difference 

between feeding levels for whole body and maternal Pd remains unchanged throughout 

gestation. The objective of this study was to determine whole body Pd and estimate maternal Pd 

at 2 feeding levels in parity 2 and 3 sows during gestation.  

4.3 Materials and Methods 

The experimental protocol was approved by the University of Guelph Animal Care 

Committee and followed Canadian Council of Animal Care guidelines (CCAC, 2009). 

4.3.1 Animals and General Management 

The study was conducted at the Arkell Swine Research Station (Ontario Ministry of 

Agriculture, Food and Rural Affairs, Guelph, ON; University of Guelph, Guelph, Ontario, 

Canada). Thirty-nine gestating parity 2 Yorkshire sows (bred to Yorkshire sires) were sourced in 

4 blocks of 4 to 12 sows that remained in the study until the end of the third lactation. The parity 

2 sows were used previously in a similar study with the same feeding level rationale in parity 1 

(Miller et al., 2016). Thirty-nine parity 2 sows reached the end of gestation, with 4 sows not 

completing a full lactation cycle (rectal prolapse [1 sow], ulcer [2 sows], death [1 sow]), and data 

were removed before analyses of lactation performance. Five sows were culled before the start of 

parity 3 gestation data collection following 2 unsuccessful breeding cycles. Sows with less than 3 

of the 5 total N balance periods were removed before analyses (two parity 3 sows) and one parity 

3 sow was removed from analyses of lactation performance data due to agalactia. Therefore, 28 
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sows were included in the parity 3 gestation analysis and 27 in the parity 3 lactation analyses. 

From weaning to pregnancy confirmation (d 26 ± 0.3 after breeding), sows were kept in groups 

of 4 or 5 and fed 2 to 2.5 kg/d of a standard diet (Table 4.1) to maintain a body condition score of 

3 (Young et al., 2001). Body weight (BW) and backfat (BF; 6.5 cm from the midline over the 

last rib) at pregnancy confirmation were 195.4 ± 5.2 kg and 15.1 ± 0.5 mm, and 223.1 ± 5.3 kg 

and 16.0 ± 0.6 mm for parity 2 and 3, respectively. After pregnancy confirmation, sows were 

randomly assigned to 1 of 2 feeding levels of the same diet (Table 4.1): 15 % above (high 

feeding level) and 15 % below (low feeding level) estimated metabolizable energy (ME) 

requirements for gestating sows (NRC, 2012), both oversupplied with all AA, and balanced for 

BW and BF within each block and gestation cycle. The ME requirements were estimated 

according to NRC (2012) and considered mean BW at breeding (184.7 and 212.4 kg; for parity 2 

and 3 sows, respectively), parity (2 and 3), gestation length (114 d for both), anticipated total 

BW gain (60 and 52 kg; for parity 2 and 3 sows, respectively), anticipated litter size (LS; 13.5 

piglets for both), and anticipated mean piglet BW at birth (1.40 kg for both). The experimental 

diet was formulated for a previous study (Miller et al., 2016), which exceeded AA requirements 

of gestating gilts from d 90 to 114 of gestation. As in the previous study, the feeding level effect 

was considered synonymous with an energy intake effect. Titanium dioxide was included as an 

indigestible marker to estimate total tract N digestibility (Myers et al., 2004), with minor 

adaptations (digestion for 24-h at 120 C in 10 mL tubes and addition of H2O2 after precipitation 

in 100 mL volumetric flasks). Absorbance of standards and samples were measured by 

spectrophotometry (Beckman DU-7400; Beckman Instruments Inc., Fullerton, CA) at 408 nm. 

From pregnancy confirmation to d 110 of gestation, sows were housed in conventional 

gestation stalls (0.64 × 2.13 m) and fed 2.72 or 2.77 (high feeding level) and 2.00 or 2.04 (low 
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feeding level) kg/d for parity 2 and 3, respectively, of the experimental diet in a single daily meal 

fed at 0800 h. The experiment was conducted over a 22-mo period and used 12 batches of the 

same diet. Sow BW and BF were measured every 2-wk throughout gestation from d 40 to 110 of 

gestation and average daily gain (ADG) was calculated.  

Sows were moved to farrowing crates on d 110 of gestation and fed a standard lactation 

diet from d 111 of gestation to weaning (Table 4.1). Sow and piglet management during lactation 

followed standard Arkell Swine Research Station protocols relevant to the genetic line as 

detailed by Miller et al. (2016). Sows were induced to farrow on d 113 with 2 mL cloprostenol 

intramuscularly (175 μg; Plantate, Merck Animal Health, QC, Canada). Litters were standardized 

to 10 piglets within 24-h of birth. Colostrum samples were collected from sows when an 

investigator was present at farrowing and within 1-h of the birth of the first piglet. Subsequent 

milk samples (d 14.2 ± 0.1 of lactation) were taken from the same sows after intramuscular 

administration of 1 mL oxytocin (20 IU/mL; Vétoquinol, Lavaltrie, QC, Canada) to stimulate 

milk let down. 

4.3.2 Nitrogen Balance and Nutrient Analyses  

Nitrogen balances were conducted five times throughout gestation starting at d 36, 51, 65, 

85, and 106 ± 0.5 of gestation during 4-d periods as detailed by Miller et al. (2016). The 

methodology and equipment used for feed, feces, urine, and milk sample analyses are further 

described by Miller et al. (2016).  
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4.3.3. Calculation of Whole Body Protein Deposition 

Nitrogen retention was calculated as described by Möhn and de Lange (1998) and urinary 

N excretion was determined daily as described previously (Miller et al., 2016) using analyzed N 

content of the relevant batch of feed and daily feed intake. The NRC (2012) gestating sow model 

was used to calculate Pd (g/d) in each of the pregnancy-associated pools (fetus, mammary gland, 

uterus, and placenta and fluids), based on actual LS (including stillborn) and actual mean piglet 

birth weight, for each sow and N balance period. Maternal Pd (i.e., sum of time- and energy 

intake-dependent Pd) was derived from the difference between whole body Pd and pregnancy-

associated Pd. The post-absorptive efficiency of using dietary lysine (Lys) for whole body Pd 

was calculated on an individual sow basis for each N balance period considering Lys required for 

maintenance (based on sow BW) and Lys content in Pd of maternal and pregnancy-associated 

pools (NRC, 2012).  

4.3.4 Statistical Analysis  

Statistical analyses of N balance, gestation, farrowing, and lactation performance data 

were conducted using the mixed model procedure of SAS (v9.4; SAS Inst. Inc., Cary, NC) with 

sow nested within feeding level, block (i.e., group of sows available), and parity as the 

experimental unit. The study was designed as a split plot with repeated measures over time (i.e., 

day of gestation). The model included the fixed effects of feeding level (FL; main plot), parity 

(PAR; sub-plot), day of gestation (D), and their interactions. Random effects of block and sow 

nested within feeding level and block were also included in the model. The effect of feeding 

level assignment from the previous gestation cycle was initially included in the model, but did 

not yield significance as a main effect and was removed from the final model. Pre-planned 

contrasts for N balance and growth performance parameters were constructed to compare feeding 

levels within each time point and between parities within each time point, in addition to linear 
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and quadratic contrasts across time. Non-linear regression analyses were performed for ADG 

during gestation using individual means to generate the regression equations. The degrees of 

freedom were computed with the Kenward-Roger adjustment for repeated measures. The 

univariate procedure and Lund’s test were used to determine outlier data points (removal of 7 N 

balance observations). A P < 0.05 was considered significant and 0.05 < P < 0.10 was 

considered a tendency.  

4.4 Results 

Body weight on d 26 of gestation did not differ between the 2 feeding levels and was 

greater (P < 0.001) for the parity 3 compared to parity 2 sows (Table 4.2). On d 110, BW was 

greater (P < 0.001) for sows on the high feeding level and greater (P < 0.001) for parity 3 sows. 

Sow ADG was greater (P < 0.001) for sows on the high feeding level, did not differ between 

parities, and increased quadratically (P < 0.001) with day of gestation (Figure 4.1). Non-linear 

regression analyses for ADG during successive 2-wk periods (parities grouped together) showed 

that ADG patterns were identical for the 2 feeding levels, with ADG systematically 0.21 ± 0.06 

kg greater (P < 0.001) for sows on the high feeding level. There was a feeding level × parity 

interaction (P = 0.026) for BF on d 26 of gestation where in parity 3, sows on the high feeding 

level had lower (P = 0.004) BF than sows on the low feeding level, and no difference between 

feeding levels for parity 2. On d 110, there was a trend for a feeding level × parity interaction (P 

= 0.065), where BF was greater (P = 0.011) for parity 2 sows on the high feeding level 

compared to the low feeding level, and no difference for parity 3 sows between the 2 feeding 

levels. Overall BW gain during gestation was greater (P < 0.001) for sows on the high feeding 

level (56.5 and 32.0 ± 3.6 kg, for high and low feeding level, respectively) and was not affected 

by parity (43.4 and 45.1 ± 3.7 kg, for parity 2 and 3, respectively). Overall BF gain was greater 

(P = 0.002) for sows on the high feeding level (2.1 and -0.7 ± 1.0, for high and low feeding 



54 
  

level, respectively) and greater (P = 0.005) for parity 3 sows (-0.3 and 1.7 ± 1.0, for parity 2 and 

3, respectively).  

Whole body Pd (N retention × 6.25) was greater (P = 0.002) for sows on the high feeding 

level, increased quadratically (P < 0.002) as gestation progressed (Table 4.3; Figure 4.2, panel 

A), and was greater (P = 0.008) for parity 3 sows (Figure 4.3, panel A). Model-derived 

pregnancy-associated Pd was not affected by feeding level or parity, and increased (P < 0.001) 

with day of gestation. Estimated maternal Pd was greater (P = 0.001) for sows on the high 

feeding level (Figure 4.2, panel B), greater (P = 0.016) for parity 3 sows (Figure 4.3, panel B), 

and was not affected by day of gestation. Estimated efficiency of Lys retention for whole body 

Pd was not different between the 2 feeding levels, greater (P = 0.016) for parity 3 sows, and 

increased quadratically (P = 0.027) with day of gestation. There was a day of gestation × parity 

interaction (P < 0.001), where from d 51 to 54 and 85 to 88, parity 3 sows had greater (P < 

0.004) whole body Pd, maternal Pd, and Lys utilization efficiency than parity 2 sows, while there 

was no difference between parities from d 36 to 39, 65 to 68, and 106 to 109.  

Sows on the high feeding level had greater (P = 0.002) BW 24-h after farrowing, tended 

to have greater (P = 0.093) BW at weaning, and had greater (P = 0.009) BW loss during 

lactation (Table 4.4). Parity 3 sows had greater (P < 0.001) BW 24-h after farrowing and at 

weaning, and lactation BW change did not differ between parities. For parity 3 sows, BF was 

greater (P = 0.013) 24-h after farrowing. At farrowing, there was a trend for a feeding level × 

parity interaction (P = 0.075), where BF was greater (P = 0.013) for parity 2 sows on the high 

feeding level compared to the low feeding level, and BF was not different between the feeding 

levels in parity 3 sows. Sow BF was greater (P = 0.002) for parity 3 sows at weaning. There was 

an interaction for sow BF at weaning, where BF was lower (P = 0.050) for parity 3 sows on the 
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high feeding level compared to the low feeding level, and BF was not different between the 

feeding levels for parity 2 sows. Sow BW and BF loss was greater (P = 0.009 and P = 0.001 for 

BW and BF, respectively) for sows on the high feeding level and was not affected by parity. Sow 

average daily feed intake (ADFI) did not differ between gestation feeding levels or parities.  

The number of piglets born alive, number of stillborn piglets, total litter birth weight, 

mean piglet birth weight, number of pigs weaned, and mean piglet weaning weight did not differ 

between gestation feeding levels (Table 4.4). Parity 3 sows had a greater (P = 0.015) number of 

stillborn piglets, lower (P = 0.042) mean piglet birth weight, and fewer (P = 0.019) piglets 

weaned. The number of piglets born alive, total litter birth weight, and mean piglet weaning 

weight were not different between parity 2 and 3 sows.  

Colostrum and milk fat, crude protein (CP; N × 6.38), and lactose concentration did not 

differ between the 2 feeding levels (Table 4.5). The concentration of fat was lower (P < 0.001), 

CP was greater (P < 0.001), and lactose was lower (P < 0.001) in colostrum compared to milk. 

Crude protein concentration was greater (P = 0.006) for parity 3 sows. A parity × day of 

sampling interaction affected fat and CP concentrations; whereby parity 3 sows had greater (P < 

0.044) colostrum fat and CP concentrations compared to parity 2 sows, and milk composition 

was the same between parities.  

4.5 Discussion 

The current study was performed to characterize the dynamics of whole body and 

maternal Pd at 2 feeding levels for gestating parity 2 and 3 sows. Overall, BW gain throughout 

gestation for parity 2 and 3 sows were 28 and 13 % lower, respectively, than expected (NRC, 

2012; 60 and 52 kg for parity 2 and 3, respectively). Overall, BF gain throughout gestation for 

parity 2 and 3 sows were numerically lower and greater, respectively, than reported previously 

(Mahan, 1998; 1.2 and 0.5 mm for parity 2 and 3, respectively). The discrepancy in BF gain 
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between the 2 studies may be due to the small number of sows per block, large variability 

associated with BF measurements, and differences in dietary manipulation during gestation. In 

the current study, lower BF on d 26 of gestation for parity 3 sows on the high feeding level 

(before feeding levels were imposed) was likely due to the relatively small number of sows per 

block (4 to 12 sows), making balanced allocation across treatments based on BW and BF 

difficult.   

Colostrum fat, CP, and lactose concentrations in the current study were 8 % lower, 16 % 

greater, and 27 % lower for fat, CP, and lactose, respectively than reported by Klobasa et al. 

(1987) under similar conditions. Milk fat, CP, and lactose concentrations in the current study 

were 34 % greater, 9 % greater, and 5 % lower for fat, CP, and lactose, respectively than 

reported previously under similar conditions (Klobasa et al., 1987). Litter and lactation 

performance were not affected by the imposed gestation performance that can be defined in the 

NRC (2012) gestating and lactating sow models, and we can be confident that our assumptions 

for the calculation of maternal Pd are appropriate (i.e., the use of calculated pregnancy-

associated Pd).  

The increase in whole body Pd as gestation progressed for parity 2 and 3 sows agrees 

with previous studies using multiparous sows (Everts and Dekker, 1994; Dourmad et al., 1996). 

Across all N balance periods, Pd was 26.9 and 30.7 g/d greater for sows on the high feeding level 

in parity 2 and 3, respectively. These relative differences between the 2 feeding levels are 

numerically smaller than those observed for gilts on the same feeding level regimens (40.1 g/d) 

in a previous study (Miller et al., 2016). This suggests a difference in nutrient utilization between 

multiparous sows (parity 2 and 3) and gilts, and may be due in part to a greater requirement for 

maternal gain in gilts and increased maintenance energy and AA requirements with increased 
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parity. The efficiency of Lys utilization for whole body Pd in the NRC (2012) nutrient 

requirement model is estimated to be 47 % from d 90 to 114, where nutrient requirements are 

highest. In the current study, the efficiency value was calculated at 5 points during gestation, 

including d 85 to 88 and d 106 to 109, and a quadratic increase with day of gestation (36.1 and 

47.4 % from d 85 to 88 and 106 to 109, respectively) was observed. This suggests that the 

changes in efficiency of Lys utilization for whole body Pd as gestation progresses are more 

dynamic than previously reported (NRC, 2012).  

From d 51 to 54 and 85 to 88, whole body Pd, estimated maternal Pd, and Lys utilization 

efficiency were greater for parity 3 sows. This interaction stems from whole body Pd, as 

maternal Pd and Lys utilization efficiency are both calculated using this value and thus, whole 

body Pd will be the focus of this discussion. Due to the length of the study, several batches of 

feed were made over a 1.5-yr period, and while diet formulation was unchanged, there was 

variation in the actual nutrient content of the ingredients used, specifically in CP concentration 

(14.24 to 18.93 %). This is noticeable when considering the N intake of the sows for each N 

balance period throughout gestation, as feed intake was held constant throughout the experiment. 

While the main effects of feeding level and parity did not impact N intake, there was greater N 

intake from d 36 to 39 and lower N intake from 85 to 88 for parity 2 sows compared to parity 3 

sows.   

While whole body Pd was similar between parity 2 and 3 sows from d 36 to 39, it is 

speculated that due to greater N intake (caused by ingredient variation) for parity 2 sows at this 

time point, whole body Pd may have been artificially greater than it should have been, reducing 

the difference between parities to the point of similarity. This would mask greater Pd in parity 3 

sows, which would agree with the greater Pd from d 51 to 54. Greater Pd at these 2 time points 
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would signify greater maternal Pd (time-dependent), as fetal requirements are minimal at this 

stage of gestation. While multiparous sows are often grouped together in terms of nutrient 

requirements, feeding strategies, and presumed maturity, it is possible that requirements for 

maternal Pd are greater for parity 3 sows compared to parity 2 sows.  

Parity 2 sows had lower whole body Pd (and maternal Pd) from d 85 to 88 compared to 

parity 3 sows. There was no difference in calculated pregnancy-associated Pd between parities, 

with only maternal Pd remaining. This difference may actually be due to reduced N intake 

(caused by ingredient variation) in parity 2 sows rather than a lower requirement for maternal 

growth. Due to increasing fetal demands towards the end of gestation, nutrient partitioning 

towards the conceptus is most likely already taking precedent over maternal nutrient 

requirements from d 85 to 88. The nature of long-term sow studies presents challenges in terms 

of actual length of study, sow retention, and the number of animals needed to make conclusions.  

Thus, further parity-specific and long-term studies are needed in order to determine if these 

parity differences are repeatable. 

Maternal Pd is a large component of whole body Pd and contributes approximately 85 % 

in early gestation and 30 % in late gestation to whole body Pd, decreases with parity, and is 

affected by energy intake (NRC, 2012). In the current study, maternal Pd was consistently 

greater throughout gestation for sows on the high feeding level, as previously observed for parity 

1 sows (Miller et al., 2016). Maternal Pd was not influenced by day of gestation (constant from d 

36 to 106), which is in contrast to parity 1 sows, where maternal Pd decreased towards the end of 

gestation regardless of feeding level from d 66 to 108 (Miller et al., 2016). It was suggested that 

the pattern observed in gilts was suggested to be due to physiological competition for energy and 

nutrients between maternal and fetal tissues, which was independent of nutrient supply (Miller et 
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al., 2016). Due to the greater requirement for maternal growth in first parity sows, competition 

for nutrients is likely more pronounced. In multiparous sows, the absence of a similar pattern 

suggests that the physiological control of maternal Pd may be less influenced by fetal-maternal 

competition for nutrients during late gestation.  

4.6 Conclusions and Implications  

In summary, our data show that the relative difference in whole body and maternal Pd 

between the feeding levels remained unchanged, supporting our hypothesis. Whole body and 

maternal Pd were both greater for parity 3 sows. Additional studies are needed in order to 

corroborate that Pd is greater from d 51 to 54 and 85 to 88 with increasing parity. Maternal Pd 

did not vary with day of gestation, suggesting that the mechanism responsible for increased 

nutrient partitioning to the fetus in late gestation, at the cost of maternal gain, may be to a lesser 

degree in multiparous vs. gilts. The current findings are in contrast to what we hypothesized 

based on gilts (Miller et al., 2016); whereby, maternal Pd decreases towards the end of gestation 

and in contrast to NRC (2012) and maternal Pd is greater in early gestation. Considering the 

pattern of maternal Pd in the current study and that in Miller et al. (2016), we suggest that 

maternal Pd may be lower than previously assumed, dependent on the extent of protein 

mobilization in the previous lactation, and the relative maturity of sows within each parity. These 

data provide additional information about sow Pd throughout gestation, which is needed to refine 

the NRC (2012) gestating sow model to more accurately predict sow nutrient requirements. 
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Table 4.1. Ingredient composition and nutrient content of standard and experimental diets 
1
 

Item 
Standard 

Gestation 

Experimental 

Gestation 
2
 

Standard 

Lactation 

Ingredient composition, %   
 

 

Corn, 8.3 % CP 37.85 70.55 54.80 

Soybean meal, 47.5 % CP 13.60 25.00 24.50 

Barley 35.00 ― 7.20 

Wheat 10.00 ― 10.00 

Animal and vegetable fat blend ― 1.00 ― 

Calcium carbonate 1.05 1.50 1.00 

Dicalcium phosphate ― 0.75 ― 

Salt ― 0.40 ― 

Vitamin and mineral mix 
3
 2.50 0.60 2.50 

Titanium dioxide ― 0.20 ― 

Calculated nutrient content  
 

 

ME, Mcal/kg 3.18 3.30 3.32 

CP, % 14.03 17.66 17.41 

Total Lys, % 0.74 0.94 1.00 

SID Lys, 
4
 % 0.64 0.82 0.87 

Calcium, % 0.81 0.85 0.81 

Phosphorus, % 0.55 0.51 0.57 

Analyzed nutrient content, %  
 

 

CP 14.43 17.34 18.51 

Total Lys ― 0.97 ― 

Calcium 0.82 0.86 0.84 

Phosphorus 0.58 0.51 0.60 
1 

Sows were fed a standard gestation diet from breeding to d 30 of gestation, experimental diet 

from d 31 to 110, and a standard lactation diet from d 111 of gestation to weaning .  
2 

Values reflect the mean of 12 mixing batches.  
3 

For the standard gestation and lactation diets (as supplied per kilogram of complete diet): 

vitamin A, 11,000 IU; vitamin D, 1,500 IU; vitamin E, 65 IU; Se, 0.3 mg; Cu, 25 mg; Zn, 150 

mg; Fe, 175 mg; Mn, 27.5 mg; and I, 0.6 mg (Floradale Feed Mill Limited, Floradale, ON, 

Canada). For experimental gestation diet (as supplied per kilogram of complete diet): vitamin A, 

12,000 IU as retinyl acetate (3.0 mg) and retinyl palmitate (2.04 mg); vitamin D3, 1,200 IU as 

cholecalciferol; vitamin E, 67 IU as dl-α-tocopherol acetate (52.8 mg); vitamin K, 3.0 mg as 

menadione; choline, 600 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; folic acid, 2.4 mg; 

niacin, 30 mg; thiamine, 1.8 mg; vitamin B6, 1.8 mg; biotin, 0.24 mg; vitamin B12, 0.03 mg; Se, 

0.36 mg from Na2SeO3; Cu, 18 mg from CuSO4
.
5H2O; Zn, 124.8 mg from ZnO; Fe, 120 mg 

from FeSO4; Mn, 22.8 mg from MnO2; and I, 0.36 mg from KI (DSM Nutritional Products 

Canada Inc., Ayr, ON, Canada). 
4 

Standardized ileal digestible. 
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Table 4.2. Overall growth performance of parity 2 and 3 sows at high or low feeding level from d 31 to 110 of gestation 
1
 

 Parity 2  Parity 3  P-value 
2
 

Item High  Low   High  Low  SEM 
3
 FL PAR FL × PAR 

No. 
4
 17       22     14     14 

    
Feed allowance, kg/d     2.72     2.00  2.77  2.04 

    
Nitrogen intake, g/d     73.2

b
     56.8

c 
  75.5

a
   56.2

c
  1.9 < 0.001 0.189 0.022 

Body weight, kg  

Initial, d 26 

Final, d 110 

ADG, kg 

 

  192.0 

  247.7 

    0.70 

 

   196.4 

   226.8 

     0.48 

  

    219.9 

    279.6 

  0.74 

 

    222.5 

    256.5 

 0.50 

 

  7.3 

  5.2 

    0.06 

   0.418 

< 0.001 

< 0.001 

 

  < 0.001 

< 0.001 

   0.582 

 

0.774 

0.812 

0.807 

Backfat, mm  

Initial, d 26 

Final, d 110 

 

15.5 

16.6 

 

    15.6 

    13.7 

  

14.8 

17.6 

 

18.1 

18.0 

 

 1.0 

 1.3 

    0.021 

0.152 

0.208 

0.004 

 

0.026 

0.065 
a-c 

Means without a common superscript letter differ (P < 0.05). 
1 

High and low feeding levels provided 15 % above and 15 % below estimated ME requirements for gestating gilts (NRC, 2012) used 

by Miller et al. (2016). 
2 

P-values for the main effects of feeding level (FL), parity (PAR), and the interactive effect of feeding level and parity (FL × PAR).  
3 

Maximum value of the standard error of the means. 
4 

Thirty-nine parity 2 sows reached the end of gestation, with 4 of these sows not completing their lactation (rectal prolapse [1 sow], 

ulcer [2 sows], death [1 sow]). Five sows were culled before the start of parity 3 gestation data collection (open for 2 successive 

breeding cycles). Data from two parity 3 sows were removed before gestation analyses due to incomplete N balance observations 

throughout gestation; 28 sows completed parity 3 gestation. 
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Table 4.3. Nitrogen metabolism of sows at high or low feeding level for parity 2 and 3 from d 31 to 110 of gestation 
1
 

Day of Gestation 36 to 39  51 to 54  65 to 68  85 to 88  106 to 109 

SEM 3 

P-value 2 

Feeding Level High Low  High Low  High Low  High Low  High Low FL PAR D P × D 

No. 4 

Parity 2 

Parity 3 

   15 

   13 

   18 

   12 

 

   14 

   13 

  18 

  12 

 

  12 

  13 

  18 

  14 

 

   11 

  13 

  20 

  14 

 

   15 

   11 

   18 

   12 

 

 

   

N intake, 5 g/d 

Parity 2 

Parity 3 

75.3 

74.0 

58.5 

54.9 

 

73.4 

75.8 

57.0 

56.2 

 

73.6 

76.0 

57.7 

55.4 

 

70.2 

75.4 

55.1 

57.5 

 

73.6 

76.3 

55.6 

56.7 

2.2 < 0.001 0.189   0.484 < 0.001 

N digestibility, 6 % 

Parity 2 

Parity 3 

88.2 

86.6 

88.2 

87.0 

 

87.3 

87.8 

87.6 

88.3 

 

86.7 

88.0 

87.6 

88.5 

 

87.0 

88.0 

87.1 

87.9 

 

87.2 

88.4 

87.5 

88.7 

0.5   0.275 0.091   0.304 < 0.001 

Fecal N, 7 g/d 

Parity 2 

Parity 3 

  8.8 

  9.8 

 6.8 

 7.0 

 

  9.2 

  9.1 

6.9 

6.4 

 

 9.6 

 9.0 

 7.0 

 6.3 

 

 9.1 

 9.0 

  7.1 

  6.9 

 

  9.3 

  8.5 

 6.8 

 6.4 

0.3 < 0.001 0.231   0.321   0.005 

Urinary N, 8 g/d 

Parity 2 

Parity 3 

50.4 

46.6 

41.3 

36.8 

 

49.4 

46.5 

40.0 

32.7 

 

44.1 

47.2 

34.6 

35.2 

 

44.6 

44.4 

33.4 

30.6 

 

35.9 

38.4 

26.7 

17.6 

2.3 < 0.001 0.233 < 0.001   0.002 

Whole body Pd, 9 g/d               15.0   0.002 0.008 < 0.001 < 0.001 

Parity 2 

Parity 3 

97.5 

109.8 

62.1 

70.3 

 83.9 

134.9 

62.1 

107.9 

 116.5 

124.1 

93.7 

88.8 

  102.6 

 142.3 

88.7 

126.8 

  173.8 

 180.5 

 133.2 

 144.3 

     

Pregnancy-associated Pd, 10 g/d             3.8   0.552 0.556 < 0.001   0.674 

Parity 2 

Parity 3 

 8.7 

 9.2 

 9.4 

 9.6 

 25.9 

26.1 

26.1 

28.3 

 28.5 

28.5 

28.6 

31.0 

    45.0 

44.6 

44.6 

49.2 

 77.6 

76.3 

76.2 

84.9 

     

Maternal Pd, 11 g/d 

Parity 2 

Parity 3 

88.8 

100.5 

52.6 

60.6 

 

58.4 

108.8 

35.5 

78.9 

 

88.1 

95.5 

65.2 

57.4 

 

58.0 

97.6 

44.1 

77.2 

 

94.8 

 105.5 

57.5 

61.4 

 15.4   0.001 0.016   0.401 < 0.001 

Efficiency of Lys Retention, 12 %             5.3   0.781 0.016 < 0.001 < 0.001 

Parity 2 

Parity 3 

  28.5 

31.3 

24.4 

27.2 

 24.1 

38.0 

23.6 

41.2 

 33.4 

34.5 

34.8 

33.2 

 28.0 

38.5 

31.9 

45.9 

 46.5 

47.3 

46.1 

49.8 

     

1 
High and low feeding levels provided 15 % above and 15 % below estimated ME requirements for gestating gilts (NRC, 2012) used 

by Miller et al. (2016). 
2 

P-values for the main effects of feeding level (FL), parity (P), day of gestation (D), and the interactive effect of parity and day of 

gestation (P × D). No other significant interactions. 
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3 
Maximum value of the standard error of the means.  

4 
The number of observations within each period where complete N balance data was collected. Thirty-nine parity 2 sows reached the 

end of gestation, with 4 of these sows not completing their lactation (rectal prolapse [1 sow], ulcer [2 sows], death [1 sow]). Five sows 

were culled before the start of parity 3 gestation data collection (open for 2 successive breeding cycles). Data from two parity 3 sows 

were removed before gestation analyses due to incomplete N balance observations throughout gestation; 28 sows completed parity 3 

gestation. 
5 

A parity × day of gestation interaction was observed (P < 0.001), whereby parity 2 sows had greater (P < 0.026) N intake from d 36 

to 39 and lower N intake from d 85 to 88 compared to parity 3 sows. 
6 

A parity × day of gestation interaction was observed (P < 0.001), whereby N digestibility in parity 2 sows was greater (P = 0.002) 

from d 36 to 39 and lower (P < 0.014) from d 65 to 68 and from d 106 to 109 compared to parity 3 sows.  
7 

A parity × day of gestation interaction was observed (P = 0.005), whereby fecal N in parity 2 sows was lower (P = 0.030) from d 36 

to 39 and greater (P < 0.038) from d 65 to 68 and d 106 to 109 compared to parity 3 sows.  
8 

A parity × day of gestation interaction was observed (P = 0.002), whereby parity 2 sows had greater (P = 0.023) urinary N from d 36 

to 39 and d 51 to 54 compared to parity 3 sows. 
9 

A parity × day of gestation interaction was observed (P < 0.001), whereby parity 2 sows had lower (P < 0.002) whole body Pd from 

d 51 to 54 and d 85 to 88 compared to parity 3 sows. 
10 

Represents protein deposition (Pd) attributed to pregnancy-associated tissues (fetus, mammary gland, uterus, and placenta and 

fluids), calculated using the NRC (2012) gestating sow model, based on actual LS and mean piglet birth BW.  
11 

Calculated as the difference between whole body protein deposition (Pd) and pregnancy-associated Pd for each balance period. A 

parity × day of gestation interaction was observed (P < 0.001), whereby parity 2 sows had lower (P < 0.004) maternal Pd from d 51 to 

54 and d 85 to 88 compared to parity 3 sows. 
12 

Calculated for each sow and N balance period, the post-absorptive efficiency of using dietary Lys for whole body Pd was calculated 

considering Lys required for maintenance (based on sow BW) and Lys content in Pd of maternal and pregnancy-associated pools 

(NRC, 2012). A parity × day of gestation interaction was observed (P < 0.001), whereby parity 2 sows had lower (P < 0.003) 

efficiency of Lys retention from d 51 to 54 and d 85 to 88 compared to parity 3 sows. 
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Table 4.4. Farrowing and lactation (21.3 ± 0.3 d) performance of parity 2 and 3 sows at high or low feeding level during gestation 
1
  

 Parity 2  Parity 3  P-value 
2
 

Item High  Low   High  Low  SEM 
3
 FL PAR FL × PAR 

No. 
4
     14 21  14 13     

BW, 
5
 kg  

Post-farrowing
 

Weaning
 

Change  

 

228.9 

226.5 

-3.7 

 

211.2 

213.3 

    3.5 

  

256.2 

248.4 

  -6.7 

 

241.1 

243.4 

    3.6 

 

4.8 

5.2 

3.9 

 

0.002 

0.093 

0.009 

 

< 0.001 

< 0.001 

  0.610 

 

0.716 

0.232 

0.597 

BF, 
6
 mm  

Farrow 

Weaning
 

Change 

 

16.9 

14.3 

-2.8 

 

14.1 

13.5 

 -0.4 

  

17.5 

15.2 

-2.1 

 

17.5 

17.9 

   -0.4 

 

1.3 

1.4 

0.7 

 

0.122 

0.352 

0.001 

 

0.013 

0.002 

0.510 

 

0.075 

0.036 

0.543 

Sow ADFI,
 
kg (as-fed) 6.4 6.4  6.5 6.6 0.5 0.781 0.627 0.912 

Born alive, no. 13.4 13.1  12.0 14.3 1.1 0.256 0.918 0.108 

Stillborn, no.  1.1 0.7  2.2 1.4 0.4 0.106 0.015 0.690 

Total litter birth weight, 
7
 kg 19.7 18.3  19.2 19.0 1.8 0.481 0.950 0.479 

Mean piglet birth weight, 
7
 kg 1.34 1.39  1.34 1.25 0.04 0.555 0.042 0.108 

Piglets weaned, no.  9.6 9.5  8.9 9.3 0.2 0.491 0.019 0.201 

Mean piglet weaning weight, kg 6.57 6.23  7.03 5.86 0.73 0.120 0.901 0.204 
1 

High and low feeding levels provided 15% above and 15% below estimated ME requirements for gestating gilts (NRC, 2012) used 

by Miller et al. (2016). 
2 

P-values for the main effects of feeding level (FL), parity (P), and the interactive effect of feeding level and parity (FL × P).  
3 

Maximum value of the standard error of the means.  
4 

Number of sows that completed a full lactation in each parity. Thirty-nine parity 2 sows reached the end of gestation, with 4 of these 

sows not completing their lactation (rectal prolapse [1 sow], ulcer [2 sows], death [1 sow]). Five sows were culled before the start of 

parity 3 gestation data collection (open for 2 successive breeding cycles). Data from two parity 3 sows were removed before gestation 

analyses due to incomplete N balance observations throughout gestation and one parity 3 sow was removed from analyses of lactation 

performance data due to agalactia. 
5 

Sows weighed within 24-h of farrowing and at weaning (21.3 ± 0.3 d). 
6 

Backfat measurement taken before moving to farrowing room (110 ± 0.3 d) and 3-d post-weaning. 
7 

Including stillborn piglets. 
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Table 4.5. Colostrum (during farrowing) and milk (d 14.2 ± 0.1 of lactation) composition for parity 2 and 3 sows 

 Colostrum  Milk  Colostrum  Milk  P-value 
1
 

Item Parity 2 Parity 3  Parity 2 Parity 3 SEM 
2
 High Low  High  Low SEM 

2
 PAR D PAR × D FL 

No. sows 
3
      19       17   19  17  17 19  17 19      

Fat, % 4.0
a
  5.2

b
  8.7 8.4 0.4 4.7 4.4  8.8 8.3 0.4 0.303 < 0.001 0.044 0.379 

CP, 
4
 % 15.9

b
 20.3

b
  5.5 5.5 1.0 18.9 17.5  5.3 5.8 1.0 0.006 < 0.001 0.012 0.567 

Lactose, %  2.0  2.5  5.6 5.6 0.2 2.1 2.3  5.6 5.6 0.2 0.110 < 0.001 0.108 0.615 
a-b 

Means without a common superscript letter within a sampling time (colostrum or milk) differ (P < 0.05). 
1 

P-values for the main effects of parity (P), day of sampling (D), the interactive effect of parity and day of sampling (P × D), and the 

main effect of gestation feeding level (FL). No other significant interactions. 
2 

Maximum value of the standard error of the means.  
3 

Colostrum samples only taken when researcher was present at farrowing and milk samples were only taken from these sows.  
4 

CP = N × 6.38. 
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Figure 4.1. Average daily gain (ADG) for parity 2 and 3 sows (no difference between parities, P 

= 0.609) at high or low feeding level based on BW recorded every 2-wk between d 40 and 110 

of gestation (± SEM). The pattern of ADG can be described by a quadratic regression equation 

obtained from individual sows (ADG, kg = 0.00025 ± 0.00004 (day)
2 

– 0.03146 ± 0.00616 (day) 

+ i ; R
2 

= 0.545; Quadratic: P < 0.001; i = 1.58 and 1.37 ± 0.22 kg for high and low feeding 

levels, respectively; day signifies day of gestation. 
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Figure 4.2. Whole body (panel A) and maternal (panel B) Pd between d 31 and 110 of gestation 

in sows (parity 2 and 3 combined) at high or low feeding level (± SEM). PFL, PD, and PFL×D 

represent P-values for feeding level, day of gestation, and the interaction between feeding level 

and day of gestation, respectively. 
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Figure 4.3. Whole body (panel A) and maternal (panel B) Pd between d 31 and 110 of gestation 

(feeding levels grouped together) in parity 2 and 3 sows (± SEM). PPAR, PD, and PPAR×D represent 

P-values for parity, day of gestation, and the interaction between parity and day of gestation, 

respectively.  
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Chapter 5  

Accuracy of Predicting Chemical Body Composition of Gilts and Sows
 

5.1 Abstract 

Serial slaughter observations are used to directly measure chemical body composition (i.e., 

protein [BP] and lipid [BL] content). These direct measurements in combination with live animal 

measurements can later be used to develop and validate prediction equations for body 

composition of live animals. The use of other live animal measurements (e.g. parity [PAR] or 

longissimus dorsi muscle depth [LD]) to improve these equations has not been investigated in 

sows. Eight non-pregnant (NP) gilts and 21 newly weaned parity 3 sows were slaughtered with 

the objectives of measuring physical and chemical body composition (BP, BL, ash [BA], and 

water [BWa]) at two physiological states, predicting BP and BL using NRC (2012) equations, 

and proposing new prediction equations that incorporate LD and PAR. We hypothesized that the 

NRC (2012) equations could accurately predict BL and BP of sows at different physiological 

states using empty body weight (eBW; live body weight [BW] minus gut fill) and backfat (BF). 

Total BP, BL, BA and BWa as percentages of eBW were not different between gilts and sows. 

The NRC (2012) predicted BP content was not different from actual BP for gilts or sows. The 

NRC (2012) predicted BL was less than (P = 0.040) actual BL in parity 3 sows, and did not 

differ for gilts. For BP prediction, the coefficients of determination for NRC (2012) and a 

proposed equation (NEWBP; including eBW, BF, LD, and PAR) were 0.908 and 0.933, 

respectively. For BL prediction, the coefficients of determination for NRC (2012) and a 

proposed equation (NEWBL; including eBW, BF, LD, and PAR) were 0.645 and 0.772, 

respectively. In summary, the use of other live animal measurements in addition to eBW and BF 

create more robust body composition prediction equations.      
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Key words: body composition, body lipid, body protein, prediction equations 

5.2 Introduction 
The ability to predict changes in the body composition of gestating sows has several 

benefits, including the capability to estimate nutrient requirements throughout gestation, evaluate 

feeding programs, and to monitor changes in body composition over time, all of which facilitate 

individual sow management throughout her reproductive life. Dietary nutrients are used with the 

following priority: maintenance, pregnancy, maternal Pd, and maternal Ld. Therefore, based on 

BF (and BW) gains and associated changes in body composition, it can be estimated whether a 

feeding program is adequate (i.e., large gains in BF may signify oversupplying energy). The 

NRC (2012) currently uses empty body weight (eBW; body weight [BW] minus estimated gut 

fill) and backfat (BF) as sole predictors of total body protein (BP) and lipid (BL). However, the 

use of other live animal measurements (e.g. longissimus dorsi muscle depth; LD) or parity 

(PAR) may improve the accuracy of body composition prediction. The objectives of the current 

study were to measure physical and chemical body composition of sows (actual BL and BP), to 

predict BL and BP using NRC (2012), to determine the accuracy of these prediction equations 

within this group of sows, and to propose new prediction equations that incorporate LD and 

PAR.      

5.3 Materials and Methods 

The experimental protocol was approved by the University of Guelph Animal Care 

Committee and followed Canadian Council of Animal Care guidelines (CCAC, 2009).  

5.3.1 Animals 

Eight non-pregnant (NP) Yorkshire gilts and twenty one newly weaned parity 3 

Yorkshire sows (21.1 ± 0.3 d lactation) were used. Gilts were selected to have similar BW and 

BF as the parity 3 sows before first breeding. Body weight and BF (6.5 cm from the midline over 
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the last rib) were measured on the day of slaughter for all animals and were 157.7 ± 3.5 kg and 

18.3 ± 1.9 mm and 237.7 ± 2.1 kg and 18.0 ± 1.2 mm for the gilts and sows, respectively. 

5.3.1 Slaughter Procedure 

Gilts and sows were euthanized using an injection sodium pentobarbital via the orbital 

sinus (50 mg/kg BW; Intervet Canada Corp. Kirkland, QC, Canada) and exsanguination via 

severing of the carotid artery; blood was collected and weighed. After removal of the mammary 

glands (including associated skin) and internal organs, the head was removed and the carcass 

was split longitudinally through the midline. Both sides and the head were weighed and stored at 

–20 C for at least two weeks before grinding. Mammary glands, uterus, liver, emptied 

gastrointestinal tract (GIT), and other organs (bladder, kidneys, spleen, pancreas, heart, and 

lungs) were separated and weighed. Mammary glands, uterus, and remaining pooled viscera 

were bagged individually and frozen at –20 C for at least two weeks before grinding. 

5.3.3 Chemical Body Composition Analysis 

Whole frozen carcasses (including head, feet, hair, hooves, and skin) and mammary 

glands were homogenized individually according to Tuitoek (1997). Viscera and uteri were 

ground two times with a 6.4 mm die individually in a commercial meat grinder (Model 4532, 

The Hobart Manufacturing Co. Ltd., Don Mills, Ontario, Canada). A 250-g subsample of each 

were freeze dried, homogenized, and analyzed in duplicate (SGS Agri-Food Laboratories, 

Guelph, ON, Canada) for dry matter, nitrogen (N), and fat content. Dry matter content was 

determined via forced air oven drying for 2-h at 135 C according to AOAC (1997; Method 

930.15). Nitrogen concentration was determined by combustion analysis according to AOAC 

(1997; Method 990.03; LECO-FP 428 analyzer, LECO Instruments Ltd., Mississauga, ON, 

Canada). Fat content was determined using an ANKOM XT-15 extractor (ANKOM Technology, 



72 
 

Macedon, NY, USA). Ash content was determined by combustion of freeze dried samples at 565 

C for 10 h. The chemical composition of the blood pool was estimated using Möhn et al. 

(2000). The contributions of carcass, viscera, blood, mammary, and uterus to BP, BL, whole 

body ash (BA), and whole body water (BWa) were calculated. Estimated eBW, BP, and BL 

according to NRC (2012; equations 8-49, 8-50, and 8-51; NRC, 2012) using eBW and BF at time 

of slaughter were calculated for comparison.  

5.3.4 Statistical Analysis 

Statistical analyses of physical and chemical body composition data were conducted 

using the mixed model procedure of SAS with sow as the experimental unit (SAS Inst. Inc., 

Cary, NC). The model included the fixed effect of parity and random effect of sow. The mixed, 

regression, and correlation procedures of SAS were used to compare actual eBW, BL, and BP 

with those calculated using the NRC (2012) prediction equations. Regression and correlation 

procedures of SAS were performed for BL and BP using actual eBW, BF, LD, and parity. A P < 

0.05 was considered significant.  

5.4 Results 

Live BW and eBW were greater (P < 0.001) in parity 3 sows compared to gilts and there 

were no differences in BF and LD at slaughter (Table 5.1). The weights of the empty carcass 

(including the head), liver, empty GIT, pooled viscera, mammary glands, uterus, and blood were 

all greater (P < 0.001) in parity 3 sows compared to gilts. Carcass made up a greater (P < 0.001) 

percentage of eBW in gilts, whereas all other viscera, mammary glands, and blood made up a 

greater (P < 0.05) percentage of eBW in parity 3 sows.  

Total BP (% eBW) was not different between gilts and sows. Carcass protein made up a 

greater (P < 0.001) percent of total BP in gilts, mammary gland protein made up a greater (P < 

0.001) percent of total BP in parity 3 sows, and there were no differences in viscera, uterus, or 
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blood protein as a percent of total BP. Total BL (% eBW) was not different between gilts and 

sows. Carcass lipid made up a greater (P < 0.001) percent of total BL in gilts and there were no 

differences in viscera, uterus, mammary, or blood lipid as a percent of total BL between gilts and 

sows. Total BA (% eBW) was not different between gilts and sows. Mammary ash made up a 

greater (P < 0.001) percent of total BA in parity 3 sows compared to gilts and there were no 

differences in carcass, viscera, uterus, or blood ash as a percent of total BA. Total BWa (% 

eBW) was not different between gilts and sows. Carcass water made up a greater (P < 0.001) 

percent of total BWa in gilts, mammary gland and blood water made up a greater (P < 0.05) 

percent of total BWa in parity 3 sows compared to gilts, and there were no differences in viscera 

or uterus water as a percent of total BWa. 

For eBW, there was an interactive effect between method of calculation (i.e., observed 

vs. calculated using the NRC [2012] prediction equations; P < 0.001) and parity, where for 

parity 3 sows, calculated eBW was less than (P = 0.013) observed eBW (227.6 and 229.2 kg for 

calculated and observed eBW, respectively), and calculated eBW was not different from 

observed eBW in gilts. The observed and calculated eBW values were very strongly correlated 

(R
2 

= 0.995). There was no difference in total BP between observed and the NRC (2012) 

calculated values, which were strongly correlated (R
2 

= 0.903; Figure 5.1). For total BL, there 

was an interactive effect between method of calculation and parity (P = 0.002), whereby in 

parity 3 sows, calculated BL was less than (P = 0.040) observed BL (47.9 and 54.6 kg for 

calculated and observed BL, respectively). Calculated BL was not different from observed BL in 

gilts. The observed and calculated total BL were moderately correlated (R
2 

= 0.595; Figure 5.2).  

Several alternative regression equations to predict BP and BL (Table 5.2) have been 

proposed using a combination of eBW, BF, LD, and parity for this group of sows. Using only 



74 
 

eBW and BF (as in NRC [2012]) to predict total BP, yielded a strong coefficient of 

determination (R
2 

= 0.908). Inclusion of eBW, BF, LD, and parity resulted in a stronger 

coefficient of determination (R
2 

= 0.933; Figure 5.1) to predict BP. Using only eBW and BF (as 

in NRC [2012]) to predict BL, yielded a poor coefficient of determination (R
2 

= 0.645). Inclusion 

of eBW, BF, LD, and parity resulted in a stronger coefficient of determination (R
2 

= 0.772; 

Figure 5.2) to predict BL.  

5.5 Discussion 

The chemical body composition of gilts and parity 3 sows is most appropriately 

considered on the basis of percent of eBW or percent of a total chemical component (e.g. 

protein) in order to make comparisons that are independent to body size. As a percent of eBW, 

gilts had greater carcass size, and as a percent of chemical component, gilts had greater carcass 

protein, lipid, water, and ash, which is suspected to relate to the immaturity of the mammary 

gland in these animals (parity 3 sows had greater mammary weight, and total mammary protein, 

lipid, ash, and water).  

While serial slaughter observations are the most accurate way to determine whole body 

chemical composition, the studies require a large number of animals due to between animal 

variations (Whittemore and Yang, 1989). The NRC (2012) provides prediction equations for BP 

and BL content of sows, which only require eBW and BF as inputs. Calculated BP using the 

NRC (2012) equation agreed reasonably well with actual BP, while BL was not accurately 

predicted. This discrepancy may be due to genetic differences (Gill, 2006) and can also be 

influenced by technician, equipment, and posture of the sow when measuring BF. The inability 

to create well-fitting regression equations for BL with the current data set suggests that other 

variables may be needed in the equations. It should be noted that accurate prediction of BL 

proved more difficult than BP, even with the proposed equations. Thus, estimating total BL 
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using BW and BF measurements are not appropriate and underestimate actual BL in this group 

of sows. If feeding decisions are made in conjunction with BF (under the assumption that BF can 

accurately predict total BL) and formulation software, sows may be over-fed during gestation, 

leading to over-conditioning, farrowing problems, reduced feed intake during lactation, and 

subsequently greater BP and BL loss (Weldon et al., 1994; Mahan, 1998). This perpetuates 

fluctuations in body composition that should be avoided to maximize lifetime productivity 

(Close and Cole, 1986; Verstegen et al., 1987; Dourmad et al., 1996). It is reasonable to assume 

that body composition will be influenced by the physiological state of the sow, even when 

considering one gestation or lactation period. This has been demonstrated in dairy cattle (Andrew 

et al., 1994), where total BP, BL, and BWa differed between dairy cattle that were prepartum, in 

early lactation, or late lactation, but of similar BW. 

5.6 Conclusions and Implications  

Due to the conservative dataset used for this study, there were several limitations that 

should be considered with the interpretation: sows were only slaughtered at two time points (NP 

gilts and newly weaned parity 3 sows), which heavily confounds parity with eBW; only one 

breed (Yorkshire) was considered; and two very different physiological states were used. For 

future serial studies, it would be beneficial to slaughter at different physiological states (e.g. 

throughout gestation and lactation), across multiple parities, and with different genotypes to 

generate a more accurate equation. Alternatively, as the cost of utilizing technology such as dual-

energy X-ray absorptiometry becomes more accessible for animal research, it may be more 

feasible to determine BP and BL of anesthetized, live animals (Mitchell et al., 1996). This will 

provide the ability to measure body composition of the same animal at multiple time points. 

However, it does not allow for discrimination between different tissues (e.g. maternal vs. 

conceptus), which is necessary to better define maternal body composition. Regardless of the 
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measurement method of body composition, there remains an opportunity to incorporate other 

non-invasive live-animal measurements to create more robust prediction equations that can be 

utilized for feeding and management decisions.  
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Table 5.1. Physical and chemical body composition of NP gilts and weaned parity 3 sows  

Item NP Gilt  Parity 3 sows SEM 
1
 P-value 

No. sows 8  21   

BW, kg 157.7  237.7 3.5 < 0.001 

Backfat, mm 18.3  18.0 1.9 0.904 

LD, 
2
 mm 72.2  71.9 2.1 0.901 

eBW, 
3
 kg 150.5  229.2 6.8 < 0.001 

Carcass, 
4
 kg 129.23  187.59 6.42 < 0.001 

Viscera, kg 

Liver 

Empty GIT 

All other viscera 

 

2.33 

7.73 

2.55 

  

3.81 

12.31 

4.25 

 

0.17 

0.45 

0.13 

 

< 0.001 

< 0.001 

< 0.001 

Mammary, 
5
 kg 2.66  10.57 0.93 < 0.001 

Uterus, kg 0.75  1.32 0.11 < 0.001 

Blood, kg 5.26  9.39 0.45 < 0.001 

      

Carcass, % eBW 85.88  81.72 0.65 < 0.001 

Viscera, % eBW 

Liver 

Empty GIT 

All other viscera 

 

1.54 

5.13 

1.70 

  

1.67 

5.38 

1.86 

 

0.09 

0.14 

0.04 

 

0.183 

0.130 

0.001 

Mammary, % eBW 1.77  4.64 0.41 < 0.001 

Uterus, % eBW 0.50  0.58 0.05 0.190 

Blood, % eBW 3.48  4.16 0.27 0.044 

      

BP, % eBW 15.97  16.69 0.39 0.134 

Carcass protein, % BP 87.74  84.79 0.6 < 0.001 

Viscera protein, % BP  7.20  7.53 0.28 0.332 

Mammary protein, % BP 0.12  0.45 0.05 < 0.001 

Uterus protein, % BP 0.41  0.47 0.05 0.343 

Blood protein, % BP 3.89  4.42 0.3 0.116 

BL, % eBW 25.59  23.53 1.6 0.286 

Carcass lipid, % BL 95.85  95.07 0.31 0.044 

Viscera lipid, % BL 0.007  0.007 0.0004 0.676 

Mammary lipid, % BL 4.07  4.78 0.31 0.068 

Uterus lipid, % BL 0.03  0.09 0.02 0.014 

Blood lipid, % BL 0.04  0.06 0.007 0.053 

BA, % eBW 2.95  3.22 0.16 0.177 

Carcass ash, % BA 92.52  91.98 0.65 0.487 

Viscera ash, % BA 7.02  6.36 0.53 0.299 

Mammary ash, % BA 0.19  1.29 0.15 < 0.001 

Uterus ash, % BA 0.14  0.16 0.02 0.482 

Blood ash, % BA 0.13  0.15 0.001 0.231 
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BWa,  % eBW 65.10  65.62 2.04 0.827 

Carcass water, % BWa 83.57  77.93 0.71 < 0.001 

Viscera water, % BWa 5.01  5.45 0.19 0.059 

Mammary water, % BWa 0.98  5.26 0.57 < 0.001 

Uterus water, % BWa 0.78  0.85 0.08 0.431 

Blood water, % BWa 5.41  6.16 0.30 0.044 
1 

Maximum value of the standard error of the means. 
2
 LD: longissimus dorsi muscle depth. 

3 
eBW: empty BW = live weight – gut fill. 

4 
Including the head; not including viscera, uterus, mammary gland, or blood. 

5 
Including the skin covering mammary gland. 
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Table 5.2. Relationship between body protein (kg) or body lipid (kg) and empty body weight (eBW, kg), backfat depth (BF, mm), 

longissimus dorsi muscle depth (LD, mm), and parity (PAR, no.) ± SEM (P-value for coefficient) in the equation BP = intercept + 

eBW + BF + L + PAR for 8 NP gilts and 21 newly weaned parity 3 sows 

Intercept eBW BF LD PAR R2 

Body protein, kg  

5.20 ± 5.12 (P = 0.320) 0.11 ± 0.02 (P < 0.001) -0.23 ± 0.08 (P = 0.007) 0.09 ± 0.07 (P = 0.255) 1.77 ± 0.62 (P = 0.008) 0.933 

9.94 ± 3.14 (P = 0.004) 0.12 ± 0.02 (P < 0.001) -0.19 ± 0.07 (P = 0.013) ― 1.62 ± 0.61 (P = 0.013) 0.929 

1.51± 5.63 (P = 0.792) 0.17 ± 0.01 (P < 0.001) -0.26 ± 0.09 (P = 0.009) 0.04 ± 0.08 (P = 0.615) ― 0.909 

9.15 ± 5.65 (P = 0.118) 0.11 ± 0.02 (P = 0.002) ― -0.01 ± 0.08 (P = 0.865) 1.95 ± 0.70 (P = 0.010) 0.908 

4.07 ± 2.50 (P = 0.115) 0.17 ± 0.01 (P < 0.001) -0.23 ± 0.08 (P = 0.006) ― ― 0.908 

 

Body lipid, kg 
 

-44.42 ± 20.33 (P = 0.039) 0.55 ± 0.08 (P < 0.001) 0.61 ± 0.32 (P = 0.064) -0.14 ± 0.30 (P = 0.637) -8.92 ± 2.45 (P = 0.001) 0.772 

-52.12 ± 12.19 (P < 0.001) 0.54 ± 0.08 (P < 0.001) 0.55 ± 0.28 (P = 0.060) ― -8.68 ± 2.36 (P = 0.001) 0.770 

-54.76 ± 20.68 (P = 0.014) 0.56 ± 0.09 (P < 0.001) ― 0.12 ± 0.28 (P = 0.668) -9.39 ± 2.57 (P = 0.001) 0.736 

-25.81 ± 24.03 (P = 0.293) 0.27 ± 0.05 (P < 0.001) 0.73 ± 0.38 (P = 0.071) 0.08 ± 0.36 (P = 0.815) ― 0.646 

-20.72 ± 10.61 (P = 0.062) 0.27 ± 0.04 (P < 0.001) 0.77 ± 0.33 (P = 0.027) ― ― 0.645 
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Figure 5.1. Calculated total body protein (BP; kg) using NRC (2012) or a NEW equation (4 term regression, from observed BP of 

individual gilts and sows [n=29]) against observed BP. The NRC (2012) estimates BP = 2.28 + (0.178 × eBW) - (0.333 × BF), where 

eBW is empty body weight and BF is backfat. Linear regression for NRC (2012) calculated BP against actual BP (with coefficients ± 

SEM) can be described as BP = (0.95 ± 0.06 × NRCBP) + 0.42 ± 2.10, where NRCBP is the calculated body protein (kg) according to 

NRC (2012); R
2 

= 0.903. The NEWBP equation (4 term regression, developed from observed BP; Table 5.2 for coefficient SEM) 

estimates BP = 5.2 + (0.11 × eBW) + (-0.23 × BF) + (0.09 × LD) + (1.77 × PAR), where LD is longissimus dorsi muscle depth, and 

PAR is parity; R
2 

= 0.933. Linear regression for the NEW equation calculated BP against actual BP (with coefficients ± SEM) can be 

described as BP = (0.92 ± 0.05 × REGBP) + 2.54 ± 1.67, where REGBP is the calculated BP using the NEWBP equation.  
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Figure 5.2. Calculated total body lipid (BL; kg) using NRC (2012) or a NEW equation (4 term regression from observed BL of 

individual gilts and sows [n=29]) against observed BL. The NRC (2012) estimates BL = -26.4 + (0.221 × eBW) + (1.331 × BF), where 

eBW is empty body weight and BF is backfat. Linear regression for NRC (2012) calculated BL against actual BL (with coefficients ± 

SEM) can be described as BL = (0.59 ± 0.09 × NRCBL) + 13.48 ± 4.94, where NRCBL is the calculated body lipid (kg) according to 

NRC (2012); R
2 

= 0.595. The NEWBL equation (4 term regression developed from observed BL; Table 5.2 for coefficient SEM) 

estimates BL = -44.42 + (0.55 × eBW) + (0.61× BF) - (0.14 × LD) - (8.92 × PAR), where LD is longissimus dorsi muscle depth, and 

PAR is parity; R
2 

= 0.772. Linear regression for NEW equation BL against actual BL (with coefficients ± SEM) can be described as 

BL = (0.7812 ± 0.08 × REGBL) + 12.07 ± 4.28, where REGBL is the calculated BL using the NEWBL equation.  
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Chapter 6  

The effect of pregnancy on nitrogen retention and glucose tolerance in gilts 

6.1 Abstract  

Twenty one pregnant (P) and twenty one non-pregnant (NP) gilts were selected to investigate the 

effect of pregnancy on protein deposition (Pd; whole body and maternal), and glucose tolerance 

from mid to late gestation. We hypothesized that from mid to late gestation, there is modification 

of maternal metabolism, resulting in reduced maternal Pd and impaired glucose tolerance. 

Around the time of breeding, gilts weighed 127.3 ± 2.0 kg and had 12.1 ± 0.3 mm back fat 

thickness. All gilts were assigned to the same experimental diet (3.34 Mcal metabolizable energy 

[ME]/kg, 17.6 % crude protein [CP], 0.78 % standardized ileal digestible [SID] lysine [Lys]) 

and given 2.16 kg/d to meet the estimated ME requirements of pregnant gilts (and meet or 

exceed amino acid [AA] requirements) from the day after breeding until d 112 of gestation (or 

equivalent day in NP gilts). Nitrogen balances were conducted at d 63 and 102 ± 0.2 of gestation 

during 4-d periods. Blood samples were collected at d 43, 56, 71, 85, 98, and 108 ± 0.3 of 

gestation for fasted serum insulin, glucose, estradiol (E2), and plasma insulin-like growth factor 

1 (IGF-1), and estrone sulfate (EIS) concentrations. Frequently sampled intravenous glucose 

tolerance tests (FSIGTT) were conducted on d 75 ± 0.7 in 6 P and 5 NP gilts and on d 107 ± 0.4 

in 17 P and 17 NP gilts. Whole body Pd was greater (P < 0.001) in P gilts at d 102 (similar at d 

63) compared to NP gilts. Maternal Pd was lower (P < 0.002) in P gilts at d 63 and 102 

compared to NP gilts. Concentrations of E2 and E1S were similar until d 71; thereafter P gilts 

had greater (P < 0.001) E2 and E1S. Concentrations of IGF-1 decreased (P < 0.05) with day of 

gestation for P gilts and remained constant for NP gilts. For the FSIGTT at d 75 and 107, the 

total area under the curve for insulin (AUCI) and glucose (AUCG) were greater (P ≤ 0.017) in P 

compared to NP gilts. The glucose effectiveness (SG) was not different between P and NP gilts at 
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either FSIGTT and the insulin sensitivity (SI) was lower (P = 0.004) in P compared to NP gilts 

during both FSIGTT. In summary, when fed identically, P gilts have greater whole body Pd in 

late gestation, which reflects Pd in the pregnancy-associated tissues, and comes at the expense of 

maternal Pd, which is lower in P gilts. Findings in the current study also suggest that P gilts are 

already experiencing a degree of insulin resistance at d 75, which continues to d 107. These 

changes are accompanied by greater E2 and E1S than NP gilts, which are speculated to play a 

role in the development of insulin resistance.  

Key words: nitrogen balance, maternal protein deposition, glucose tolerance 

6.2 Introduction  

During a sow’s gestation, the nutrient requirements of the developing conceptus are quite 

low for approximately the first 76 days of pregnancy, increasing dramatically for approximately 

the last 38 days. In order to meet these increased nutrient demands in late gestation, maternal 

metabolism is modified to favour nutrient partitioning towards the fetus. For example, a decrease 

in nitrogen (N) retention in maternal tissues occurs towards the end of gestation in gilts (Close et 

al., 1985; Miller et al., 2016). The balance between protein synthesis and degradation in skeletal 

muscle (SM) is partially under the control of insulin (Shimobayashi and Hall, 2014) and one of 

the major modifications of maternal metabolism during gestation is a progressive reduction in 

insulin sensitivity (Barbour et al., 2007). In both SM and adipose tissue, insulin sensitivity is 

reduced in late pregnancy in rats (Leturque et al., 1984), rabbits (Hauguel et al., 1987), and 

humans (Barbour et al., 2007), and is characterized by decreased glucose uptake into these 

tissues (Barros et al., 2006a). Based on a delayed peak in insulin concentration and prolonged 

elevation of both insulin and glucose concentrations during a frequently sampled intravenous 

glucose tolerance test (FSIGTT), impaired whole body insulin sensitivity has been proposed for 
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late gestating multiparous sows (George et al., 1978; Père et al., 2000). It is possible that the 

extent of insulin insensitivity may be more pronounced in gestating gilts due to their relative 

immaturity and associated higher requirements for maternal growth (Pettigrew and Yang, 1997). 

The minimal model of glucose homeostasis developed by Toffolo et al. (1980) can be fit to 

serum glucose and insulin curves during a FSIGTT to quantify the degree of whole body insulin 

sensitivity and pancreatic responsiveness. We hypothesized that from mid to late gestation, a 

reduction in maternal Pd is due to impaired insulin sensitivity of the maternal body. The 

objective of this study was to determine the effect of pregnancy on minimal model parameters of 

glucose homeostasis along with whole body and maternal Pd from mid to late gestation.  

6.3 Materials and Methods  

The experimental protocol was approved by the University of Guelph Animal Care 

Committee and followed Canadian Council of Animal Care guidelines (CCAC, 2009). 

6.3.1 Animals and General Management 

The study was conducted at the Arkell Swine Research Station (Ontario Ministry of 

Agriculture, Food and Rural Affairs, Guelph, ON; University of Guelph, Guelph, Ontario, 

Canada). Sixteen Yorkshire and twenty six Yorkshire × Landrace gilts were sourced in 3 blocks 

of 14 gilts each. To investigate the effect of pregnancy, littermate pairs of gilts with similar body 

weight (BW) and backfat (BF; 6.5 cm from the midline over the last rib) thickness were split 

between pregnant (P) and non-pregnant (NP) treatments. Gilts were housed in groups of 10 to 12 

until P gilts were bred (to Landrace or Duroc boars) and then housed individually throughout 

gestation in conventional gestation stalls (0.64 × 2.13 m). In each block, P gilts were bred within 

a 10, 4 and 16 d period for blocks 1, 2, and 3, respectively. For simplicity, time points will refer 

to the day of gestation for each P gilt and their corresponding, NP sister. All experimental 

procedures were carried out according to the actual day of gestation for individual gilt pairs to 
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decrease variation that may have been associated with the large breeding interval. Around 

breeding, gilts were 127.3 ± 2.0 kg BW and 12.1 ± 0.3 mm BF (d -5 and -7 ± 0.6 for BW and 

BF, respectively). All P and NP pairs were sisters, except for one, where one additional P gilt 

was substituted for a bred gilt that did not conceive. One NP gilt died on d 73 of the study and 

her data were removed before analysis.  

During the study, gilts were fed a corn and soybean meal diet, formulated to meet the 

estimated metabolizable energy (ME) and amino acid (AA) requirements of gestating gilts at d 

90 of gestation (NRC, 2012; Table 6.1). In each block, feed allowance was based on mean BW at 

breeding (136.0, 124.5, and 129.5 kg for block 1, 2, and 3, respectively), parity (1), gestation 

length (114 d), anticipated total BW gain (65 kg), anticipated litter size (LS; 12.5 piglets), and 

anticipated mean piglet birth weight (1.40 kg) according to NRC (2012). Feed allowances were 

2.20, 2.12, and 2.16 kg/d as-fed for blocks 1, 2, and 3, respectively. Rations were given in one 

meal at 0800 h from d 2 to 35 post-breeding, and two times per day thereafter at 0800 and 1500 h 

to achieve an overnight fast before blood sampling. From 7 days prior to and during each N 

balance period, 0.2 % titanium dioxide was added to the feed, at the expense of corn, as an 

indigestible marker. Water was available ad libitum. The experiment was conducted over a 7-mo 

period, used 7 and 3 batches of feed without and with titanium, respectively, and samples from 

each batch were taken weekly. Gilt BW was measured approximately every 2 wk during 

gestation before the morning meal and BF was measured at d -6, 59, and 101 ± 0.6 of gestation.  
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6.3.2 Nitrogen Balance  

Nitrogen balances were conducted two times throughout gestation starting at d 63 and 

102 ± 0.2 of gestation during 4-d periods as described by Miller et al. (2016).   

6.3.3 Blood  

Blood samples were collected on d 43, 56, 71, 85, 98, and 108 ± 0.3 of gestation after a 

17-h fast via orbital sinus to measure fasted serum insulin, glucose, estradiol (E2), and plasma 

insulin-like growth factor 1 (IGF-1), and estrone sulfate (EIS) concentrations. Blood was 

collected into one 10-mL serum and two 6-mL EDTA plasma tubes (BD Vacutainers, 

Mississauga, ON, Canada). Serum tubes were centrifuged at 3400 × g at 4 C for 15 min and 

EDTA tubes at 1500 × g at 4 C for 15 min. Serum and plasma were divided into 5 aliquots and 

stored at ‒20 C until further analysis.  

6.3.4 Frequently Sampled Intravenous Glucose Tolerance Tests 

On d 74 ± 0.7 of gestation in 6 P and 5 NP gilts, and on d 106 ± 0.4 of gestation in 18 P 

and 18 NP gilts, micro-renathane catheters (1.78 mm outer diameter, 1.02 mm inner diameter; 

TYGON®, Saint-Gobain Performance Plastics Corp., Cleveland, OH) were inserted through an 

external ear vein to the jugular vein according to the method of de Ridder et al. (2014). The ear 

was cleaned with 70 % alcohol and a 14-gauge needle was used to puncture the ear vein. A guide 

wire (TRITON™ Core Guidewire; Bard Medical, Covington, GA) was gently inserted through 

the needle and approximately 5 cm into the ear vein. The needle was removed and the catheter 

was threaded over the guidewire and down the central auricular vein into the external jugular 

vein (approximately 35 cm), after which the guidewire was removed. The catheter was secured 

to the ear with a suture and tape and filled with heparinized saline (100 IU/ml). 
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The day following ear vein catheterization, FSIGTT were performed after a 17-h fast. A 

1.665 M glucose solution was infused (Watson Marlow SciQ 323S; 2.79 mm manifold tubing; 66 

mL/min) into the catheter to deliver 0.5 g glucose/kg BW, after which 20 mL of saline solution 

were manually infused to clear the catheter. The infusion lasted for 4 min 52 sec in P and NP 

gilts at d 75 and, 5 min 54 sec and 5 min 29 sec for P and NP gilts, respectively. Blood was 

sampled via the indwelling catheter at 60 and 15 min before the infusion and at 0, 3, 6, 9, 12, 15, 

18, 21, 25, 30, 35, 40, 45, 50, 60, 70, 80, and 90 min after the infusion stopped. For each blood 

sample, 6 mL of saline-diluted blood was removed before collecting 4 to 6 mL blood into a clean 

syringe. The contaminated blood was returned, followed by 6 mL of heparinized saline (15 

IU/mL). Blood samples were transferred into serum separator tubes with a clot activator (BD 

Vacutainers, Mississauga, ON, Canada) and centrifuged for 10 min at 3400 × g at room 

temperature within 20 min of collection. Serum was divided into 3 aliquots and stored at ‒20 C 

until further analysis. Ear vein catheters were removed after the last blood sample was taken.   

6.3.5 Nutrient and Blood Analysis  

Weekly feed samples were pooled within each batch and fecal samples were pooled 

within each gilt and N balance period. Samples of diet and feces were sent to a commercial 

laboratory (SGS Agri-Food Laboratories, Guelph, ON, Canada) for analyses by AOAC (1997) 

methods of dry matter (DM) (method 930.15), and Ca and P (method 985.01; feed only). Feed, 

freeze-dried feces, and 24-h subsamples of liquid urine were analyzed for N (FOSS Kjeltec 

8200; FOSS Analytical, Hillerød Denmark) according to AOAC (1997; method 978.02). 

Titanium dioxide concentrations in feces and each batch of diet were quantified according to 

Myers et al. (2004), with minor adaptations (digestion for 24 h at 120 C in 10 mL tubes and 

addition of H2O2 after precipitate settled in 100 mL volumetric flasks). Absorbance of standards 
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and samples were measured by spectrophotometry (Beckman DU-7400; Beckman Instruments 

Inc., Fullerton, CA) at 408 nm. 

Serum insulin was determined using a commercial enzyme-linked immunosorbent assay 

(ELISA) kit (R&D Systems, MN, USA; DINS00; inter-assay CV of 6.5 % and intra-assay CV of 

5.8 %). Serum glucose concentration was determined using a glucose oxidase colorimetric assay 

(Sigma-Aldrich Canada Co., Oakville, ON, Canada; GAGO-20; inter-assay CV of 2.3 % and 

intra-assay CV of 1.9 %).). Plasma IGF-1 was determined with a commercial ELISA kit (R&D 

Systems, MN, USA; DG100; inter-assay CV of 3.3 % and intra-assay CV of 1.3 %). Serum E2 

was determined using a commercial ELISA kit (Arbor Assays, MI, USA; KB30-H1; inter-assay 

CV of 4.6 % and intra-assay CV of 6.9 %). Plasma E1S was determined via radioimmunoassay 

(inter-assay CV of 7.0 % and intra-assay CV of 5.7 %), as described by Raeside and Rosskopf 

(1980).  

6.3.6 Calculations and Statistical Analysis  

Nitrogen retention was calculated as N intake – [fecal N + urine N], where N intake was 

calculated from feed intake and analyzed N content of the associated batch of feed, and N 

excretion was calculated from fecal and urinary output. Fecal N output (g/d) was calculated from 

N intake and apparent fecal N digestibility, with N digestibility estimated using titanium dioxide 

as an indigestible marker.  

The NRC (2012) gestating sow model was used to calculate pregnancy-associated Pd in 

each pool (fetus, mammary gland, uterus, and placenta and fluids) based on actual LS and mean 

pig birth weight for individual P gilts. Pregnancy-associated Pd was subtracted from whole body 

Pd to arrive at maternal Pd. Whole body and maternal Pd were considered synonymous for NP 

gilts.  
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The post-absorptive efficiency of using dietary lysine (Lys) for whole body Pd (above 

maintenance) was calculated on an individual sow basis for each N balance period as: 

Lys content of maternal + fetus+ uterus + mammary+ placenta+placenta and fluids 

SID Lys intake−Lys for maintenance 
 x 100  

For analysis of the FSIGTT, areas under insulin and glucose curves (AUCI and AUCG, 

respectively) above the fasting level for the entire time course (90 min) were estimated using the 

trapezoidal rule between each time point. Parameters of glucose-insulin dynamics were estimated 

by fitting the minimal models of glucose disappearance and insulin kinetics described in the 

MINMOD computer program (Pacini and Bergman, 1986) to observed glucose and insulin 

concentrations following each intravenous glucose infusion. Model equations were written in 

ACSLX (Aegis Technologies Group, Inc., Orlando, USA) and solved with a 4
th

-order Runge 

Kutta algorithm using an integration step size of 0.001-min. Parameters were estimated with a 

differential evolution algorithm (Storn and Price, 1997) to minimize the sum of residual sums of 

squares between predicted and observed glucose and insulin concentrations. For model fitting 

purposes, basal glucose and insulin concentrations measured 60 and 15 min before the infusion 

were averaged and assigned to time 0, and residuals prior to 6 min of the FSIGTT were zero-

weighted. The evolutionary algorithm was run for 900 generations with 80 sets of parameter 

values in each generation. Best-fit parameter estimates were used to calculate the insulin 

sensitivity (SI) describing the ability of insulin to increase glucose disappearance, glucose 

effectiveness (SG) describing the ability of glucose to enhance its own disappearance 

independent of insulin, a first-phase pancreatic response (ϕ1), and a second phase pancreatic 

response (ϕ2) according to Pacini and Bergman (1986). 

Statistical analyses of BW, BF, N balance, serum and plasma samples, and FSIGTT data 

were conducted using the mixed model procedure of SAS (v9.4; SAS Inst. Inc., Cary, NC). For 
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measures taken over multiple time points, the model included the fixed effect of physiological 

state (PS), repeated effect of day of gestation (D) or sampling time (T), and their interactions. 

Pre-planned contrasts were constructed to compare physiological states within each time point. 

Linear regression analyses were performed for BW during gestation using individual means to 

generate the regression equations. Degrees of freedom were computed with the Kenward-Roger 

adjustment for repeated measures, an autoregressive covariance structure was used for equal time 

spacings for growth performance and blood samples, and a spatial power covariance structure 

was used to account for unequal time spacings during the FSIGTT. A P < 0.05 was considered 

significant. 
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6.4 Results  

Around breeding, BW (d -5 ± 0.6; 128.1 and 125.8 ± 2.3 kg for P and NP, respectively) 

and BF (d -7 ± 0.6; 12.5 and 11.8 ± mm for P and NP, respectively) did not differ between P and 

NP gilts. There was an interaction between day of gestation and physiological state (P < 0.001), 

where P gilts weighed more at each time point between d 56 and 110 (Figure 6.1). Backfat was 

greater (P = 0.017) in P gilts compared to NP gilts and increased (P < 0.001) with day of 

gestation, with no interaction. Final BF on d 101 were 14.9 and 13.6 ± 0.5 mm for P and NP 

gilts, respectively.  

An interaction between physiological state and day of gestation (P < 0.001) was detected 

for whole body Pd and estimated efficiency of Lys retention, where both increased (P = 0.002) 

with day of gestation for P gilts, but remained the same in NP gilts (Table 6.2). Model-derived 

pregnancy-associated Pd increased (P < 0.001) from d 63 to 102 in P gilts. Maternal Pd was 

lower (P = 0.002) in P gilts compared to NP.  

Changes in fasted serum insulin, glucose, E2, and plasma IGF-1 and EIS concentrations 

are shown in Table 6.3 and Figure 6.2. Fasted insulin levels were not different between P and NP 

gilts and increased (P < 0.001) with day of gestation for P and NP gilts. Glucose concentrations 

increased (P < 0.001) with day of gestation. For IGF-1, there was an interactive effect between 

physiological state and day of gestation (P = 0.009), where IGF-1 levels decreased with day of 

gestation for P gilts and remained constant for NP gilts. There was an interactive (P < 0.001) 

effect between physiological state and day of gestation (P < 0.001) for E2 and E1S, where levels 

were similar for P and NP at d 43, 56, and 71, followed by greater (P < 0.001) E2 and E1S for P 

gilts compared to NP gilts for the remaining time points.   
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At the d 75 FSIGTT, glucose and insulin levels were not different between 60 and 15 min 

before the infusion for either physiological state (Table 6.4). Serum glucose and insulin levels 

peaked at time 0 for both P and NP gilts (27.8 ± 0.4 mM and 491 ± 22 pM, respectively; Figure 

6.3; Panel A and Panel B). Serum glucose was greater (P < 0.043) for P gilts compared to NP 

gilts between 3 and 45 min (Figure 6.3, panel A). Serum insulin was greater (P < 0.023) for P 

gilts compared to NP between 21 and 35 min after the glucose infusion (Figure 6.3, panel B). At 

d 75, the SI was lower (P < 0.004) for P gilts compared to NP (Table 6.4). There were no 

differences in SG, ϕ1, or ϕ2 between the P and NP gilts. 

At the d 107 FSIGTT, glucose and insulin levels were not different between 60 and 15 

min before the infusion for either physiological state. Serum glucose levels peaked at time 0 for 

both P and NP gilts (27.9 ± 0.3 mM; Figure 6.4, Panel A). Serum insulin levels peaked at 12 min 

post infusion for P and NP gilts (392 ± 12.0 pM; Figure 6.4, Panel B). Serum glucose was greater 

(P < 0.008) for P gilts compared to NP gilts between 9 and 50 min post infusion (Figure 6.4, 

panel A). Serum insulin was greater (P < 0.041) for P gilts compared to NP between 21 and 45 

min after the glucose infusion (Figure 6.4, panel B). At d 107, the SI was lower (P < 0.004) for P 

gilts compared to NP (Table 6.4). There were no differences in SG, ϕ1, or ϕ2 between the P and 

NP gilts.  

6.5 Discussion  

The current study was performed to investigate maternal Pd and whole body insulin 

sensitivity in late gestating gilts. Maternal Pd was lower in P gilts compared to NP gilts at both 

time points in the current study, which may reflect pregnancy-associated AA demands that begin 

to increase after d 56 of gestation (NRC, 2012). Pregnancy is also associated with an increased 

efficiency of nutrient utilization, especially in late gestation (Close et al., 1985), demonstrated by 

a clear increase in Lys retention efficiency from d 63 to 102 and greater BW for P gilts, which 
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did not occur in NP gilts. In P gilts, IGF-1 concentrations were lower than NP (remained 

constant) and decreased as gestation progressed, agreeing with that reported in rats (Escalada et 

al., 1997). The decrease in IGF-1 may be associated with increased E2 levels after d 70 of 

gestation, as has been demonstrated in menopausal women given oral E2 treatment (Weissberger 

et al., 1991).   

The use of MINMOD in the current experiment in gestating swine is novel. Analysis of 

insulin and glucose responses during the FSIGTT revealed that insulin-independent glucose 

metabolism, SG, was not affected by physiological state. The SG is predominately determined by 

the presence of a greater glucose concentration gradient in the blood compared to tissues and the 

inherent drive to bring glucose concentration back to homeostatic levels, in addition to 

suppression of hepatic glucose output in times of glucose surplus (De Koster et al., 2017). On the 

other hand, a lower SI for P compared to NP gilts in the current study indicated insulin resistance 

at the peripheral tissue level. De Koster et al. (2017) reported a similar lack of effect of 

pregnancy on SG in heifers but a decrease in SI. Late-pregnancy-induced increases in glucose 

half-life after intravenous injection have been noted in sows and gilts previously (George et al., 

1978; Père et al. 2000; Père et al. 2007), but differentiation between SG and SI has not been 

attempted. 

Serum insulin concentrations peaked at the same concentrations and times after glucose 

injection in P and NP gilts at both time points, suggesting that the pancreas functioned similarly 

to a NP state in mid and late gestation. This observation contrasts with a delay in insulin 

secretion and lower peak insulin concentration observed in FSIGTT of gestationally diabetic 

humans (Buchanan et al., 2007) and multiparous sows at d 108 of gestation (Père et al., 2000). 

Pancreatic insulin release is described as biphasic, where ϕ1 is transient and supported by insulin 
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that is easily releasable (Rorsman et al., 2000). The ϕ2 gradually develops to sustain insulin 

secretion facilitated by a slow recruitment of insulin from a pancreatic storage or reserve pool 

(Rorsman et al., 2000). Neither phases of the pancreatic response to insulin were different 

between P and NP gilts.  

Once insulin is released from the pancreas, it binds to the insulin receptor (IR) on SM 

and adipose cells to facilitate glucose and AA uptake (Tremblay et al., 2005) via activation of 

several phosphorylation cascades (Barros and Gustafsson, 2011). Primary among these cascades 

is that induced by phosphorylation of IRS-1, which triggers the recruitment of the regulatory 

p85α subunit of phosphoinositide 3-kinase (PI3K) to the p110 catalytic subunit, and downstream 

activation of protein kinase B (Akt). Activated Akt stimulates glucose transporter 4 translocation 

to the cell membrane and uptake of glucose into the cell, and mechanistic mammalian target of 

rapamycin complex 1-mediated activation of protein synthesis, and inhibits protein degradation 

by the ubiquitin-proteasome pathway (Wang et al., 2006; Barbour et al., 2007; Shimobayashi and 

Hall, 2014). Any impairment of insulin binding to its receptor or downstream signalling can 

cause insulin resistance. The major interference during pregnancy in humans appears to be at the 

level of IRS-1, where there is decreased expression in late pregnancy (Friedman et al., 1999) and 

an alternative serine phosphorylation instead of tyrosine phosphorylation, which limits its 

downstream activity (Barbour et al., 2007). Secondly, at the PI3K level, excess p85α monomers 

compete with p85α/p110 heterodimers, which reduces PI3K activation (Friedman et al., 1999; 

Barbour et al., 2005). 

Ovarian hormones may contribute to the decrease in insulin sensitivity of maternal tissues 

as gestation progresses. There were dramatic increases in plasma E1S and serum E2 

concentrations from d 70 onward in P gilts in the current study, agreeing with reports of gilts 
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(Robertson and King, 1974). The uterine endometrium of pregnant swine can metabolize 

progesterone or free estrogen produced by the ovary to predominantly conjugated, inactive 

estrogens (i.e., E1S), with some metabolism to free steroids (i.e., E1, E2; Bazer et al., 1979). 

Estradiol has been implicated in the improvement of insulin sensitivity (Barros and Gustafsson, 

2011); however, the exceptionally high levels seen during pregnancy may actually contribute to 

decreased insulin sensitivity (Barros et al., 2008). There are two nuclear estrogen receptors (ER), 

α and β, which are ligand-activated transcription factors able to activate or repress gene 

expression (Barros et al., 2006a), and both isoforms are expressed in the SM of pigs (Kalbe et al., 

2007). Binding of E2 to ERα increases insulin sensitivity of the tissue in male mice, while 

binding to ERβ has the opposite effect, and net effect of E2 in SM or adipose depend on a 

balance between expression of the two isoforms (Barros et al., 2006b). We speculate that 

reduced insulin sensitivity in late gestation may be due in part to an imbalance in ER, favouring 

greater ERβ, which has not been demonstrated to date in any species. Additionally, the 

mechanism for this shift in ER balance or signal expression in favour of ERβ is unknown and 

should be a focus of future research. A newly recognized ER, G-protein-coupled receptor 30 

(GPR30), has the ability to initiate rapid, non-genomic signalling events under the influence of 

E2 (Ronda and Boland, 2016). In mice without the gene for GPR30, there is reduced glucose 

tolerance and reduced skeletal growth in female mice (Mårtensson et al., 2009), demonstrating 

the function of this non-classical ER. It is possible that GPR30 expression may be downregulated 

in late gestation, contributing to reduced insulin sensitivity, but little is known about its role 

during pregnancy and it has yet to be characterized in gestating swine under these conditions.   
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6.6 Conclusions and Implications 

In summary, the influence of pregnancy triggers a metabolic shift in the gestating gilt, is 

apparent as early as d 75 of gestation, and is suspected to be influenced by increasing 

concentrations of circulating E2. The current study demonstrated that gestating gilts are insulin 

resistant at both d 75 and 107 of gestation, which is characterized by lower peripheral tissue 

insulin sensitivity and no change in pancreatic responsiveness for P gilts compared to NP. this 

supports the notion that the pancreas is functioning normally, but there is modification at the SM 

or adipose tissue level. If the reduction in glucose uptake is due to an impairment of insulin 

signalling, it would also be expected that a reduction in protein synthesis and increase in protein 

degradation would be present. The maternal body was found to be insulin resistant as early as d 

75 of gestation, coinciding with lower maternal Pd in the current study. Confirmation of 

modification of maternal tissue insulin sensitivity by E2 during late gestation in gilts is 

warranted. 
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Table 6.1. Ingredient composition and nutrient content of experimental diets 

Item Experimental
1
 

Titanium Dioxide 

Experimental
2
 

Ingredient composition, % (as-fed)  
 

Corn, 8.3 % CP 69.50 69.30 

Soybean meal, 47.5 % CP 24.85 24.85 

Animal and vegetable fat blend 2.00 2.00 

Calcium carbonate 1.45 1.45 

Monocalcium phosphate 1.30 1.30 

Salt 0.40 0.40 

Vitamin and mineral mix 
3
 0.50 0.50 

Titanium dioxide ― 0.20 

Calculated nutrient content  
 

ME, Mcal/kg 3.34 3.34 

CP, % 17.60 17.57 

Total lysine, % 0.91 0.91 

Standardized ileal digestible lysine, % 0.78 0.78 

Calcium, % 0.84 0.84 

Phosphorus, % 0.64 0.64 

Analyzed nutrient content, %  
 

CP 17.3 17.2 

Total lysine 0.96 0.97 

Calcium 0.83 0.89 

Phosphorus 0.65 0.64 
1 

Values reflect the mean of 7 batches.  
2 

Values reflect the mean of 3 batches.  
3 

As supplied per kilogram of complete diet: vitamin A, 12,000 IU as retinyl acetate (3.0 mg) and 

retinyl palmitate (2.04 mg); vitamin D3, 1,200 IU as cholecalciferol; vitamin E, 67 IU as dl-α-

tocopherol acetate (52.8 mg); vitamin K, 3.0 mg as menadione; choline, 600 mg; pantothenic 

acid, 18 mg; riboflavin, 6 mg; folic acid, 2.4 mg; niacin, 30 mg; thiamine, 1.8 mg; vitamin B6, 

1.8 mg; biotin, 0.24 mg; vitamin B12, 0.03 mg; Se, 0.36 mg from Na2SeO3; Cu, 18 mg from 

CuSO4
.
5H2O; Zn, 124.8 mg from ZnO; Fe, 120 mg from FeSO4; Mn, 22.8 mg from MnO2; and I, 

0.36 mg from KI (DSM Nutritional Products Canada Inc., Ayr, ON, Canada). 
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Table 6.2. Nitrogen balance of P and NP gilts at d 63 and 102 ± 0.2 of gestation (or equivalent day in NP)  

Item 
P  NP 

SEM 
2
 

P-value 
1
 

d 63 d 102  d 63 d 102 PS D PS × D 

No. 
3
       21       21      21     20     

Feed allowance, 
4
 kg/d    2.16     2.16    2.16  2.16 ― ― ― ― 

N digestibility, %  87.2   86.9   87.9 88.2 0.4 0.014 0.992 0.529 

Urinary N excretion, g/d   38.1
a
    31.2

b
    39.2

a
  40.2

a
 1.0 < 0.001 < 0.001 < 0.001 

Fecal N excretion, g/d     7.2     7.3     6.8   6.6 0.2 0.014 0.931 0.496 

Whole body Pd, 
5
 g/d   69.7

a
  109.7

b
    66.7

a
  55.1

a
 4.5 < 0.001 0.002 < 0.001 

Pregnancy-associated Pd, 
6
 g/d  26.9  65.5  ― ― 2.3 ― < 0.001 ― 

Maternal Pd, 
7 

g/d   42.7  45.9    66.8    55.0 4.5 0.002 0.298 0.074 

Lys utilization efficiency, %    29.8
a
  45.4

b
   29.4

a
   25.5

a
 2.2 < 0.001 0.007 < 0.001 

a-b 
Means without a common superscript letter differ (P < 0.05). 

1 
Probability values for the main effects of physiological state (PS), day of gestation (D), and the interactive effect of physiological 

state and day (PS × D).   
2 

Maximum value of the standard error of the means.  
3 

Data from 1 NP gilt was eliminated before analyses due to mortality at d 73.  
4 

Mean of all 3 blocks. Feed allowance based on actual mean BW for each block, mean N intake = 56.1 g/d.
 
  

5 
Pd = N retention × 6.25. 

6 
Represents protein deposition (Pd) attributed to pregnancy-associated tissues (fetus, mammary gland, uterus, and placenta and 

fluids), calculated using the NRC (2012) gestating sow model, based on actual LS and mean piglet birth weight.  
7 

For P gilts, maternal Pd = whole body Pd – maternal Pd; for NP gilts, maternal Pd = whole body Pd.
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Table 6.3. Fasted serum insulin and glucose, and plasma insulin-like growth factor 1 (IGF-1) concentrations of P and NP gilts 

throughout gestation (or equivalent day in NP) 

Item 
d 43 aa d 56 aa d 71 aa d 85 aa d 99 aa d 108 

SEM 
2
 

P-Value 
1
 

P NP  P NP  P NP  P NP  P NP  P NP PS D PS × D 

No. 
3
 21 20  21 20  20 20  21 20  19 20  21 20     

Insulin,  

   pM 
30.9 36.0 

 
34.8 34.7 

 
36.0 44.9 

 
38.7 37.5  37.3 35.2  48.3 55.64   4.1 0.354 < 0.001 0.470 

Glucose,     

   mM 
3.83 4.03 

 
3.60 3.64 

 
3.58 3.82 

 
3.59 3.85  3.81 3.89  4.26 4.26  0.11 0.098 < 0.001 0.659 

IGF-1,  

   ng/mL 
81.0 84.6 

 
  77.3

a
  83.7

b
 

 
77.5 83.4 

 
77.2

a
 83.5

b
  73.7

a
 86.1

b
  73.1

a
 85.0

b
   2.2 0.005 0.104 0.009 

a-b 
Means without a common superscript letter within a time point differ (P < 0.05). 

1 
Probability values for the main effects of physiological state (PS), day of gestation (D), and the interactive effect of physiological 

status and day (PS × D).   
2 

Maximum value of the standard error of the means.  
3 

Data from 1 NP gilt was eliminated before analyses due to mortality at d 73. Missing observations for P gilts occurred when previous 

afternoon meal was not eaten.  
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Table 6.4. Measured and fitted parameters (minimal model) FSIGTT on d 75 ± 0.7 and d 107 ± 0.4 for P and NP gilts  

Item 
d 75  d 107 

SEM 
2
 

P-value 
1
 

P NP  P  NP PS D PS × D 

No.  6 5  17 17     

Measured parameters           

Fasting glucose, mM 4.38 4.14  4.62 4.31 0.27 0.349 0.247 0.833 

Total AUCG, mM · min 
3
 264.2 118.4  287.9 194.4 40.6 < 0.001 0.129 0.421 

Fasting insulin, pM 57.3 49.7  48.9 62.0 10.8 0.743 0.817 0.218 

Total AUCI, pM · min 
3
 10813 8588  10315 6764 1473 0.017 0.321 0.596 

          

Fitted parameters          

SI, pM  min
-1

  10
4
  0.78 2.73  1.11 1.91 0.62 0.004 0.595 0.209 

SG, min
-1

 0.044 0.025  0.034 0.037 0.013 0.420 0.947 0.259 

ϕ1, pMmM
-1
min  71.1 105.2  62.4 70.0 41.6 0.530 0.479 0.669 

ϕ2, pMmM
-1
min

-2
 18.1 3.6  282.6 65.6 156.3 0.398 0.224 0.449 

rMSPEG, mM 
 4
 0.22 0.19  0.22 0.12 0.03 0.736 0.908 0.265 

rMSPEI, pM
  5

 0.12 0.10  0.11 0.12 0.02 0.859 0.789 0.166 
1 

Probability values for the main effects of physiological state (PS), day of gestation (D), and the interactive effect of physiological 

status and day (PS × D).   
2 

Maximum value of the standard error of the means.  
3 

Area under the curve during the 90 min FSIGTT. 
4 

Residual mean squared prediction error for glucose; lower value signifies a better fit of the minimal model to observed data.  
5 

Residual mean squared prediction error for insulin; lower value signifies a better fit of the minimal model to observed data.
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Figure 6.1. Body weight (± SEM) of P and NP gilts from d 15 to 110 ± 0.6 of gestation (or 

equivalent day in NP). The linear regression describing BW in P gilts (coefficients ± SEM) can 

be described as BW = 0.548 ± 0.03 × (day) + 122.65 ± 2.66; slope and intercept different from 

zero (P < 0.001); R
2
 = 0.810. The linear regression describing BW in NP gilts (coefficients ± 

SEM) can be described as BW = 0.33 ± 0.01 × (day) + 125.97 ± 1.85; slope and intercept 

different from zero (P < 0.001); R
2
 = 0.653. PPS, PD, and PPS × D represent P-values for 

physiological state, day of gestation, and the interaction between physiological state and day of 

gestation. 
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Figure 6.2. Fasted serum E2 and plasma E1S concentrations of P and NP gilts throughout 

gestation (or equivalent day in NP). PPS, PD, and PPS × D represent P-values for physiological 

state, day of gestation, and the interaction between physiological state and day of gestation, 

respectively for E2 and EIS. 
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Figure 6.3. Serum glucose (panel A) and insulin (panel B) concentrations for P and NP gilts at d 

75 ± 0.7 of gestation (or equivalent day in NP) following a glucose infusion (0.5 g glucose/kg 

BW). PPS, PT, and PPS × T represent P-values for physiological state, sampling time, and the 

interaction between physiological state and sampling time, respectively. 
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Figure 6.4. Serum glucose (panel A) and insulin (panel B) concentrations for P and NP gilts at d 

107 ± 0.4 of gestation (or equivalent day in NP) following a glucose infusion (0.5 g glucose/kg 

BW). PPS, PT, and PPS × T represent P-values for physiological state, sampling time, and the 

interaction between physiological state and sampling time, respectively. 
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Chapter 7  

General Discussion, Conclusions and Implications 

Feeding sows more closely to their changing nutrient requirements throughout gestation 

offers an opportunity to decrease feed costs and nutrient excretion into the environment, while 

also improving sow longevity, profitability, and sustainability of the industry. There is an 

opportunity to utilize the recent NRC (2012) gestating sow model to predict changes in sow 

nutrient requirements throughout gestation, using changes in body weight (BW) and backfat 

(BF), and estimated whole body protein deposition (Pd). The latter being one of the main 

determinants of energy and amino acid (AA) requirements of the gestating sow. However, 

gestational Pd predictions are supported by a small body of literature, especially pertaining to the 

different protein pools in the gestating sow.  

Sow Pd during gestation can be broken up into pregnancy-associated (fetus, placenta and 

fluids, uterus and mammary; well characterized) and maternal-associated (time- and energy-

intake dependent). Maternal Pd is especially difficult to estimate as it is dependent on energy 

intake, maternal growth required to recover mobilized body protein from a previous lactation or 

to reach maturity (in the case of primiparous sows [gilts]), and also appears to be under the 

control of pregnancy-associated hormones. Actual requirements for maternal Pd remain to be 

elucidated as there has been little attention paid to gestation feeding programs apart from that 

negatively influencing lactation performance (i.e., large sow BW and BF losses, reduced feed 

intake, and poor milk production). Secondly, the ability to predict changes in body composition 

using BW and BF is a very useful management tool for making feeding decisions, however the 

reliability of these prediction equations at different physiological states is unknown. The overall 

aim of the research presented in this thesis is to assess the most recent gestating sow model 
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(NRC, 2012) and better understand the controllers of nutrient partitioning during gestation, 

which naturally underpin the nutrient requirement model. 

While only two physiological states were investigated in the current research, we can be 

confident in our ability to predict whole body protein (BP) based on NRC (2012), but the same 

cannot be said for the prediction of whole body lipid (BL) based on sow BW and BF. Body lipid 

is a function of additional energy above that needed for maintenance, the products of conception, 

and maternal growth. Thus, BL can be manipulated considerably more, which may impact the 

relationship between measured BW and BF and associated predicted BL content. Also, BF 

measurements can be quite variable even when utilizing the same technician. The relationship 

between BP and BL in association with physiological state and longissimus dorsi muscle depth 

(LD) had not been investigated in gestating sows to date. This body of work  shows a small 

snapshot into the opportunity to include other live animal measurements and account for parity in 

some way when predicting chemical body composition. There is further opportunity to 

incorporate information such as genotype and day of gestation or lactation into prediction 

equations as the relationship between BF and BP and BL may be altered in leaner genotypes or 

during a sow’s reproductive life. 

Whole body Pd has been divided into 6 distinct pools for the NRC (2012) gestating sow 

model. Data are available for pregnancy-associated Pd at several different stages of gestation, so 

the model can estimate pregnancy-associated Pd throughout gestation. One criticism, although 

minor, that requires further attention would be the estimation of uterine and placental and fluid 

Pd throughout gestation, which is currently based on gilt data alone. The prediction equation 

only considers day of gestation, yet it is possible that with increasing parity, uterine and placental 

Pd may be greater, as demonstrated in horses (Wilsher and Allen, 2003). Another area of the 
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model that requires further research and contributes to a larger proportion of whole body Pd is 

the differentiation between the two maternal-associated protein pools, and more specific 

determinants of Pd in these pools. While a prediction equation was provided in the NRC (2012) 

gestating sow model for time-dependent Pd, this equation was determined from only one study in 

gilts (Dourmad et al., 1996), likely making application to other studies difficult, similar to the 

equation for total maternal Pd we have provided in Chapter 3. It is also logical to assume that 

time-dependent Pd may be unique to individual sows, namely by the extent of mobilization in 

previous lactation or need for maternal growth. This doesn’t change the assumed linear 

relationship between excess energy intake (above that needed for maintenance, the products of 

conception) and energy-intake dependent Pd, but essentially decreases the amount of energy 

available for energy-intake dependent Pd if the requirement for time-dependent Pd is greater. 

Accurate differentiation between the two maternal pools may not change the absolute value of 

total maternal Pd, but will provide a better understanding of sow AA requirements and patterns 

of maternal Pd. Currently it is more accurate to consider the two maternal protein pools together 

as the residual from whole body Pd and pregnancy-associated Pd. However, maternal Pd then 

includes any error associated with incorrect estimation of pregnancy-associated Pd and includes 

the overestimation of Pd through N balance observations. To address the two different maternal 

pools in the future, the ‘ideal’ Pd throughout gestation or maternal body composition must be 

determined for specific genotypes.  

A key finding in the current research was the decline in maternal Pd towards the end of 

gestation (from d 66 to 108) in gestating gilts, regardless of feeding level (Chapter 3; schematic 

of Pd partitioning in Figure 7.1 and 7.2 for early and late gestation, respectively). This suggests 

that the physiology of pregnancy controls maternal Pd in late gestation, indicates that estimated 
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AA requirements of gestating gilts may be lower than previously estimated, and warrants further 

parity specific empirical data.  

 
Figure 7.1. Schematic representing the partitioning of Pd between pregnancy-associated and 

maternal Pd in gestating gilts from approximately d 36 to 65 of gestation. In the gestating gilt at 

this time, there is a high drive for maternal Pd due to the relative immaturity of the maternal 

body. Maternal hormones likely govern the partitioning of N to maternal Pd in gilts. At this time, 

there are also minimal pregnancy-associated requirements, and greater urinary N excretion due 

to the relatively lower N requirements. 

 

 
Figure 7.2. Schematic representing the partitioning of Pd between pregnancy-associated and 

maternal Pd in gestating gilts from approximately d 65 to 106 of gestation. In the gestating gilt at 

this time, there is reduced maternal Pd due to the pronounced competition for nutrients between 

maternal and pregnancy-associated tissues. The partitioning of N to pregnancy-associated Pd is 

under the control of pregnancy-related hormones. There is also reduced urinary N excretion due 

to the greater N requirements for pregnancy-associated Pd. 
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In contrast, the pattern of maternal Pd in parity 2 and 3 sows was constant throughout 

gestation (schematic of Pd partitioning in Figure 7.3 and 7.4 for early and late gestation, 

respectively), which brings two issues to the forefront. The first being that time-dependent 

maternal Pd is assumed to occur in early gestation (subside at d 56) as a function of replenishing 

body protein mobilized in a previous lactation or any residual requirement for maternal growth, 

and thus should be greater in early gestation.  Secondly, maternal Pd was constant from d 66 to 

108 in parity 2 and 3 sows, in contrast to what we observed in gilts. This suggests the presumed 

physiological control of maternal Pd in late gestation is not to the same degree in multiparous 

sows. There is no set time, age, or BW that classifies a sow as being ‘mature’, but these data 

suggest that this group of parity 2 and 3 sows were at least approaching maturity. As such, there 

was a lower requirement for maternal gain in early gestation and also less competition for 

nutrients between the maternal and fetal tissues in late gestation. The competition between 

maternal and fetal tissues also appears less pronounced based on Pd data (Chapter 4) and a 

reduction in whole body insulin sensitivity, which does not develop until after d 85 (Père et al., 

2000). The AA requirements for maternal Pd in multiparous sows are likely lower than currently 

estimated in early gestation.   
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Figure 7.3. Schematic representing the partitioning of Pd between pregnancy-associated and 

maternal Pd in gestating sows from approximately d 36 to 65 of gestation. In the gestating sow at 

this time, there is a low drive for maternal Pd due to relative maturity and minimal body protein 

losses during a previous lactation. Maternal hormones likely govern the partitioning of N to 

maternal Pd, but to a lesser extent than gilts. At this time, there are also minimal pregnancy-

associated requirements, and greater urinary N excretion due to the relatively lower N 

requirements. 

 

Figure 7.4. Schematic representing the partitioning of Pd between pregnancy-associated and 

maternal Pd in gestating sows from approximately d 65 to 106 of gestation. In the gestating sow 

at this time, maternal Pd is unchanged from early gestation due to the less pronounced 

competition for nutrients between maternal and pregnancy-associated tissues. However, N 

partitioning is still likely under some control of pregnancy-associated hormones. At this time, 

pregnancy-associated requirements are increasing and there is reduced urinary N excretion due to 

the greater N requirements for pregnancy-associated Pd. 
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Based on previous literature in multiparous sows (Père et al., 2000), we expected similar 

insulin sensitivity in pregnant (P) and non-pregnant (NP) gilts at the first frequently sampled 

intravenous glucose tolerance test (FSIGTT; d 75) and reduced insulin sensitivity at d 108 in P 

gilts only (unchanged in NP at both time points). To our surprise, the gestating gilts were already 

experiencing reduced whole body insulin sensitivity at d 75, suggesting that this physiological 

mechanism is more pronounced, likely due to a stronger drive for maternal growth (Whittemore, 

1996; Noblet et al., 1997) in the gestating gilt, making them a better model for further studies. 

We suggest that progressive insulin resistance develops earlier in gestating gilts due to the 

greater competition for nutrients between maternal and fetal tissues. Progressive insulin 

resistance has been documented in many species as a normal physiological change associated 

with pregnancy (Leterque et al., 1984; Hauguel et al., 1987; Barbour et al., 2007). Therefore, if 

this is an advantageous evolutionary mechanism to improve offspring viability, it is likely that it 

would be difficult to modulate and may not be advantageous to do so for the purposes of 

commercial swine production. However, there may be an opportunity to explore this mechanism 

in gestating swine to serve as a model for humans (Bellinger et al., 2006).  

This was the first study to apply the minimal model to FSIGTT in gestating swine, 

providing novel and more detailed information than solely describing the overall pattern in 

glucose and insulin concentrations following a glucose infusion. We were able to confirm that 

the reduced insulin sensitivity is related to peripheral tissues, as the insulin-independent 

clearance of glucose and biphasic pancreatic responses were similar between P and NP gilts. 

Remaining was the insulin-dependent clearance of glucose, which indicated reduced insulin 

sensitivity in P gilts. From this finding, we begin to explore the potential mechanisms causing 

reduced insulin sensitivity, which have not been explored in gestating swine, nor are the 
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mechanisms completely understood in other species. Reduced insulin sensitivity encompasses 

any impairment in the insulin signalling cascade and has a profound effect on glucose and AA 

metabolism in SM. This may result in impaired glucose transporter 4 (GLUT4) translocation and 

subsequent glucose entry into the cell; reduced mammalian target of rapamycin complex 1 

(mTORC1) activation and subsequent protein synthesis; and activation of ubiquitin proteasome 

pathway (UPP), causing increased protein degradation. We speculate that there are several 

cellular pathways or mechanisms at work (including redundancies) to ensure adequate nutrient 

partitioning to the fetus.      

By more closely meeting the nutrient requirements of gestating sows using more recent 

nutrient requirement models (NRC, 2012), we can provide cost savings, reduce nutrient losses to 

the environment, and improve sow longevity and sustainability for the swine industry. One of the 

first steps towards achieving this is a better estimation of whole body Pd, as this is one of the 

major determinants of energy and AA requirements during gestation. Perhaps more specifically, 

there is a need for better characterization of maternal Pd and its determinants. We have 

demonstrated that both whole body and maternal Pd vary depending on sow parity and feeding 

level, and are of particular importance gestating gilts, as they are still reaching maturity (Table 

A.3). These high nutrient requirements begin to compete with the developing fetus in mid and 

late gestation. This competition is likely influenced by pregnancy-associated hormones, which 

trigger a shift in maternal metabolism and nutrient partitioning towards the fetus in the form of 

reduced insulin sensitivity. The impact of this metabolic shift on sow nutrient requirements 

requires further investigation.  
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The more confident we can become in the NRC (2012) gestating sow model, the wider 

the application of the model. To do this, there is a necessity for generation of more empirical 

whole body and maternal Pd data in gestating sows and subsequent modification of the NRC 

(2012) gestating sow model. While the pattern in Pd is certainly reproducible, the absolute values 

are more difficult based on the imperfections associated with N balance observations, which are 

most appropriate as multiple measurements are needed, even if actual Pd is overestimated, and 

the individual experimental conditions. With more data, there is greater reliability and accuracy 

in the estimated energy and AA requirements for sows throughout gestation and across parities. 

Finally, it is well known that gain in late gestation is predominately protein due to the developing 

fetus (Noblet et al., 1985), therefore the increase in nutrient demands are not appropriately met 

by simply increasing the amount of the same feed (bump feeding). A more accurate approach is 

to change the feed so that the ratio between energy and AA more closely mimics the composition 

of the gain in late gestation. Perhaps the most intriguing opportunity is to combine the ability to 

predict and re-evaluate day to day changes in energy and AA requirements (based on changes in 

BW and BF) with the NRC (2012) gestating sow model and feeding technology that is capable of 

blending different rations to meet those changing requirements through the use of an electronic 

sow feeder (Buis, 2016). This may also reduce the incidence of stereotypies that are common in 

individually-housed gestating sows (Terlouw et al., 1991) in addition to improving overall sow 

welfare. The concept of tailoring nutrient delivery to each individual sow depending on her 

current chemical body composition (predicted with BW and BF), parity, and day of gestation 

provides an opportunity to further optimize our feeding programs for gestating sows.    
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APPENDIX 

A1 Variability in Daily Urinary Nitrogen Excretion of Gestating Gilts does not Affect 

Estimates of Nitrogen Retention 

A1.1 Abstract 

In nitrogen (N) balance studies, it is common to pool urine samples across 24-h collection days 

to estimate mean daily urinary nitrogen excretion (UN, g/d) for a N balance period. This assumes 

successful 24-h collections and that there is minimal daily variation in UN. A N balance study 

using gestating gilts was performed to assess the daily variation in UN, evaluate if incomplete (< 

22-h) urine collections could be extrapolated to estimate daily UN, and if pooling representative 

daily urine samples are appropriate for N balance periods throughout gestation. Nine gilts were 

randomly assigned to a high (n = 5) or low (n = 4) feeding level of the same diet (3.30 Mcal 

metabolizable energy [ME]/kg, 17.8 % crude protein (CP), and 0.82 % standardized ileal 

digestible [SID] lysine [Lys]) from d 33 to 110 of gestation. For each gilt, total daily urine was 

collected using urinary catheters over 5-d N balance periods starting at d 49, 63, 85, and 106 of 

gestation; daily subsamples were aliquoted and N concentration was analyzed. When an 

incomplete 24-h urine collection occurred (at least 5.5 h), urine weight was extrapolated to 

estimate 24-h urine production and associated UN (adjusted UN; AdjUN). Adjusted UN was not 

different from the mean UN for the other complete days within a N balance period for individual 

gilts, warranting use of these days. The coefficient of variation (CV) for UN within individual N 

balance periods ranged from 0.7 to 58.1 % for complete daily collections and was not improved 

when AdjUN values were included (2.0 to 49.6%). When based on at least 3 daily UN values 

(including AdjUN) within gilt and N balance period, a CV of less than 20 % was obtained in 97 

% of the collection periods. This CV was not affected by feeding level or stage of gestation. 

Nitrogen retention (N intake – [fecal N + urinary N]) was calculated for each gilt and N balance 
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period using UN values with and without outliers removed, resulting in similar N retention. The 

data suggests that collecting urine for at least 5.5-h (directly post-feeding) within a 24-h 

collection period may be used to calculate daily UN for N balance studies, but should be adjusted 

to reflect a 24-h period. While variation in daily UN can be quite large, it did not affect overall N 

retention calculations in the current experiment.  

Key words: urinary nitrogen, variation, gestating gilts 

A1.2 Introduction 

In nitrogen (N) balance studies, it is common to pool representative 24-h urine samples 

across days to estimate mean daily urinary nitrogen excretion (UN, g/d) for a N balance period. 

A 5-d collection period is commonly used and assumes that 5 days is sufficient to account for 

between day variations in UN. Due to the dynamics of N retention throughout gestation (NRC, 

2012), the most appropriate methodology is repeated N balance studies in the same animal; 

however N balance studies do pose some challenges in gestating sows. Nitrogen balance studies 

require quantitative urine collection and uncontaminated fecal sampling, which, in females, are 

most accurately completed using indwelling urinary catheters (which can be difficult to maintain 

and requires individual stall housing), and an indigestible marker, respectively. Water intake in 

individually housed animals can also be quite variable which may influence UN concentration, 

thus daily variation in UN may need to be considered. The objectives of the study were to 

determine the coefficient of variation (CV) in daily UN within 5-d N balance periods in gestating 

gilts, to assess the accuracy of estimating daily UN from collection days less than 22-h in length, 

to assess the effect of UN variation on overall N retention calculations, and to determine if N 

balance periods could be shortened.  
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A1.3 Materials and Methods 

The experimental protocol was approved by the University of Guelph Animal Care 

Committee and followed Canadian Council of Animal Care guidelines (CCAC, 2009).  

The study was conducted at the Arkell Swine Research Station (OMAFRA-University of 

Guelph, Arkell, ON, Canada). Nine Yorkshire gilts (bred to Yorkshire sires) were sourced at 

pregnancy confirmation (d 30) and housed in conventional gestation stalls (0.64 × 2.13 m). Gilts 

were randomly assigned to one of two feeding levels of the same diet at pregnancy confirmation: 

15 % above (n = 5 gilts) and 15 % below (n = 4 gilts) estimated metabolizable energy (ME) 

requirements for gestating gilts (NRC, 2012). The experimental diet was formulated to exceed 

amino acid (AA) requirements of gilts on the low feeding level from d 90 to 114 of gestation, in 

order to exceed AA requirements of all gilts throughout gestation. Gilts were fed 2.54 (high 

feeding level) or 1.87 (low feeding level) kg/d of the same corn and soybean meal experimental 

diet (Miller et al., 2016) in a single daily meal at 0800 h from d 33 to 110 of gestation.  

Five day N balances periods were conducted 4 times throughout gestation, starting at d 

49, 63, 85, and 106 of gestation as described by Miller et al. (2016). Daily UN output (g/d) was 

calculated using N concentration and 24-h urine output (kg) collected via urinary catheters. Feed 

subsamples were collected weekly throughout the study and analyzed according to Miller et al. 

(2016).  

The UN for partial collection days (5.5 to 22-h) were extrapolated to 24-h (i.e., AdjUN) 

and compared to UN from full collection periods (> 22-h). Partial collection days were 

calculated when the exact time and associated urine weight was known and was relative to 

feeding as the start of each collection day coincided with the morning meal. The CV for UN was 

calculated for each gilt and N balance period considering full collection days only or with 

AdjUN values included. Daily UN values were considered outliers if they contributed to a CV of 
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greater than 20 %. Urinary N and N retention were calculated using mean UN with or without 

outliers. Without outliers, one N balance period was removed from analysis due to a calculated 

negative N retention.  

Statistical analysis of UN CV was conducted using the means and mixed procedures of 

SAS (v9.4; SAS Inst. Inc., Cary, NC) with the model including fixed effects of day of collection, 

feeding level, and the interaction, repeated measures for day of collection, and gilt as the 

experimental unit. Statistical analysis of N balance data was conducted using the mixed 

procedure with the model including the fixed effects of feeding level, N balance period, and the 

interaction, repeated measures for N balance period, and gilt as the experimental unit. A P < 0.05 

was considered significant. 

A1.4 Results  

Out of 36 potential N balance periods, 7 were missed because of unsuccessful urinary 

catheterization. Of the daily UN collections, 97 daily observations were complete collection days 

(72 % success rate) and 37 days were partial collection days. The AdjUN within the same gilt 

and N balance period were not different from the complete collection days (32.9 and 34.9 ± 1.7 

g/d for mean UN and AdjUN, respectively). Thus AdjUN were included for calculation of UN 

for the balance periods.  

Within each balance period, individual gilt CV for daily UN was not influenced by 

feeding level or day of gestation. The mean CV was 15.6%, with a minimum and maximum of 

0.7 % and 58.1 %, respectively for complete collection days and 16.6%, with a minimum and 

maximum of 2.0 and 49.6 %, respectively including AdjUN. The UN CV was not influenced by 

feeding level or day of gestation. This large range in CV warranted further investigation into 

potential outlier values within gilt and N balance period to obtain a CV of less than 20%. 

Elimination of outliers resulted in removal of 16 daily observations: 9 complete days, 2 AdjUN 



127 
 

days, and 1 entire 5-d period where daily variation in UN was too extreme to reach a CV of less 

than 20%. Outlier removal resulted in a mean CV of 10.8 % with a minimum and maximum of 

2.0 and 19.7%, respectively (Figure A1.1) and was unaffected by feeding level or day of 

gestation. Resultant mean UN, using at least 3 of 5 days, was used to calculate N retention. 

Nitrogen retention was also calculated from the mean UN using all UN values for each gilt and 

period (i.e., simple mean UN). Urine N and N retention values based on a simple mean were not 

different from UN and N retention calculated with outliers removed (Table A1.1).   

Fecal N digestibility was not affected by feeding level and increased (P = 0.017) with 

day of gestation (Table A1.1). Fecal N was greater (P < 0.001) for gilts on the high feeding level 

and decreased (P = 0.022) as gestation progressed. Urine production was not affected by feeding 

level or day of gestation. Regardless of UN calculation method, UN and N retention were greater 

(P < 0.020) for gilts on the high feeding level and were not affected by day of gestation.  

A1.5 Discussion 

Maintenance of urinary catheters in sows housed in conventional gestation crates posed a 

unique challenge and resulted in both missing entire N balance observations due to unsuccessful 

urinary catheterization, but also incomplete collection days (i.e., less than 22-h). Over the course 

of the experiment, catheter insertion success improved and catheter maintenance was refined 

(more effective securement of catheter to extension tubing with additional adhesive tape and use 

of elastic bands to keep extension tubing off crate floor and free of dewclaws), resulting in fewer 

incomplete collection days. Even though the current study demonstrated that collection days less 

than 22-h could be used to calculate mean UN within a balance period, there is inherently greater 

confidence in 24-h collection days.   

The combination of restrictive feeding and individual stall housing of gestating sows may 

lead to stereotypic drinking and large variations in urine production (Terlouw et al., 1991). In the 
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current study, gilts produced from 4.8 to 47.5 kg urine/d which likely influenced the variability 

in UN. This is the first detailed demonstration of daily variation in UN in gestating gilts. 

Incorporating the variation in UN into N retention calculations (i.e., no outlier removal) resulted 

in one instance of negative N retention calculation, which could be more frequent in a study with 

more sows that had variable water intake, possibly warranting the removal of UN outliers before 

the calculation of N retention.  The daily variation present in 5-d N balance periods may also be 

exacerbated with a shorter N balance period.   

A1.6 Conclusions and Implications  

Variation in UN did not affect overall N retention in gestating gilts; however, it would be 

advantageous to use a greater number of gestating animals to confirm or refute that extreme daily 

variation in UN does not impact N retention calculations, does not result in a greater number of 

negative N retention values, and is not improved with a shorter N balance period (i.e., 4-d). 

Additional N balance studies would add to the minimal body of literature relating to the N 

metabolism of gestating sows and associated changes in amino acid requirements throughout 

gestation.  
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Table A1.1. Nitrogen (N) metabolism of gilts at high or low feeding level from d 33 to 110 of gestation 
1
 

Day of Gestation 49 to 53  63 to 67  83 to 87  104 to 108  P-value 
2
 

Feeding Level High Low  High Low  High Low  High Low SEM 
3
 FL D 

No. 
4 

3 3  3 2  5 3  5 4    

N digestibility, % 78.6 80.7  79.6 79.1  80.7 82.1  81.2 82.0 1.0 0.103 0.017 

Fecal N, g/d 14.6 9.5  13.9 10.3  13.2 8.8  12.8 8.9 0.6 <0.001 0.022 

Urine Production, kg/d 14.6 13.3  10.4 6.7  13.6 9.6  21.2 17.1 7.2 0.418 0.284 

Urinary N, g/d 

No outlier removal 
5   

Outlier removal 
6   

 

 

36.6 

36.6 

 

29.3 

28.0 

  

38.4 

38.4 

 

34.7 

32.8 

 

40.1 

39.5 

30.2 

29.2  

31.3 

31.9 

28.5 

27.6 

3.5 

3.8 

0.018 

0.003 

0.188 

0.217 

N retention, g/d 

No outlier removal 
5 

Outlier removal 
6
 

 

17.0 

17.0 

10.4 

11.7  

15.8 

15.8 

4.7 

6.2  

14.9 

15.6 

10.3 

11.2  

24.1 

23.5 

11.9 

12.8 

3.9 

3.8 

0.004 

0.002 

0.214 

0.127 
1 

High and low feeding levels provided 15 % above and 15 % below estimated metabolizable energy (ME) requirements for gestating 

gilts (NRC, 2012). Feed intake was 2.54 and 1.87 kg/d for high and low feeding levels, respectively. Nitrogen intake was 68.2 and 

49.3 g/d for high and low feeding levels, respectively.  
2
 P-values for the main effects of feeding level (FL) and day of gestation (D). No significant feeding level × day of gestation (FL × D) 

interaction.
 

3 
Maximum value of the standard error of the means.   

4 
Number of observations, within each period where complete N balance data were collected. When considering no outlier removal,    

n = 3 for the low feeding level from d 63 to 67, increasing the SEM.  
5 

No removal of outlier urinary N values before calculation of mean urinary N and N retention within a N balance period.  
6
 Extreme urinary N values within gilt and period were removed when contributing to a coefficient of variation greater than 20 % 

within a N balance period in order to calculate mean urinary N and N retention.   
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.  

 
 

Figure A1.1. Frequency distribution of the coefficient of variation (CV) in daily urinary nitrogen 

excretion (UN) during nitrogen (N) balance periods in gestating gilts when no outliers are 

removed and when outlier values are removed to obtain a CV of less than 20 % within a N 

balance period. 

  

0

2

4

6

8

10

12

0-5 5-10 10-15 15-20 20-30 30-40 40-50

N
u

m
b

er
 o

f 
P

er
io

d
s 

CV, % 

No outliers removed Outliers removed



131 
 

Table A2. Chemical body composition from piglets at birth (before first suckle) from parity 1 to 

3 sows as described in Chapters 3 and 4 

Item Parity 1  Parity 2  Parity 3 SEM 
1
 P-value 

2
 

No. 
3
 44  34  25   

BW, g 1235.4  1266.0  1262.9 19.1 0.309 

Protein, % BW 10.8  10.9  10.7 0.2 0.594 

Fat, % BW 0.98  0.91  0.90 0.04 0.003 

Ash, % BW 3.7  3.7  3.6 0.09 0.480 

Water, % BW 85.5  85.3  86.5 0.9 0.589 

Protein, g 133.3  138.3  135.3 3.1 0.355 

Fat, g  12.1  11.4  11.3 0.7 0.049 

Ash, g 46.5  46.5  46.1 3.1 0.971 

Water, g 1055.9  1077.7  1099.7 20.2 0.219 
1 

Maximum value of the standard error of the means. 
 

2
 No significant differences between sows fed high or low feeding level during gestation, or the 

interaction with parity.  
3 

P-value for parity. Two piglets were sampled per sow and chosen when between 1.2 and 1.5 kg 

at birth when investigators were present at farrowing.  
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Table A.3. Mean growth, N balance, farrowing and lactation performance, and milk composition of sows from parity 1 to 3, given 

high or low feeding level from d 27 ± 0.5 to 111 of gestation (summary of Chapter 3 and Chapter 4 data) 

 Parity 1  Parity 2  Parity 3  P-value 
2
 

Item High Low  High Low  High Low SEM 
3
 FL P FL × P 

Gestation Performance             

No.  25 25  17 22  14 14 
    

BW, kg              

Initial, d 27 167.5 19.0  192.8 196.0  222.1 224.9 4.5 0.212 < 0.001 0.925 

Final, d 111 226.9 206.3  248.9 225.5  278.2 255.3 5.5 < 0.001 < 0.001 0.886 

ADG, kg, d 41 to 111 0.77 0.54  0.71 0.46  0.69 0.48 0.06 < 0.001 0.081 0.925 

Backfat, mm              

Initial, d 27 17.2 17.2  15.4 15.6  15.2
a
 17.7

b
 0.8 0.042 0.001 0.045 

Final, d 111 19.5 17.2  16.9 13.9  18.3 17.3 1.0 < 0.001 < 0.001 0.327 

Whole body Pd, g/d 148.1 101.1  110.7 90.5  135.4 105.0 8.4 < 0.001 0.002 0.142 

Pregnancy-associated Pd, 
4
 g/d 34.3 36.7  36.1 37.5  36.4 39.9 2.2 0.125 0.326 0.868 

Maternal Pd, 
5
 g/d 116.4 70.2  75.4 52.6  100.5 65.4 8.5 < 0.001 < 0.001 0.245 

Efficiency of lysine retention, 
6
 % 44.6 40.9  30.6 33.5  36.9 38.2 2.9 0.925 < 0.001 0.334 

             

Farrowing and Lactation Performance            

No.  25 23  14 21  14 13     

BW, 
7
 kg              

Post farrowing
 

201.0 179.4  229.7 208.5  254.7 236.3 4.4 < 0.001 < 0.001 0.913 

Weaning
 

192.1 178.6  226.1 207.7  243.4 239.6 3.9 < 0.001 < 0.001 0.113 

Change -8.8 -0.9  -3.2 2.1  -8.6 5.4 2.9 < 0.001 0.156 0.275 

Backfat, 
8
 mm              

Farrow 18.7 16.6  17.0 14.4  17.3 16.2 0.9 0.002 0.012 0.626 

Weaning
 

14.5 13.7  14.5 13.6  14.8 17.2 0.9 0.684 0.014 0.072 

Change -4.6 -2.7  -3.0 -1.3  -2.1 0.2 0.9 < 0.001 < 0.001 0.923 
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Sow ADFI, 
9
 kg/d (as-fed) 4.68 4.85  6.27  6.03  6.35 6.63 0.41 0.760 < 0.001 0.665 

Born alive, no. 10.5 12.3  13.3 13.0  11.8 14.0 0.9 0.043 0.016 0.200 

Stillborn, no.  1.3 1.4  1.1 0.7  2.2 1.5 0.4 0.207 0.059 0.442 

Total litter birth weight, 
10

 kg 15.4 17.0  19.5 18.7  19.8 19.8 1.6 0.672 < 0.001 0.255 

Mean piglet birth weight, kg 1.30 1.26  1.38 1.38  1.31 1.26 0.05 0.342 0.035 0.855 

Piglets weaned, no.  8.3 8.3  9.7 9.4  8.9 9.3 0.2 0.836 < 0.001 0.460 

Mean piglet weaning weight, kg 6.17 5.78  6.60 5.96  7.00 5.79 0.35 0.004 0.331 0.407 

             

Colostrum and milk Composition              

No. 
11

 15 15  8 12  11 8     

Colostrum composition, %             

Fat 6.7 6.3  4.1 4.3  5.5 4.7 0.7 0.574 < 0.001 0.795 

CP 
12

 19.3 20.4  16.7 15.2  20.6 18.7 1.3 0.409 0.002 0.326 

Lactose 2.2 1.7  2.0 2.0  2.5 2.5 0.3 0.489 0.011 0.279 

Milk composition, %             

Fat 9.0 8.7  8.8 8.8  8.4 7.7 0.6 0.302 0.187 0.784 

CP 
12

 5.6 5.8  5.3 5.6  5.1 5.6 0.3 0.050 0.328 0.731 

Lactose 5.5 5.6  5.5 5.1  5.6 5.2 0.3 0.247 0.593 0.345 
a-b 

Means without a common superscript letter within parity differ (P < 0.05). 
1 

P-values for the main effects of feeding level (FL), parity (P), and the interactive effect of feeding level and parity (FL × P).  
2 

High and low feeding levels provided 15 % above and 15 % below estimated metabolizable energy (ME) requirements for gestating 

gilts (NRC, 2012; Table 3.1 and 4.1). 
3 

Maximum value of the standard error of the means.  
4 

Represents protein deposition (Pd) attributed to pregnancy-associated tissues (fetus, mammary gland, uterus, and placenta and 

fluids), calculated using the NRC (2012) gestating sow model, based on actual LS and mean piglet birth weight.  
5 

Calculated as the difference between whole body protein deposition (Pd) and pregnancy-associated Pd for each balance period.  
6 

The post-absorptive efficiency of using dietary lysine (Lys) for whole body Pd was calculated considering Lys required for 

maintenance (based on sow BW) and Lys content in Pd of maternal and pregnancy-associated pools (NRC, 2012).  
7 

Sows weighed within 24-h of farrowing and at weaning (21.4 ± 0.6 d). 
8 

Backfat measurement taken before moving to farrowing room (d 111) and 3-d post-weaning. 
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9
 Average daily feed intake. 

  

10
 Including stillborn piglets. 

11
 Samples only taken when investigators present at farrowing.  

12 
Crude protein = N × 6.38. 

 


