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ABSTRACT 

 

In dairy animals, the transition period, which spans from 3 weeks before to 3 weeks after 

parturition, is the most stressful time in their productive lives. This period is characterized by 

drastic physiological, metabolic, and endocrine adaptations to accommodate parturition and 

lactogenesis. Goats unable to adapt to this challenging time are more susceptible to infections 

and metabolic diseases, which might have a substantial impact on maternal health and 

productive efficiency beyond the transition period. An in-depth understanding of the biology 

of the transition period is essential for developing optimized strategies that could enhance milk 

yield without compromising herd health and welfare. While there is ample published 

information regarding the transition period in dairy cattle, to date, the endocrine and metabolic 

status of periparturient dairy goats has only been vaguely described in the literature. 

Therefore, the overall goal of this dissertation was to expand on previous knowledge of 

hormonal and metabolic regulation of energy metabolism during the transition period and to 

explore factors that might aggravate the metabolic burden of pregnancy and lactation in 

periparturient dairy goats. Thus, a series of studies were conducted in a large commercial goat 

dairy farm in Australia to 1) determine the effects of month of kidding, parity number, and 

litter size on lactation curves of dairy goats raised in intensive systems; 2) characterize 

temporal variations in circulating levels of selected hormones and metabolites involved in 

energy balance regulation during the transition period; 3) investigate the effects of level of milk 

production, parity number and litter size on maternal metabolic profile; 4) determine whether 

higher plasma concentrations of markers of negative energy balance are associated with 

inferior productive performance; and 5) determine whether differential productivity is related 

to differences in nutrient partitioning between high- and low-yielding goats. 
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In the first part of this study, an analysis of the production data revealed that goats kidding 

in spring, in third/fourth parity, or carrying multiple fetuses produce more milk than their 

counterparts. Interestingly, although the month of kidding had the most significant impact on 

the shape of lactation curves, the magnitude of such impact increased with increasing parity 

number. Also, based on the concentration of key biomarkers of energy metabolism analyzed 

during this time, it was possible to conclude that nutritional deficit was increased with 

increasing milk yield, parity, and litter size (listed in order of importance) and that both 

pregnancy and lactation were less able to elicit lipomobilization in primiparous compared with 

multiparous goats. Further, the likelihood of early removal from the milking herd was 

significantly increased in goats with elevated blood levels of β-hydroxybutyrate (BHB). On the 

other hand, contrasting studies in dairy cows, a positive association was observed between 

blood levels of non-esterified fatty acids (NEFA) and milk yield.  

Nevertheless, it was unclear what role, if any, the endocrine system played in the differential 

productivity in early lactation observed between high- and low-yielding goats. Therefore, in 

the second part of this study, goats of high and low milk yield were subjected to 3 metabolic 

challenges (glucose, insulin, and adrenocorticotropin hormone infusions) to determine if 

differential productivity is related to differences in some aspects of the regulation of nutrient 

partitioning in dairy goats. The results suggested that differences in milk yield, and overall 

production efficiency in early lactation, are primarily due to differences in insulin secretion 

and clearance rates rather than related to differences in peripheral tissue responsiveness to the 

effects of catabolic and anabolic hormones. 

In summary, the research within this thesis provides the first comprehensive overview of 

both lactation performance and the metabolic status of Australian dairy goats. Collectively, the 

novel findings presented here contribute to further the current understanding of various aspects 

of the regulation of energy metabolism in periparturient dairy goats. Just as important, this 
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study also provides the local industry with robust and relevant information on the effects of 

several factors on the productive and metabolic responses of dairy goats during the transition 

period. Such information can assist with the optimization of farming practices and breeding 

plans, thereby accelerating increments in the national herd productivity.  
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 Chapter 1 – Introduction 

 

1.1 Dairy Goat industry around the world 

Over the last century, the rising demand for niche dairy products from increasingly wealthy 

urban consumers has created an unprecedented demand for goat dairy products worldwide. 

During the past decade (2007 to 2017), the global dairy goat population and total milk 

production increased 22% and 16%, respectively, reaching 218 million head and 18.7 million 

kg of goat milk produced in 2017 (Miller and Lu, 2019).  

Most of the world's dairy goat population is found in Asian (52%) and African (39%) 

countries, followed by Europe (5%), Americas (3%), and Oceania (1%) (Miller and Lu, 2019). 

In developing countries, goat farming is often seen as a strategy for lifting people out of poverty 

and improving food security, while in developed countries, the dairy goat sector expansion is 

strongly linked to consumer's growing interest in specialty dairy products and goat's milk 

therapeutic properties (Escareño et al., 2012).  

Europe, more specifically, the Mediterranean basin, has the most organized market for goat 

milk, and the largest source of information on dairy goat systems (Miller and Lu, 2019). Home 

to only 5% of the world goat population, Europe accounts for 15% of the global goat milk, and 

35% of all goat cheese produced worldwide (Morales et al., 2019). The European dairy goat 

industry is very diverse but mainly market-oriented, and its production system resembles the 

dairy cow industry when it comes to the technologic level used on commercial farms, national 

programs for genetic improvement, and government subsidies or financial support to dairy goat 

farmers (Escareño et al., 2012).  

New dairy goat industries are also thriving in other countries, such as China, New Zealand, 

United States (US), and Canada. Compared to the European industry, the North American dairy 
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goat sector is still considered "less mature" but it is expanding rapidly, showing a dramatic 

increase in the number of dairy goat farms registered over the last 20 years (Lu and Miller, 

2019). In both the US and Canada, dairy goat farms are becoming larger and more 

commercialized, while research centers and producer associations are working together for the 

development of national research programs to advance the industry in several areas, such as 

education, research, and regulations for production, processing, and marketing of goat milk 

(Lu and Miller, 2019).  

1.2 Australian Dairy Goat Industry 

In Australia, goat dairying is regarded as an emerging industry, which makes a small but 

valuable contribution to the health and wealth of Australians (Foster, 2014). In 2016, the 

national herd (approximately 30,550 milking goats) produced 16.9 million liters of milk, most 

of it produced in Victoria (35%) and Queensland (25%), followed by South Australia (15%), 

New South Wales (15%), Tasmania (5%), and Western Australia (5%) (Zalcman and Cowled, 

2018). In Australia, as much as 60% of goat milk produced is used for cheese making, 35% is 

sold as whole milk or yogurts, and around 5% is processed into powder and beauty products 

(Zalcman and Cowled, 2017, 2018).  

Stimulated by the increasing popularity of specialty fresh dairy goat products among 

Australian consumers, the enterprise structure is fast-moving from small family-owned 

businesses to larger production scale and intensive husbandry systems (Celi and White, 2012; 

Zalcman and Cowled, 2017). Indeed, recent reports show that while the number of licensed 

farms and the average milk yield per head (300-d lactation) had a sluggish growth of less than 

5% from 2009 to 2016, the national herd and total milk production increased over 60% during 

the same period (Stubbs and Abud, 2009; Zalcman and Cowled, 2018). 
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1.2.1 Current Challenges 

Despite its impressive expansion, the Australian dairy goat industry still faces several 

challenges, including a generalized lack of evidence-based information in most areas of dairy 

goat husbandry (e.g., health, welfare, and production). Several authors have expressed their 

concerns about the fact that the enterprise expansion has not being paralleled by an increase in 

government investment in research and development of the dairy goat sector, which in its turn, 

could represent a severe limitation to the long-term viability of the Australian industry (Stubbs 

and Abud, 2009; Celi and White, 2012; Banks and Walkom, 2016; Zalcman and Cowled, 

2018). 

For instance, in recent decades, Australian dairy goat producers have thrived by exploring 

their main competitive advantage against European producers ― producing fresh dairy 

products (e.g., fresh cheese, yogurt, whole milk, fermented milk, fresh cream) for the domestic 

market (Cameron, 2014). The drawback of fresh dairy products is their limited shelf life, 

requiring a constant year-round supply of milk to manufactures if shelf space at retailers' shops 

is to be maintained (Cameron, 2003). However, the national production of goat milk remains 

highly seasonal, and the lack of steady year-round milk supply is one of the major constraints 

in the Australian industry (Celi and White, 2012; Zalcman and Cowled, 2018). 

Dividing the milking herd into multiple kidding seasons per year is an effective way to 

achieve year-round uniform milk production consistent with market needs (Shingu et al., 2002; 

Stubbs and Abud, 2009). Due to the seasonal reproductive pattern of goats, the management of 

multiple herds demands out-of-season breeding, which in turn requires significant additional 

input costs (e.g., hormones, light manipulation, extra labor costs), and increases farm 

management complexity (e.g., management of multiple milking herds and batches of kids) 

(Cameron, 2003). However, information on dairy systems based on multiple kidding seasons 

per year is very limited because both in Europe and North America, the two largest sources of 
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information on dairy goats, production systems are mostly based on seasonal kidding (once 

yearly) (Lu and Miller, 2019; Morales et al., 2019). 

Moreover, many economically important performance traits are controlled by both genetic 

and nongenetic factors (Idowu and Adewumi, 2017), which makes information on individual 

traits (e.g., milk yield, milk composition, BW, BCS) and nongenetic factors (e.g., age at 

kidding, parity number, litter size, month (season) of kidding) a prerequisite for the 

development of a robust genetic improvement program (Barillet, 2007). On the other hand, 

accurate information on herd performance traits (e.g., average conception, mortality and culling 

rates, total milk yield, average lactation length) is crucial for the design of effective strategies 

for uniform distribution of annual milk production (Sahlu and Goetsch, 2005).  

Previous studies have demonstrated that parity number and litter size can significantly affect 

milk fat and protein concentrations, yield, and somatic cell count (SCC) (Carnicella et al., 2008; 

Goetsch et al., 2011; Granado et al., 2014; Lérias et al., 2014). Also, goat milk yield and 

physicochemical characteristics are highly influenced by the stage of lactation and climatic 

conditions (e.g., photoperiod, air temperature, relative humidity) (Granado et al., 2014; Clark 

and García, 2017; Arnal et al., 2018; Kljajevic et al., 2018). Thus, to estimate the genetic factors 

contributing to milk yield, nongenetic sources of variance must also be considered, because 

such factors may suppress the animal's true genetic ability, thereby compromising the 

effectiveness of breeding programs (Djemali and Berger, 1992). However, to date, no study 

has explored the potential interaction between photoperiod, parity, and litter size on milk yield 

and composition of commercial dairy goats managed in multiple kidding seasons per year.  

Furthermore, in an attempt to meet the rising demand for goat dairy products, Australian 

farmers are progressively adopting intensive husbandry methods and investing in genetic 

selection for increased milk yields (Celi and White, 2012; Zalcman and Cowled, 2017), which 

in turn are likely to increase the incidence of metabolic diseases (e.g., ketosis, fatty liver, 
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mastitis, metritis, milk fever) as a consequence of intensified metabolic burden in high-yielding 

goats (Celi et al., 2008; Solaiman, 2010). Nevertheless, information on the metabolic status of 

transitioning dairy goats remains scarce.  

Therefore, studies characterizing both the productive performance and the metabolic status 

of Australian dairy goats, particularly of those raised in intensive husbandry systems and 

managed in multiple kidding seasons per year, are warranted. Such characterizations would 

provide farmers, and professionals in the field, with invaluable information for the 

development of optimized herd management and breeding plans that could enhance milk yield 

without compromising herd health and welfare. 

1.3 Overview of Study Objectives 

The overall goal of this thesis was to expand on previous knowledge of hormonal and 

metabolic regulation of energy metabolism during the transition period in dairy goats. The main 

specific objectives were: 

 

▪ To estimate the relative influence of month of kidding, parity number, and litter size on 

goats' productive performance throughout lactation. 

 

▪ To explore the temporal changes of blood biochemical parameters around parturition, 

and to describe how the level of milk production, parity number, and litter size can affect 

the maternal regulation of energy metabolism during the transition period.  

 

▪ To evaluate potential associations between the excessive mobilization of body fat and 

adverse outcomes, such as milk loss and increased likelihood of early removal of goats 

from the milking herd.  
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▪ To examine underlying differences in the endocrine and metabolic regulation of energy 

metabolism in early lactation dairy goats of high and low milk yield.  

 

In order to accomplish these research objectives, the remainder of this thesis is structured as 

follows: 

Chapter 2 discusses the relevant literature concerning mechanisms involved in the 

regulation of energy metabolism during late pregnancy and early lactation in dairy goats.  

Chapter 3 describes how kidding season, parity, and litter size influence the overall 

production performance of commercial dairy goats in Australia.  

Chapter 4 characterizes the changes in endocrine and metabolic profiles over the transition 

period and describes how such changes differ according to the level of milk production, parity, 

and litter size of the goats. 

Chapter 5 describes the temporal relationships between non-esterified fatty acids (NEFA), 

β-hydroxybutyrate (BHB), and glucose in periparturient dairy goats.  

Chapter 6 investigates underlying differences in endocrine and metabolic regulation of 

energy metabolism in dairy goats of high and low milk yield.  

Chapter 7 summarizes the major contributions of the research described in this thesis to the 

progress of our understanding of mechanisms regulating the energy metabolism of transition 

goats and outlines future research that might be of value to the Australian dairy goat industry. 
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 Chapter 2 - Literature Review 

 

2.1 Introduction 

This chapter reviews the current and historical scientific literature concerning some of the 

primary factors affecting the metabolic and endocrine status of dairy goats during the transition 

period. This review will also cover mechanisms involved in the regulation of energy 

metabolism and its impacts on goats' physiological parameters and productive performance. 

Although the focus of this review will be on periparturient dairy goats, aspects from other 

species will be discussed when appropriate, particularly when goat specific data is lacking. 

2.2 The Transition Period 

The period of three weeks before and three weeks after parturition is defined as the transition 

period (Wankhade et al., 2017). In dairy goats, as in dairy cows, this period is characterized by 

increased nutritional requirements and reduced voluntary dry matter intake (DMI) (Cannas and 

Pulina, 2008; Lean et al., 2013; Idamokoro et al., 2017), which often result in severe or 

prolonged negative energy balance (NEB) and, consequently, higher risk of production disease 

[e.g., gestational and lactational ketosis, hepatic lipidosis (fatty liver), hypocalcemia (milk 

fever)] (Cannas and Pulina, 2008; Lean et al., 2013; Matthews, 2016).  

2.2.1 Voluntary dry matter intake in transition dairy goats 

In goats, the decline in DMI usually begins around four weeks before partition, 

progressively declining as pregnancy advances, sometimes reaching as much as a 30% 

reduction during the last week prepartum (Idamokoro et al., 2017). Some of the primary factors 

responsible for the reduced DMI in transition goats are physical compression of the rumen by 
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the growing uterus, increased degree of fatness, and sex hormones (Forbes, 2007; Cannas and 

Pulina, 2008).  

Small ruminants are particularly susceptible to a marked reduction in voluntary intake in 

late pregnancy because contrasting cattle that generally only give birth to single offspring, 

goats, and sheep often give birth to twins, triplets, and occasionally quadruplets (Lérias et al., 

2014). Increasing litter size is associated with greater physical restriction to rumen extension 

and with increasing levels of estrogen and mammogenic hormones, which negatively impact 

voluntary feed intake (Forbes, 2007). Additionally, goats can store over 50% of their body fat 

reserves as visceral fat (Jibir et al., 2013). Thus, given that an increased abdominal fat mass, 

alongside the ever-expanding uterus, will further limit rumen expansion, over-conditioned 

pregnant goats carrying multiple kids might show an even steeper decrease in DMI during the 

last month of pregnancy (Lima et al., 2012).  

2.2.2 Energy requirements of transition dairy goats 

The daily metabolizable energy (ME) and metabolizable protein (MP) required for 

maintenance in dairy goats is approximately 0.5 MJ ME and 2.2 g MP per kg of BW0.75 (Cannas 

and Pulina, 2008). According to these authors, the nutrient requirements for pregnancy can 

reach up to 5.4 MJ ME/d and 58 g MP/d in the last month of gestation. Assuming the 

maintenance requirements of a 70-kg goat (12 MJ ME/d and 53 g MP/d), pregnancy would 

increase maternal ME and MP requirements by 45% and 109% (above maintenance), 

respectively.  

Moreover, in goats, the net requirement for pregnancy is directly related to litter size (NRC, 

2007). According to Härter et al. (2016), twin pregnancy increases the daily net energy (NE) 

requirements by 31% and the daily net protein (NP) requirements by 38%. Given that 

increasing litter size reduces voluntary intake at the same time that it increases nutrient 
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requirements for fetal development, multiple pregnancies are likely to represent a bigger 

metabolic challenge to the pregnant dam (Cannas and Pulina, 2008; Matthews, 2016).  

The onset of lactation can represent an even more drastic increase in nutrient demands. The 

average nutritional cost of goat milk production is approximately 5MJ ME and 45 g MP per kg 

of milk with 3.5% fat (Cannas and Pulina, 2008). Assuming the maintenance requirement of a 

70-kg goat, the production of 4 kg milk would increase daily requirements for ME and MP by 

2 and 3 folds, respectively. Therefore, given the high prolificacy and improved milk production 

of modern dairy goats, commercial goats might be at risk of developing metabolic 

complications, both ante- and postpartum (Cannas and Pulina, 2008). 

2.3 Endocrine and Metabolic Status During the Transition Period  

Endocrine and metabolic responses to NEB are primarily aimed at providing alternative 

energy sources (for maternal metabolism) via mobilization of endogenous substrates, thereby 

sparing glucose and amino acids for fetal growth and, later, for lactation (Chilliard et al., 2000). 

Body fuels consist of carbohydrates, amino acids, and fats (Herdt, 1988). Shifts in the use and 

conservation of these fuels are primarily based on the availability and supply of glucose, 

NEFA, and ketone bodies (Bauman, 2000).  

The endocrine system is responsible for regulating interactions among metabolic fuels and 

fuel-using organs and tissues, partitioning nutrients according to different tissues' priorities for 

available nutrients (e.g., growth, pregnancy, lactation) (Herdt, 2000). There are a plethora of 

hormones at play in the long-term regulation of nutrient partition. However, insulin, insulin-

like growth factor (IGF-1), placental lactogen (PL), growth hormone (GH), prolactin, and 

glucocorticoids are fuel-regulatory hormones with a crucial role in the adaptation to NEB in 

the peripartum (Bauman, 2000; Herdt, 2000). These physiological adaptations modify the 

concentration of several biochemical parameters in the bloodstream, which make the use of 

hormonal and metabolic profiles an essential tool for (1) evaluation of individual and herd 
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nutritional status, (2) early detection of metabolic problems and production diseases, and (3) 

identification of metabolically superior animals (Van Saun, 2009).  

However, a complex interplay of biological and environmental effects influence 

physiological functions and affects the nature and extent of maternal adaptations to support 

pregnancy and lactation (Bell, 1995; Herdt, 2000). For instance, previous studies in dairy goats 

have revealed that hormonal and metabolic profiles of dairy goats can be significantly affected 

by several nongenetic factors including nutritional state (Celi et al., 2008), environmental 

conditions (Lacasse et al., 2016; Pehlivan et al., 2018), parity (Magistrelli and Rosi, 2014; 

Radin et al., 2015), litter size (Khan and Ludri, 2002; Castagnino et al., 2015), and diseases 

(Albay et al., 2014; Marutsova and Binev, 2017). Therefore, while the characterization of 

endocrine and metabolic changes in transition goats is complex, such characterization can 

contribute to a more integrated understanding of the energy metabolism in dairy goats, which 

is essential for developing optimized strategies that could enhance milk yield without 

compromising herd health and welfare.  

2.4 Metabolic Fuels and Fuel Regulatory Hormones  

2.4.1 Glucose  

In ruminants, as in any other mammal, pregnancy and lactation impose a drastic increase in 

the demand for glucose because glucose is a primary nutrient for conceptus growth and milk 

synthesis (Bell and Bauman, 1997). However, in ruminants, pregastric fermentation 

converts most of the dietary carbohydrates to volatile fatty acids (VFA), leaving as little as 5 

to 20% of the consumed carbohydrates to be digested in the small intestine (Bell and Bauman, 

1997). Given the limited ability to convert dietary carbohydrates into glucose, ruminants are 

dependent upon hepatic and renal gluconeogenesis to provide for as much as 90 to 100% of the 

glucose needed for metabolism (Larsen and Kristensen, 2013). The major gluconeogenic 
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precursors are propionate (60-74%), lactate (16-26%), amino acids (11-16%), valerate, 

isobutyrate (5%–6%), and glycerol (0.5-3.0%) (De Koster and Opsomer, 2013; Larsen and 

Kristensen, 2013). The relative contribution of endogenous and exogenous substrates to blood 

glucose levels changes according to the physiological stage, feed intake, tissue mobilization, 

and energy balance of the animal (De Koster and Opsomer, 2013).  

The liver plays a crucial role in maintaining energy homeostasis as it acts as a metabolic 

hub by coordinating metabolism with other tissues and constantly adjusting internal metabolic 

activities in response to changes in nutrient availability (e.g., glucose, lipid, and amino acid; 

Figure 2.1) (Herdt, 2000; Rui, 2011). In addition to increased hepatic gluconeogenesis, 

increased muscle proteolysis and decreased protein catabolism in the liver, increased NEFA 

mobilization from adipose tissue, and increased peripheral tissue utilization of NEFA and 

BHB, are some of the other major metabolic adaptations to NEB (Herdt, 1988; Bell, 1995; 

Herdt, 2000).  

 

Figure 2.1. Metabolite-mediated feedback control of energy homeostasis. 

Sourced from Herdt (2000). 
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The combined effects of these metabolic adjustments result in increased glucose and amino 

acid availability for fetal growth and milk synthesis, while the maternal tissues become more 

reliant on NEFA and ketones (Bell, 1995). However, the fetal-placental unit and the mammary 

gland are potent drains for blood glucose and amino acids, and despite those adaptative 

mechanisms, glucose concentration often drops in periparturient ruminants (Herdt, 2000; 

Harðarson and Ingvartsen, 2005; Lima et al., 2012).  

2.4.2 Non-Esterified Fatty Acids (NEFA) 

The reduction in blood glucose increases the glucagon/insulin ratio, which triggers adipose 

tissue mobilization and NEFA release in the bloodstream (Herdt, 2000). The circulating NEFA 

can then be used as an alternative energy source to glucose by various tissues, including the 

mammary gland, liver, spleen, and muscle (Bell and Bauman, 1997). Due to the glucose-

sparing effect, increased concentrations of NEFA contribute to rebalancing fuel availability by, 

indirectly, raising blood glucose concentration and initiating negative feedback loops to 

regulate the amount of lipolysis (Herdt, 2000). 

The liver extracts a large portion of circulating NEFA because of its high blood flow and 

high NEFA extraction efficiency (Herdt, 1988; Emery et al., 1992). As shown in Figure 2.2, 

once inside the liver, NEFA can follow four pathways: (1) complete oxidation in the 

tricarboxylic acid cycle to produce adenosine triphosphate (ATP); (2) transport out of the liver 

in very-low-density lipoproteins (VLDL); (3) transformation to ketone bodies via β-oxidation; 

(4) storage in the liver as triglycerides (Ospina et al., 2013). 
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Figure 2.2. The relationships between energy demands, energy reserves, and 

metabolic fuels. The thickness of arrows indicates the importance of the 

metabolite or tissue in production or use during negative energy balance. NEFA 

= non-esterified NEFA, BHB = β-hydroxybutyrate, ACTH = adrenocorticotropic 

hormone, ATP = adenosine triphosphate, AcAc = acetoacetate, VLDL = very -low-

density lipoprotein. Modified from Ospina et al. (2013) 

 

During severe or prolonged NEB, increasing amounts of NEFA are released into the 

bloodstream (Chilliard et al., 2000), which results in excessive hepatic NEFA uptake (Herdt, 

1988; Emery et al., 1992). However, the ruminant liver capacity to oxidize NEFA completely 

(route 1; Figure 2.2) or to export triglycerides in VLDL (route 2; Figure 2.2) is limited (Emery 

et al., 1992). Although the liver can partially oxidize large amounts of NEFA via β-oxidation 

(route 3; Figure 2.2), when the rate of NEFA uptake exceeds the hepatic capacity for NEFA 

oxidation plus VLDL synthesis, the surplus of NEFA is stored in the liver as triglyceride (route 

4; Figure 2.2) (Harðarson and Ingvartsen, 2005; Rui, 2011). Therefore, excessive adipose 
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mobilization may result in hepatic accumulation of triglycerides, a process known as hepatic 

steatosis (fatty liver) (Herdt, 2000). 

In addition to the harmful effects of hepatic steatosis on liver function (e.g., reduced 

gluconeogenic and ureogenic hepatic capacity) (Ospina et al., 2013), several studies in dairy 

cows have reported associations between elevated NEFA concentrations and pronounced 

inflammatory reactions, increased oxidative stress, and impaired immune responsiveness, 

which consequently leads to a higher occurrence of production diseases (e.g., displaced 

abomasum, retained placenta, milk fever, ketosis, metritis, mastitis) (Overton et al., 2017; 

Wankhade et al., 2017). Elevated NEFA concentration has also been related to decreased feed 

intake, milk production, and reproductive capacity in dairy cows (Wankhade et al., 2017). 

Over the last 20 years, several research groups have investigated the use of NEFA as a 

marker of excessive NEB, and antepartum NEFA ≥ 0.3-0.5 mmol/L, and postpartum NEFA ≥ 

0.7-1.0 mmol/L thresholds have been established to predict the risk of NEB-related diseases 

and milk loss in transition dairy cows (Ospina et al., 2013; Overton et al., 2017). In contrast to 

the extensive information on dairy cows, only limited information is available on transitioning 

dairy goats, and specific NEFA reference values have not been established for goats (Radin et 

al., 2015).  

Nevertheless, studies conducted in dairy goats have shown that during the first month of 

lactation, well-fed multiparous goats can mobilize similar amounts of body fat of nonlactating 

nonpregnant goats being fed only 25% of maintenance requirements (Dunshea et al., 1988; 

Dunshea et al., 1990). These findings reinforce the importance of preventing excessive lipid 

mobilization in transition dairy goats because elevated blood NEFA is closely associated with 

increased lipolysis of milkfat and the occurrence of rancid and tart flavors in goat milk (Eknæs 

et al., 2009; Park et al., 2017). Therefore, the prompt identification and mitigation of excessive 
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NEB is not only a matter of animal welfare but could also be essential for ensuring a 

consistently high-quality milk supply.  

2.4.3 Ketone Bodies 

The term ketone bodies refer to three molecules; acetoacetate (AcAc), acetone, and BHB, 

with BHB, the most abundant of the three (Fukao et al., 2014). Exogenous and endogenous 

ketogenic precursors can be used for ketone production (Lean et al., 1992; Herdt, 2000). In 

ruminants, butyric acid is the primary exogenous ketone precursor because it is readily 

converted into AcAc and BHB during absorption across the rumen epithelium (Figure 1.3) 

(Lean et al., 1992). 

The primary source of endogenous ketogenic precursors is the NEFA mobilized from 

adipose tissue (Lean et al., 1992). There are two steps for complete hepatic oxidation of NEFA. 

First, NEFA is cleaved in several molecules of acetyl-CoA (β-oxidation), and then acetyl-CoA 

is oxidized to CO2 in the tricarboxylic acid cycle (TCA) (Lehninger, 2017). The complete 

oxidation of acetyl-CoA in the TCA necessitates a minimal input of oxaloacetate or 

oxaloacetate precursors (Lean et al., 1992; Lehninger, 2017). However, during starvation, 

much of the oxaloacetate available is used for glucose synthesis via gluconeogenesis, thereby 

slowing down TCA reactions and resulting in an accumulation of acetyl-CoA in the liver 

(Lehninger, 2017). By converting acetyl-CoA into ketones, the liver can export a great deal of 

the absorbed NEFA, in the form of AcAc and BHB, at the same time that it frees up CoA for 

continued fatty acid oxidation (Herdt, 2000; Lehninger, 2017).  
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Figure 2.3. Summary of ketone body metabolism. The liver converts butyric acid 

and NEFA into ketone bodies (BHB and AcAc) that diffuse from liver mitochondri a 

to the circulation and then to extrahepatic tissues for use in energy p roduction or 

synthesis. NEFA = non-esterified fatty acids, BHB = β-hydroxybutyrate, AcAc = 

acetoacetate, TCA = tricarboxylic acid cycle, HMG = 3-hydroxy-3-methylglutarate-

CoA, CoA = Coenzyme A, AcCoA = acetyl-CoA, AcAc-CoA = acetoacetyl-CoA, 

ATP = adenosine triphosphate. Modified from Fukao et al. (2014) 

 

In comparison with NEFA, ketones are quite soluble in blood, can diffuse freely across cell 

membranes and thus not requiring binding proteins for cellular absorption, and are not highly 

toxic if unbound (Lean et al., 1992). Circulating ketones are readily available for uptake by 
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extrahepatic tissues (e.g., heart, kidney, skeletal muscle, placenta, and the lactating mammary 

gland) to be used as an energy substrate, thereby sparing glucose oxidation in these tissues 

(Lehninger, 2017). Additionally, according to Lean et al. (1992), ketone bodies are not only an 

alternate energy source, but they may have an essential role in inhibiting protein degradation, 

given that ketone bodies oxidation compensate for the energy deficit, ensuring that protein 

resources are not rapidly depleted during periods of increased demand for endogenous 

gluconeogenic precursors. Another beneficial effect of ketone bodies, alongside with NEFA, 

provide an essential substrate for milk fat synthesis (Herdt, 2000). 

Nevertheless, in cases of excessive lipolysis, ketone synthesis frequently exceeds the 

peripheral tissue uptake capacity, which might result in an elevated concentration of ketones 

(hyperketonemia) in the bloodstream, milk, and urine (Doré et al., 2015). Hyperketonemia, 

when accompanied by clinical symptoms, is usually referred to as pregnancy toxemia or 

gestational ketosis in pregnant animals, and as lactational ketosis after delivery. Some of the 

clinical manifestations of ketosis are reduced feed intake, reduced milk yield, bodyweight loss, 

and impairment of the central nervous system (e.g., staggering, lack of coordination, blindness) 

(Rook, 2000).  

In summary, NEFA concentration reflects the magnitude of mobilization of body fat, while 

BHB reflects the completeness of fat oxidization in the liver, providing an indirect measure of 

hepatic saturation with NEFA (LeBlanc, 2010). Thus, due to a close association between 

changes in plasma concentrations of NEFA and BHB with shifts in the use of energy reserves, 

NEFA and BHB are the two most useful metabolic parameters for monitoring the metabolic 

health of dairy animals in the transition period (Overton et al., 2017).  

2.4.4 Plasma Urea Nitrogen  

Associated with changes in carbohydrate and lipid metabolism, changes in protein 

metabolism also occur during the transition period. Activation of tissue protein breakdown is 
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another maternal mechanism to compensate for deficient dietary amino acid supply. Protein 

catabolism favors gluconeogenesis by supplying the liver with gluconeogenic precursors, at 

the same time that increases amino acids availability for fetal development and milk synthesis 

(Herdt, 1988; Bell, 1995; Lean et al., 2013).  

Enhanced proteolysis results in an elevation of plasma urea nitrogen (PUN) and creatinine 

concentrations, which, in turn, can be used as an extra tool in NEB diagnosis (Van Saun, 2009). 

However, alterations in PUN should be carefully analyzed, as PUN concentration can be 

influenced by several different factors, such as dietary protein and carbohydrate intake and 

rumen degradability, protein intake relative to requirements, liver and kidney function, muscle 

tissue breakdown, etc. (Van Saun, 2009), but also by physiological and hormonal changes 

inherent to the transition period (Brun-Bellut, 1997). 

2.4.5 Insulin 

Insulin is produced by pancreatic β-cells in the islets of Langerhans and is considered the 

primary anabolic hormone controlling intermediary metabolism (Wilcox, 2005). Insulin is a 

key player in the regulation of nutrient homeostasis because its acts simultaneously in several 

target tissues (e.g., liver, muscle, adipose), promoting uptake and storage of metabolic fuels 

(carbohydrates, lipids, and amino acids) within cells, and stimulating glycogenesis, 

lipogenesis, and protein synthesis, and inhibiting gluconeogenesis, glycogenolysis, and 

lipolysis (Petersen and Shulman, 2018). Insulin secretion is stimulated by energetic substrates, 

with glucose being the most important, followed by NEFA and ketone bodies, and its secretion 

is inhibited by hypoglycemia, norepinephrine, somatostatin, and prostaglandins (Wilcox, 

2005).  

The action of insulin starts with binding to the receptors located on the plasma membrane 

of virtually all mammalian cells (Watanabe et al., 1998). However, the magnitude of the 

biological response of a given tissue will vary according to the number of insulin receptors, the 
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receptor-binding affinity for insulin, as well as tissue sensitivity to insulin regarding 

intracellular signaling and gene expression (Sasaki, 2002). Additionally, the sensitivity of 

peripheral tissues to insulin can be affected by several factors such as elevated NEFA or BHB 

levels, obesity, inflammation (Petersen and Shulman, 2018), reproductive hormones (e.g., 

estrogen, progesterone, prolactin), and counterregulatory hormones (e.g., glucagon, 

catecholamines, cortisol, GH) (Bell and Bauman, 1997). 

Insulin also plays a vital role in several physiological functions such as gene expression, 

protein degradation, cell differentiation, survival, and proliferation, and organ development 

(Tokarz et al., 2018). However, the mechanisms of insulin action on glucose uptake are the 

most studied action of insulin in ruminants (Sasaki, 2002). Most cells capture glucose by 

facilitated diffusion via glucose-transporters (GLUT). There are 14 types of GLUTs, all of 

them having a specific tissue distribution and responsiveness to insulin (Figure 2.4) (Tokarz 

et al., 2018). For instance, GLUT-1, which is independent of insulin, is the predominant 

glucose transporter in the placenta and lactating mammary gland, and GLUT-2, also insulin-

independent, is highly expressed in the liver (Zhao and Keating, 2007). Whereas GLUT-4, the 

only insulin-dependent glucose transporter, is widely distributed among cells of skeletal and 

cardiac muscle, adipose tissue, and endothelial cells (De Koster and Opsomer, 2013).  
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Figure 2.4. Predominant glucose transporters in several ruminant tissues. 

Modified from Engelking (2015) 

 

The tissue-specific distribution of different types of GLUT is the key to insulins' influence 

on nutrient partitioning between and within major organs and tissues (Bell and Bauman, 1997). 

For instance, quantitatively, the greatest glucose-consuming tissues are the skeletal muscles, 

the mammary gland, and the pregnant uterus (De Koster and Opsomer, 2013). Thus, because 

peripheral tissues are highly responsive to insulin regulation of glucose uptake, while 

mammary and placental cells are freely permeable to glucose, a state of reduced insulin 

concentration will favor the partitioning of nutrients away from storage and toward fetal 

development and milk synthesis (Baumgard et al., 2017).  

Indeed, studies in lactating goats have reinforced the importance of insulin in the 

coordination of tissue metabolism. Nielsen et al. (2001) demonstrated that although mammary 
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uptake of glucose was not directly affected by insulin, insulin infusion increased mammary 

blood flow, thereby increasing glucose supply and uptake rate by the udder. Whereas, Bequette 

et al. (2001) reported that insulin infusion did not stimulate glucose or amino acid removal 

and/or transport activity in hind-leg tissues, suggesting altered insulin sensitivity in non-

mammary tissues.  

2.4.5.1 Insulin Sensitivity and Resistance 

Insulin resistance refers to reduced insulin responsiveness to glucose (e.g., reduced insulin 

secretion by pancreatic β-cells) and/or reduced sensitivity of target tissues such as liver, 

muscle, and adipose tissues to the metabolic actions of insulin (De Koster and Opsomer, 2013). 

Peripartum insulin resistance is an evolutionary adaptation of mammals to ensure that nutrient 

supply to placental and mammary cells is prioritized over maternal reserves, thereby favoring 

offspring survivor and postnatal development (Bell and Ehrhardt, 2000; Kampmann et al., 

2019). 

As mentioned previously, lipolysis is increased in the peripartum to meet maternal energy 

requirements for maintenance and production. Considering that mobilization of body fat 

reserves elevates circulating concentrations of NEFA and that NEFA downregulates lipolysis 

by stimulating insulin secretion, a state of insulin resistance is essential for the maintenance of 

exaggerated lipolysis necessary to spare glucose during NEB (Bell, 1995; Sonagra, 2014). 

Also, in an insulin-resistant-state, the liver is less responsive to increases in insulin 

concentration, meaning that rises in circulating glucose will not trigger a hepatic metabolic 

shift towards glucose utilization (De Koster and Opsomer, 2013). 

Several excellent reviews have summarized the physiology of insulin resistance in humans 

(Wilcox, 2005; Petersen and Shulman, 2018; Kampmann et al., 2019), and in dairy cows (De 

Koster and Opsomer, 2013; Cincović et al., 2018). However, despite early studies on 

mechanisms of insulin resistance in dairy goats (Debras et al., 1989) and ewes (Guesnet et al., 
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1991), and later investigations on the effects of exogenous insulin on nutrient homeostasis in 

small ruminants (Bequette et al., 2001; Nielsen et al., 2001; Duehlmeier et al., 2013), the 

biological mechanisms responsible for changes in whole-body responsiveness/sensitivity to 

insulin in periparturient goats and ewes are still poorly understood.  

2.4.5.2 Measures of Insulin Sensitivity in ruminants 

2.4.5.2.1 Hyperinsulinemic-euglycemic clamp (HEC) 

The hyperinsulinemic-euglycemic clamp (HEC) technique is the gold standard for the 

estimation of whole-body insulin sensitivity and insulin secretion (Singh and Saxena, 2010). 

This method consists of the administration of insulin at a constant rate to raise plasma insulin 

concentrations to a steady-state level while glucose is intravenously infused at variable rates to 

maintain euglycemia. The rate of glucose infusion necessary to maintain euglycemia directly 

correlates with the rate of glucose uptake by body tissues; thus, the HEC test allows for 

measurement of tissue sensitivity to insulin (De Koster and Opsomer, 2013). However, this 

method is time-consuming, experimentally demanding, expensive, and impractical when large 

scale epidemiological studies are involved (Singh and Saxena, 2010; Cincović et al., 2018) 

2.4.5.2.2 Intravenous glucose tolerance test (IVGTT) 

Compared to HEC, the IVGTT requires far less labor, sampling, and equipment to measure 

insulin sensitivity. It involves the intravenous administration of a glucose bolus, followed by 

sequential blood samples taken at regular intervals over 3 hours (De Koster and Opsomer, 

2013). Variations in insulin levels during an IVGTT are the result of pancreatic insulin 

secretion in response to glucose bolus and the rate of hepatic and renal clearance of insulin, 

while variations in glucose levels are derived from the glucose bolus, endogenous glucose 

production in liver and kidneys, and glucose uptake by the insulin-sensitive tissues (e.g., 

muscle and adipose cells) and insulin-independent tissues (e.g., mammary gland, gravid uterus, 
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brain, kidneys) (De Koster and Opsomer, 2013). By using data obtained during an IVGTT, it 

is possible to calculate several parameters of glucose-insulin kinetics (e.g., clearance rates, time 

to reach half-maximal and basal concentration, area under the curve), which enables estimation 

of insulin sensitivity and secretion with reasonable accuracy (Hahn et al., 2011). 

2.4.5.2.3 Modeling glucose and insulin responses to IVGTT 

The use of a mathematical model to describe the dynamic relationship between glucose and 

insulin in controlling glucose production and disposal in the body was first formulated and 

introduced by Bergman et al. (1979). The latest Windows-based version of the Bergman 

minimal model (MINMOD Millennium) uses data from either an IVGTT or a modified IVGTT 

(where 20 min after the glucose injection, an insulin bolus is infused) to estimate several 

parameters of glucose and insulin kinetics. The ability of insulin to stimulate glucose uptake 

and to inhibit the endogenous production of glucose (SI), the insulin-independent glucose 

disappearance rate (SG), the acute insulin response (AIR) in terms of glucose-induced insulin 

release by pancreatic β-cells, and disposition index (DI), which represents the ability of the 

islet cells to compensate for insulin resistance, are some of the indices that are output by the 

model (Boston et al., 2003).  

MINMOD software has been validated for the estimation of insulin sensitivity in humans 

and dogs after showing good agreement between MINMOD-calculated parameters and 

measures derived from the HEC test in those species (De Koster et al., 2016). Although the 

method has not been validated for use in ruminants, several researchers have used MINMOD 

for estimation of insulin sensitivity in dairy cows (Marett et al., 2015; De Koster et al., 2016; 

Bogaert et al., 2018), ewes (Williams et al., 2004), and goats (Souza et al., 2020).  
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2.4.5.2.4 Surrogate Indexes 

The need for cheaper and less laborious methods to estimate insulin sensitivity (compared 

to HEC and IVGTT) has driven the development of several surrogate indexes for insulin 

resistance in humans (Singh and Saxena, 2010), most of which uses fasting blood samples with 

measures of insulin, glucose and sometimes NEFA and BHB, and are calculated as follows: 

Homeostasis model assessment (HOMA) = glucose (mmol/L)  insulin (uU/mL)  

Homeostasis model of insulin resistance (HOMA-IR) = [glucose (mmol/L)  insulin 

(uU/mL)] / 22.5  

Quantitative insulin sensitivity check index (QUICKI) = 1 / [log10 glucose (mg/dL) + log10 

insulin (uU/mL)]  

Revised quantitative insulin sensitivity check index (RQUICKI) = 1 / [log10 glucose (mg/dL) 

+ log10 insulin (uU/mL) + log10 NEFA (mmol/L)]  

RQUICKI including BHB (RQUICKI-BHB) = 1 / [log10 glucose (mg/dL) + log10 insulin 

(uU/mL) + log10 NEFA (mmol/L) + log10 BHB (mmol/L)] 

In general terms, insulin-resistant individuals are expected to have elevated insulin, 

increased HOMA-IR, and decreased QUICKI, RQUICKI, RQUICKI-BHB (De Koster and 

Opsomer, 2013). Because RQUICKI and RQUICKI-BHB indices include concentrations of 

NEFA, and NEFA and BHB, respectively, they are considered more robust indices for the 

assessment of insulin resistance (Mann et al., 2016; Marinković et al., 2019). Although such 

surrogate indexes have been used as a measure of insulin sensitivity/resistance in dairy cows 

(De Koster et al., 2016; Mann et al., 2016; Marinković et al., 2019) and in dairy goats (Cai et 

al., 2018), all of these indexes have been developed and validated in humans; thus the use of 

surrogate indexes for the determination of insulin resistance in ruminants is questionable (De 

Koster et al., 2016).  
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2.4.6 Growth Hormone (GH) 

Growth hormone also called somatotropin, is a calorigenic hormone synthesized and 

secreted by the anterior pituitary gland under the action of a dual system of hypothalamic 

hormones, GH-releasing factor (GRF) (stimulatory) and somatostatin (SS) (inhibitory) released 

from the hypothalamus (Bauman and Vernon, 1993). Growth hormone and insulin are the two 

key players in the regulation of nutrient homeostasis in periparturient ruminants (Kim, 2014). 

Each hormone affects the hierarchy of nutrient partitioning in an opposite way; while insulin 

promotes nutrient storage, GH promotes mobilization of nutrients from body reserves by 

stimulating lipolysis, hyperglycemia, gluconeogenesis, mammogenesis, and galactopoiesis, 

and inhibiting lipogenesis and glucose uptake (Baumgard et al., 2017). 

The initial step in the action of GH is binding to GH receptors (GHR) that are present on 

the plasma membrane of target cells. Because GHR mediates GH biological actions on target 

tissues by transducing the GH signal across the cell membrane, GH responses will vary 

according to GHR abundance and binding affinity for GH of each given tissue (Chakraborty et 

al., 2016). Although GHR is expressed in the outer membrane of cells throughout the body 

(Chakraborty et al., 2016), the two primary direct targets of GH are the adipocyte and the 

hepatocyte (Bauman and Vernon, 1993), while indirect effects of GH in several extrahepatic 

tissues (e.g., mammary, adipose, muscle, pancreas) are mediated by IGF-I actions (Rhonda et 

al., 2018).  

Several comprehensive reviews have provided in-depth coverage of mechanisms by which 

GH affects nutrient partitioning and productive efficiency in dairy ruminants, with particular 

emphasis on mammogenic and galactopoietic properties of GH (Bauman and Vernon, 1993; 

Etherton and Bauman, 1998). In a review of the metabolic effects of GH administration in 

ruminants, Capuco and Akers (2011) listed some of the main metabolic responses to 

exogenous GH stimulation, such as increased lipolysis and gluconeogenesis, reduced glucose 
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uptake, reduced the ability of insulin to stimulate lipogenesis and to inhibit gluconeogenesis, 

increased mammary blood flow and secretory capacity (Figure 2.5). Likewise, studies in goats 

have shown that treatment with exogenous GH increases milk yield and the percentage of fat 

and lactose in milk (Disenhausat et al., 1995; Chadio et al., 2000), and delayed mammary 

involution, thereby improving lactation persistency (Baldi et al., 2002).  

However, the positive effects of GH on overall lactational performance appears to be, at 

least in part, mediated by IGF-1 action (Napso et al., 2018), which contributes to enhanced 

milk production by promoting hepatic glucose output, inducing insulin resistance and blood 

flow to the mammary gland, reducing apoptosis rate and stimulating proliferation of mammary 

epithelial cells (Cohick, 1998; Etherton and Bauman, 1998).   



31 
 

 

Figure 2.5. The organ-specific effect of growth hormone on nutrient partitioning 

to support increased milk production in ruminants. Modified from Capuco and 

Akers (2011) 

 

2.4.6.1 Somatotropic Axis (GH-IGF-1 axis) 

The somatotropic axis, primarily consisting of GH, GHR, IGF-1, IGF-1 receptors, and IGF-

binding proteins, is one of the major hormonal systems regulating physiological mechanisms 

involving the hypothalamus, anterior pituitary gland, and liver (Renaville et al., 2002). In brief, 

IGF-1 is produced primarily by the liver through GH stimulation, which in turn, inhibits GH 

secretion by the pituitary gland via a negative feedback loop (Burton et al., 1994). During 

catabolic states (peripartum and/or NEB), there is a reduction in GHR expression in the liver, 

thereby compromising GH stimulus for IGF-1 synthesis, which relieves the IGF-1 negative 
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feedback and elevates blood GH, a process commonly referred to as the uncoupling of the 

somatotropic axis (Burton et al., 1994; Kim, 2014; Wankhade et al., 2017).  

The uncoupling of the somatotropic axis increases GH concentration while concentrations 

of IGF-I and insulin remain low, resulting in a relatively catabolic state (higher GH and lesser 

IGF-I) which combined with the anti-insulinemic effects of GH, promotes mobilization of 

body reserves in support of lactation even during periods of undernutrition (Lucy, 2008). The 

recoupling of the somatotropic axis occurs as nutrient intake improves, and milk yield 

decreases with the advance of lactation (Burton et al., 1994). 

2.4.7 Cortisol 

Cortisol is the most potent glucocorticoid hormone synthesized from cholesterol in the 

adrenal cortex and regulated via the hypothalamic-pituitary-adrenal (HPA) axis (Burdick et al., 

2011). Figure 2.6 illustrates the HPA axis pathway, associated hormones, and target tissues. 

In general, stressful situations activate the HPA-axis, resulting in increased plasma 

concentrations of corticotrophin-releasing hormone (CRH), adrenocorticotrophic hormone 

(ACTH), norepinephrine, adrenaline, and cortisol (Lucy, 2008).  
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Figure 2.6. Schematic representation of the hypothalamic-pituitary-adrenocortical 

axis responses to stress, and the cortisol-induced metabolic responses in target 

tissues. CRH = corticotrophin-releasing hormone, ACTH = adrenocorticotropic 

hormone 

 

Although the concentrations of all these hormones have been used in the study of stress, 

cortisol is the primary hormone responsible for stress responses, and the most commonly used 

for the assessment of animal welfare (Burdick et al., 2011). Several internal or external stressor 

factors, such as animal handling, transportation, milking, and extreme temperatures, have all 

been shown to increased cortisol secretion in goats (Komara and Marnet, 2009; Kruger et al., 

2016; Bomfim et al., 2018). Fluctuations of plasma cortisol are also influenced by the 

physiological status of the dam (e.g., estrous cycle, pregnancy, parturition, lactation). Such 
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fluctuations are demonstrated in goats by Mahmoud and Azab (2014), in which a sharp increase 

(more than 20-fold) of maternal plasma cortisol was recorded at parturition.  

The overall effect of cortisol on metabolism is a temporary increase in energy production 

and consumption, diverting metabolism from anabolic to catabolic state, at the expense of 

processes that are not required for immediate survival (Meij and Mol, 2008). According to 

Binsiya et al. (2017), a tendency to hyperglycemia, increased gluconeogenesis, lipolysis, 

proteolysis, blood flow, and reduced lipogenesis, glucose uptake, and insulin sensitivity are all 

related to cortisol stimulation in livestock. In summary, cortisol is an important promoter of 

milk production because cortisol stimulates the partition of nutrients away from storage 

and toward mammary utilization (Herdt, 1988; Lérias et al., 2014). 

Although corticoids are among the hormones essential for the initiation, and in some cases, 

maintenance of lactation (Hydbring et al., 1999; Neville et al., 2002), during prolonged stress, 

a chronic elevation of cortisol levels might suppress immune responses and inflammatory 

pathways, thereby resulting in greater vulnerability to infectious diseases and prolonged 

healing times (Meij and Mol, 2008).  

2.4.8 Mammogenic, Lactogenic and Galactopoietic Hormones 

The so-called reproductive hormones include progesterone, estrogen, oxytocin, PL, and 

prolactin, have a crucial role in synchronizing maternal adaptations to pregnancy, parturition, 

and lactation (Hurley and Loor, 2011), but also influence the coordination of nutrient 

partitioning between fetoplacental unit, mammary and extramammary tissues (Lacasse et al., 

2016; Napso et al., 2018). 

Estrogen and progesterone are the chief pregnancy hormones. Together they are responsible 

for both the establishment and maintenance of pregnancy, for the stimulation of maternal 

behavior, and have a pivotal rule in the hormonal control of mammogenesis and onset of 

lactation (Napso et al., 2018). Increased levels of circulating estrogen and progesterone are 
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essential for the proliferation and maturation of mammary epithelial cells while keeping them 

nonfunctional until parturition (Neville et al., 2002; Akers, 2017). That is because 

progesterone interferes with prolactin binding to the receptors on the alveolar cells, 

suppressing prolactin capacity to stimulate the final differentiation of mammary cells 

for milk production and secretion (Hurley and Loor, 2011), thereby indirectly securing nutrient 

supply for the conceptus (Bauman, 2000). Moreover, the direct effects of estrogen and 

progesterone on the regulation of nutrient partitioning during pregnancy have been 

demonstrated in humans and ruminants (Bell and Bauman, 1997; Napso et al., 2018).  

At the end of pregnancy, a gradual fall in progesterone levels triggers secretory activity, 

while the combination of prolactin, PL, GH, thyroid hormones, and cortisol stimulate copious 

milk synthesis and initiate lactation (Hydbring et al., 1999; Neville et al., 2002). Prolactin, GH, 

and PL are members of a family of placental hormones that share similarities in chemical 

structure and biological actions, as three hormones exhibit both lactogenic and somatotropic 

properties (Lacasse et al., 2016; Napso et al., 2018).  

During pregnancy, prolactin is synthesized and secreted by both the anterior pituitary gland 

and placenta; however, as pregnancy advances, the placenta gradually becomes the 

predominant source of prolactin (Napso et al., 2018). Although prolactin is a crucial regulator 

of mammogenesis and lactogenesis in goats (Lacasse et al., 2016), researchers have reported 

conflicting results for the effects of the suppression of prolactin secretion on galactopoiesis 

(milk production in established lactations) in goats (Lérias et al., 2014; Lacasse et al., 2016). 

There are also indications that, in rodents, prolactin increases pancreatic insulin production but 

reduces insulin sensitivity (Napso et al., 2018). Also, studies in ruminants have shown that 

prolactin increases feed intake in dairy cows (Lacasse et al., 2016), and that prolactin 

concentration is significantly affected by changes in photoperiod and temperature in cows and 

goats (Lacasse et al., 2016; Pehlivan et al., 2018). 
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Placental lactogens are secreted from the placenta, and PL exerts its actions by binding (with 

varying affinity) to GHR and prolactin-receptors (Gertler and Djiane, 2002). In pregnant goats, 

PL concentration in blood is positively associated with litter size, placental mass, udder 

volume, colostrum yield, and subsequent milk production (Hurley and Loor, 2011; Lérias et 

al., 2014), providing indirect evidence for a relevant mammogenic role for PL. Additionally, 

PL has a clear effect on mammary epithelial cell differentiation, as it can stimulate lactogenesis 

when prolactin is absent or suppressed in sheep or goats (Lérias et al., 2014). Given that PL is 

a member of the GH-prolactin family, it mimics some but not all somatogenic and metabolic 

activities of GH and prolactin in ruminants (Gertler and Djiane, 2002). Such partial mimicking 

of GH-prolactin action could explain the relationship between PL and udder size, colostrum 

yield, and degree of insulin resistance (Bell and Ehrhardt, 2000; Hurley and Loor, 2011). 

2.5 Factors Affecting Goat Milk Yield and Composition 

Milk yield refers to the quantity of milk produced by an animal throughout a determined 

period (Goetsch et al., 2011). As seen in section 1.1.2., the level of milk production has a 

significant impact on nutrient demands and energy balance. Consequently, factors affecting 

milk production are likely to affect endocrine and metabolic adaptations during the transition 

period. Previous studies have shown that goat milk yield and composition can be significantly 

affected by several non-genetic factors, such as nutrition, the month of kidding, environmental 

conditions (e.g., photoperiod, temperature, humidity, rainfall), stage of lactation, parity, age, 

litter size, production systems (e.g., intensive, semi-intensive, extensive), milk frequency, and 

individual or herd health (Carnicella et al., 2008; Goetsch et al., 2011; Idowu and Adewumi, 

2017). 
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2.5.1 Environmental Conditions, Stage of Lactation, and Month of Kidding 

The seasonal variations in milk yield and composition are well documented in dairy goats. 

Such seasonality can be largely explained by changes in environmental conditions throughout 

the year and its simultaneous impact on feed quantity/quality and on animal behavior and 

physiology (Cannas and Pulina, 2008; Clark and García, 2017; Kljajevic et al., 2018). For 

instance, the literature shows that, in goats, blood concentrations of GH, prolactin, and thyroid 

hormones (TH) are markedly influenced by changes in photoperiod and temperature. Long 

photoperiods stimulate secretion of GH, prolactin, and TH in summer, but elevated 

temperatures have a negative impact on TH (Hashizume et al., 1999; Todini, 2007; Jin et al., 

2012). Therefore, changes in environmental conditions are likely to have an indirect impact on 

endocrine regulation of nutrient partitioning, thereby influencing overall milk production.  

Indeed, multiple studies have reported a positive relationship between photoperiod and milk 

production in dairy goats (Flores et al., 2011; Russo et al., 2013; Arnal et al., 2018), and a 

negative correlation between the temperature-humidity index (THI) and contents of fat, protein, 

and lactose in goat milk (Salama et al., 2014; Kljajevic et al., 2018). Additionally, changes in 

environmental conditions have a direct influence on the quantity and quality of feedstuffs and 

grazing crops available but also impact on voluntary feed intake and water consumption 

(Cannas and Pulina, 2008). Thus, seasonal variations in goat milk yield and composition are 

even more marked when goats are managed under extensive or semi-extensive systems than 

when the herd is kept indoors (Garcia-Hernandez et al., 2007; Cannas and Pulina, 2008; Flores 

et al., 2011). 

The stage of lactation is an important factor affecting milk yield and quality in goats. 

Various studies have shown that in goats, daily milk yield tends to increase continuously from 

parturition until reaching its peak around 5-8 weeks postpartum, gradually declining after that 

as lactation progresses (Idowu and Adewumi, 2017). In contrast, most of the major components 
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in goat's milk (e.g., fat and protein) show an opposite trend, decreasing from the beginning of 

lactation to a minimum in mid-lactation, increasing again towards the end of the lactation 

(Idowu and Adewumi, 2017; Park et al., 2017).  

According to Safayi et al. (2010), the changes in milk yield over the lactation period are 

determined by changes in the number and the secretory activity of milk-synthesizing epithelial 

cells and changes in nutrient supply to the mammary gland. Nevertheless, it is often difficult 

to distinguish the relative influence of changes in environmental conditions from the effects of 

stage of lactation on milk yield and composition. That is because changes in environmental 

conditions might have a significant impact on animal nutrition, behavior, and physiology, 

which in its turn, might affect metabolic and endocrine regulation of mammary metabolism 

and secretory capacity (Safayi et al., 2010; Goetsch et al., 2011; Lérias et al., 2014; Idowu and 

Adewumi, 2017). 

Not surprisingly, various authors have demonstrated that the month of kidding can have a 

significant impact on the shape and scale of the lactation curve in goats (Crepaldi et al., 1999; 

León et al., 2012; Arnal et al., 2018). These authors observed that although peak yield and total 

milk produced per lactation is usually higher in goats kidding in warm months, their lactation 

persistence (ability to maintain production at a higher level after peak yield) is inferior to that 

of goats kidding during cold months. 

2.5.2 Parity Number 

Advanced parity is associated with increased milk production in dairy goats (Lérias et al., 

2014), typically reaching its maximum between the third and fourth lactations. The increasing 

milk yield with increasing parity is probably due to the reduction in the percentage of nutrients 

used for maternal growth and the gradual decline in accumulation of mammary alveoli from 

the previous lactation as goats get older (Lérias et al., 2014; Idowu and Adewumi, 2017). Parity 

number is also known to affect milk composition and the shape of the lactation curve in goats. 
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First-parity goats usually have lower initial and peak yields, higher lactation persistency 

(Gipson and Grossman, 1990), higher fat and protein percentages, and the lower somatic cell 

count (SCC) than later-parity goats (Carnicella et al., 2008; Goetsch et al., 2011; Idowu and 

Adewumi, 2017). 

2.5.3 Litter Size 

Several authors have reported a positive association between litter size and milk production 

in goats (Crepaldi et al., 1999; Carnicella et al., 2008; Lérias et al., 2014). As pointed out in 

section 2.4.8, the placenta synthesizes and secretes a variety of mammogenic hormones (Napso 

et al., 2018). In goats, increasing litter size is associated with increased placental mass, 

placental hormones concentration, udder volume, and colostrum and milk yields (Hurley and 

Loor, 2011; Lérias et al., 2014). Therefore, the higher milk yield found in goats delivering 

multiple kids is likely to be the result of greater prepartum stimulation of mammary gland 

development due to higher levels of mammogenic and lactogenic hormones (e.g., progesterone, 

estrogen, PL, GH, prolactin) compared to goats delivering single kids. However, contrasting 

the positive effect on milk yield, the literature suggests that litter size is negatively associated 

with the contents of milk fat and protein in early lactation (Lérias et al., 2014).  

2.6 Periparturient Metabolic Diseases  

During the transition period, NEB-related metabolic stress coupled with other stressors 

associated with pregnancy, parturition, and adjustments to lactation can predispose dairy goats 

to so-called production diseases such as gestational and lactational ketosis, fatty liver, milk 

fever, and ruminal acidosis (Cannas and Pulina, 2008; Brozos et al., 2011; Matthews, 2016). 

Some of the main predisposing factors associated with periparturient metabolic diseases in 

goats are over or under condition, multiple pregnancies, high milk yield, and stress factors (e.g., 



40 
 

concurrent diseases, dietary changes, severe weather, housing) (Cannas and Pulina, 2008; 

Matthews, 2016). 

Ketosis and hypocalcemia are among the most common diseases affecting periparturient 

goats and ewes (Rook, 2000; Smith and Sherman, 2009). In goats, ketosis occurs more 

commonly during the last stage of pregnancy especially in goats carrying multiple fetuses, 

while hypocalcemia is most common in high-yielding goats in the first few weeks of lactation, 

when the sudden increase in demand of calcium for milk synthesis cannot be met quickly 

enough (Matthews, 2016). The high incidence of multiple births, combined with the increased 

milk yield of modern dairy goats, might increase their risks of developing ketosis and 

hypocalcemia both in late pregnancy and early lactation (Cannas and Pulina, 2008; Smith and 

Sherman, 2009). Nevertheless, despite the vast information on etiology and treatment of 

metabolic diseases in goats (Rook, 2000; Cannas and Pulina, 2008; Smith and Sherman, 2009; 

Brozos et al., 2011; Matthews, 2016), a perusal of the literature revealed only one large 

epidemiologic study on gestational ketosis carried out using dairy goats from commercial herds 

in Canada (Doré et al., 2015), and two studies on the prevalence of ketosis in small herds of 

dual-purpose goats from Jordan (Ismail et al., 2015) and India (Yadav et al., 2015). 

Production diseases can result in significant economic losses in dairy herds by adversely 

affecting both production and fertility, but also by increasing involuntary culling and treatment 

costs (Smith and Sherman, 2009; Overton et al., 2017; Wankhade et al., 2017). However, 

contrasting the abundant information on performance and health of transition dairy cows 

(Ospina et al., 2013; Overton et al., 2017; Wankhade et al., 2017), little is known about the 

incidence and economic impacts of metabolic disorder in periparturient dairy goats.  

2.7 Conclusions 

The transition period is the most critical life stage in dairy goats, during which profound 

physiological, endocrine, and metabolic adaptations are necessary to support pregnancy and 
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lactation. Previous studies in dairy cows have shown that an inability to adapt to this 

challenging situation might have a substantial impact on maternal health and productive 

efficiency beyond the transition period.  

However, in contrast to the extensive information on transition dairy cows, there is little 

data describing changes in the blood biochemical parameters in periparturient goats. Therefore, 

studies on metabolic and endocrine responses to support pregnancy and lactation in dairy goats 

may help to further our understanding of mechanisms of metabolic adaptations and its overall 

outcomes within this species, thereby contributing to the improvement of guidelines for the 

management strategies during the transition period. 
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3.2 Abstract 

The aim of this observational study was to identify the influence of key nongenetic factors 

such as month of kidding, parity, and litter size on milk yield and composition of Australian 

dairy goats throughout lactation. The study was conducted over 4 consecutive kidding seasons 

from June 2016 to March 2017. Data from 940 lactations of Saanen goats from a commercial 

herd were used to observe the effects of month of kidding, parity number, and litter size on 

total milk yield (L/goat) in early lactation (kidding to 90 d in milk; DIM), mid-lactation (91–

180 DIM), and late lactation (181–270 DIM), cumulative milk yield (from kidding to 270 DIM; 

CMY), average lactation length, proportion (%) of goats reaching their target lactation length 

(270 DIM), somatic cell count (SCC), and percentages of milk fat and protein in early lactation. 

The mean herd responses throughout the entire study were as follows: CMY = 519 L/goat; 

lactation length = 233 d, with 70% of goats reaching 270 DIM; milk fat = 4.2%; milk protein 

= 2.9%; and SCC = 6.2 × 105 cells/mL. Average milk production peaked in February and was 

lowest in June (2.4 vs. 1.8 L/goat per day, respectively). Milk yield was affected by month of 

kidding, parity number, and litter size in all phases of lactation. November kidders had the 

greatest CMY, and March kidders had the lowest CMY. March kidders had the shortest 

lactation length and the lowest proportion of goats reaching 270 DIM. June kidders had the 

longest lactation length, whereas September kidders had the highest proportion of goats 

reaching 270 DIM. Maximum milk yield was attained in third parity. Goats in fourth or greater 

parity had the shortest lactation length, the lowest proportion of goats reaching 270 DIM, and 

the highest SCC. Goats delivering single kids had lower CMY, lower SCC, and higher 

percentages of fat and protein than goats delivering multiple kids. Our findings indicate that 

milk yield was primarily influenced by month of kidding, and the effects of month of kidding 

on milk yield were accentuated during mid-lactation. However, the effects of month of kidding 

on milk yield varied significantly among parities. 
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3.3 Introduction 

The Australian dairy goat industry has experienced a phase of dramatic growth in recent 

years. The Australian dairy goat sector is estimated to be growing at around 20%/year 

(Cameron, 2014), with the number of milking goats and production volume increasing more 

than 62% in the past 7 years (Zalcman and Cowled, 2018). This expansion has been stimulated 

predominantly by the increased popularity of fresh goat dairy products among Australian 

consumers (Stubbs and Abud, 2009). Today, around 60% of national goat milk production goes 

into fresh cheese making, and this requires a constant supply of milk year-round. However, 

Australian goat milk production remains seasonal, with production surpluses in spring-summer 

and shortfalls in winter (Cameron, 2003; Celi and White, 2012). 

As a consequence of this productive and reproductive seasonality, significant farm 

management changes are necessary to achieve uniform milk production consistent with market 

needs (Stubbs and Abud, 2009). Accurate information about performance traits such as 

conception rates, total milk yield, and lactation persistency based on goat category (e.g., time 

of kidding, parity, litter size) is crucial for the optimization of herd management plans to 

achieve a more uniform distribution of milk production per year (Cameron, 2003; Carnicella 

et al., 2008). However, information on the productive performance of dairy goats raised under 

Australian conditions is still limited. Therefore, dairy goat farmers often extrapolate 

information either from overseas data or gathered from the cattle dairy sector (Celi and White, 

2012). 

Europe has the most organized market for goat milk and the largest source of information 

on dairy goat systems (Haenlein, 2001; Miller and Lu, 2019). However, European systems are 

mostly seasonal, with 1 to 2 kidding seasons per year (Pulina et al., 2018). Consequently, even 

though out-of-season breeding, and management of dairy systems based on multiple kidding 
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seasons per year are matters of considerable interest to Australian farmers, the literature on 

these topics is still scarce. Additionally, economic, climatic, and market characteristics of dairy 

goat farming in Australia are distinct from those of European dairy goat systems (Stubbs and 

Abud, 2009). For instance, the Australian dairy goat industry is characterized by relatively 

large farms (~450 milking goats/farm) and increased intensification of husbandry systems. 

Australian farmers are among the least subsidized in the world (OCDE, 2018; Zalcman and 

Cowled, 2018). On the other hand, European dairy goat herds are relatively small (~100 

milking goats/farm), predominantly managed in extensive and semi extensive systems, and a 

direct subsidy is paid on milk production (Escareño et al., 2013; Pulina et al., 2018). Therefore, 

this study aimed to characterize and evaluate the effects of main nongenetic factors, such as 

month of kidding, parity number, and litter size, on milk yield and composition, as well as their 

possible interaction effects on lactation curves of Australian dairy goats. 

3.4 Materials & Methods 

All experimental procedures were approved by the Faculty of Veterinary and Agricultural 

Sciences Animal Ethics and Welfare Committee of The University of Melbourne, Australia 

(no. 1613846.1.). 

3.4.1 Animals and Management 

This study was conducted at Meredith Dairy commercial farm (Meredith, Australia; 37°50′S 

144°04′E) over 4 consecutive kidding seasons from June 2016 to March 2017. The climate in 

the area is defined as “mild temperate” by the Australian Bureau of Meteorology, with summer 

beginning in December and winter beginning in June. The farm has 2,200 does and 116 bucks 

and follows a reproductive calendar based on 4 mating periods per year (males introduced for 

30 d in October, January, April, and June), aiming for 600 goats kidding in each of the 4 kidding 

periods: March (MAR), June (JUN), September (SEP), and November (NOV).  
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The herd distribution according to parity is 35, 30, 20, and 15% for goats in first, second, 

third, and fourth (or greater) parity, respectively. In total, 1,000 (~250 per kidding season) 

clinically healthy pregnant goats (≤ 7 years old) were selected from the herd to be monitored 

throughout lactation. To get a representative subset of the population, goats were selected based 

on their parity number, aiming for parity distribution similar to that observed in the main herd. 

Pregnancy and litter size were determined at 60 to 80 d post-breeding using transabdominal 

ultrasound (Jones and Reed, 2017). Pregnant goats were dried off 60 d before their expected 

kidding date. Enrolled goats were kept with the main herd throughout the study and were 

housed in a 1-sided shed (naturally ventilated; north-south oriented with the open side facing 

east) with a stocking density of 1.5 m2 of floor space per head and 0.3 linear meters of feeder 

space per head. Fresh straw bedding was applied daily. Goats were fed a TMR once daily at 

around 0700 h. Diets were formulated as described by McDonald et al. (2002), aiming for 3.5 

kg of DMI/goat. Approximate proportions (DM basis) of the components in the diet were 

wheat/barley (20%), fava beans (12%), legume hay (6%), lucerne silage (28%), ryegrass silage 

(27%), and commercial pellets (7%; 25% CP, 14 MJ of ME/kg, 29% NDF, 65 g of Ca/kg, 16 

g of P/kg). The nutrient composition (per kg of DM) of the diet was 28% NDF, 16% CP, 10 

MJ of ME, 18 g of Ca, and 9.0 g of P. Weekly adjustments were made to the amount of TMR 

offered to maintain a minimum 5% refusal rate, ensuring ad libitum feeding. 

3.4.2 Measurements 

Goat BW and BCS were measured within 1 wk after delivery (before feeding and after the 

morning milking). The BCS was scored by the same person, adopting a 6-point scale method 

(Villaquirán et al., 2004). 

Does were weaned from their kids within 1 d of parturition, and the kids were reared as a 

separate animal group and fed milk replacer via automatic feeders. Does were milked twice 

daily in a 36-sided herringbone system fitted with automatic cup removers and in-line 
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electronic milk meters (MidiLine SG Parlor, DeLaval Inc., Westmeadows, VIC, Australia), 

and individual milk volume was recorded at 0600 and 1600 h. Although data from the general 

herd were used to estimate average milk yield (Figure 3.1 c) and bulk-tank milk composition 

(Figure 3.1 b), only data from experimental animals were included in the statistical analysis. 

The lactation period was up to 270 DIM and was assessed in 3 phases: early lactation (kidding 

to 90 DIM; EMY), mid-lactation (91–180 DIM; MMY), and late lactation (181–270 DIM; 

LMY). 

The bulk-tank milk samples were collected daily, preserved with bronopol (Broad Spectrum 

Microtabs II, D & F Control Systems Inc., Norwood, MA), stored at 4°C, and shipped to the 

laboratory (DTS Food Assurance, North Melbourne, VIC, Australia) at weekly intervals for 

analysis of fat, protein, lactose, and TS using a CombiFoss FT+ milk analyzer (Foss, Hillerød, 

Denmark). Herd test was performed once in early lactation, and individual milk samples were 

collected from all goats on the same day (48 ± 13.0 DIM; mean ± SD). Individual milk samples 

were preserved with bronopol and transported on ice (4°C) to the laboratory at Herd 

Improvement Co-Operative (Maffra, VIC, Australia) on the same day of sample collection. 

Samples were heated to 40°C before the determination of milk fat, protein, and SCC using a 

NexGen milk analyzer (Bentley Instruments, Chaska, MN). 

The environmental conditions on each day throughout the study were obtained from 

Sheoaks meteorological station database (BOM, 2017; 16 km from the farm), and monthly 

variations in daylight length (hours of light per day) and maximum and minimum temperatures 

(°C) are presented in Figure 3.1 a. 

3.4.3 Dry-Off Threshold 

Goats that had an average milk yield of <3.0 L/wk for 2 consecutive weeks were dried off 

irrespective of whether they had met their lactation target (270 DIM). Goats that maintained 
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production above 3.0 L/wk for the entire lactation were dried off 60 d before their expected 

kidding date. 

3.4.4 Statistical Analyses 

The effects of month of kidding, parity number, and litter size and all possible interactions 

on milk yield and composition were determined using restricted maximum likelihood (GenStat, 

18th ed.; VSN International Ltd., Hemel Hampstead, UK). Before statistical analysis, SCC 

values were transformed into somatic cell score (SCS) to achieve normality using the equation 

SCS = log2 (SCC/100) + 3, where SCC is in cells per microliter (Weigel, and Shook, 2018). 

Due to reduced animal numbers, goats of parity 4, 5, and 6 were grouped as parity 4+, and 

goats carrying 2 or 3 fetuses were grouped as litter size 2+. The month of kidding × litter size, 

parity number × litter size, and month of kidding × parity number × litter size interactions were 

not significant for all variables analyzed, and only the main effects for LS were retained in the 

model 

 Yijkl = μ + MKi + PNj + (MKi × PNj) + LSk + Rl + Eijkl, 

where Yijkl = calculated variable; μ = overall mean; MKi = month of kidding (i = MAR, 

JUN, SEP, NOV); PNj = parity number (j = 1, 2, 3, 4+); LSk = litter size (k = 1 or 2+); Rl = 

random effect of goat (l = 1, . . ., n); and Eijkl = residual error assumed to be normally and 

independently distributed. The Bonferroni method with a 95 % confidence interval was used 

for pairwise comparisons. Statistical significance was declared at P < 0.05. Data are presented 

as means ± standard error unless declared otherwise. The time to dry-off was analyzed using 

the Wilcoxon (Peto-Prentice) nonparametric survival analysis test (Collett, 2015). The analysis 

was performed using the Kaplan-Meier and RSTEST (95% confidence interval) procedures in 

GenStat (18th ed.). 
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3.5 Results 

Out of the 1,000 animals, 60 were excluded from the study due to abortions, death, or 

kidding delays (total n = 940). As the study progressed, goats were dried off in line with 

commercial practice, as previously described, and the proportion of goats still milking along 

the 270-d lactation is described in Figure 3.2. The number of goats commencing each 

lactational phase being dried off and proportion of goats reaching the end of each lactational 

phase are presented in Table 3.1. Descriptive statistics of all variables analyzed are reported in 

Table 3.2. The means (± SD) of bulk-tank milk content during the 18mo of study were as 

follows: fat, 3.6 ± 0.54%; protein, 3.1 ± 0.39%; lactose, 4.8 ± 0.13%; TS, 12.1 ± 1.02%; and 

ash, 0.61 ± 0.23%. 

3.5.1 Month of Kidding 

The main effects of month of kidding on milk yield, milk composition in early lactation, 

lactation length, and SCC are presented in Table 3.3. Monthly variations in daylight length, 

temperature, milk yield (general herd), bulk-tank milk composition, and lactation curves of 

goats that kidded in MAR, JUN, SEP, and NOV are depicted in Figure 3.1. Month of kidding 

affected (P < 0.001) milk yield in all phases of lactation. Goats that kidded in NOV had the 

highest cumulative milk yield (CMY), and goats that kidded in MAR had the lowest CMY 

(578 ± 18.4 vs. 455 ± 17.5 L, respectively; P < 0.001). 

Goats that kidded in NOV averaged greater EMY (+15%; P < 0.001) compared with goats 

that kidded in MAR, JUN, and SEP. Goats kidding in SEP and NOV (spring) averaged greater 

EMY (+10%; P < 0.01) and greater MMY (+28%; P < 0.001) than goats that kidded in MAR 

and JUN (autumn-winter). Goats kidding in NOV reached the highest peak milk yield (P < 

0.001), and goats kidding in MAR had the lowest peak milk yield (2.8 ± 0.05 vs. 2.4 ± 0.05 

L/d, respectively; Figure 3.1 c).  
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Figure 3.1. (a) Monthly variations in daylight length (hours of light/d; sun symbol) 

and mean maximum (-----) and minimum (─ ∙ ─) ambient temperature (°C). (b) 

Changes in the contents (%) of fat (), protein (prot.; ), lactose (lact.; ◆), and 

TS () in bulk milk samples. (c) Lactation curves of milk yield (L/d) of goats that 

kidded in June (; n = 242), September (; n = 223), November (; n = 239), 

and March (; n = 237) and the herd milk yield (gray area; the number of goats 

in milk, n ~ 1,500) at Meredith Dairy (Meredith, VIC, Australia) from June 2016 to 

December 2017 

 

Goats that kidded in MAR had the shortest (P < 0.001) lactation length and lowest (P = 

0.001) proportion of goats reaching 270 DIM (Table 3.1). Goats that kidded in JUN had the 

longest (P < 0.001) lactation length, whereas goats that kidded SEP had the highest (P = 0.001) 
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proportion of goats reaching 270 DIM (Table 3.1). Goats that kidded in NOV (late spring) had 

the highest SCC, and goats that kidded in JUN (winter) had the lowest SCC (7.7 vs. 6.0 × 105 

cells/ mL, respectively; P < 0.001). 

 

 

Figure 3.2. Kaplan-Meier survival curves for the proportion of does (n = 940) still 

milking during a 270-d lactation at Meredith Dairy (Meredith, VIC, Australia) 

analyzed by (a) litter size, (b) parity number, and (c) month of kidding (MAR = 

March, JUN = June, SEP = September, NOV = November). Days in milk were 

measured from the kidding date for each doe, and data were censored at 270 

DIM. 

 

3.5.2 Parity Number 

The main effects of parity number on milk yield, milk composition, lactation length, and 

SCC are presented in Table 3.3. Goats in first parity had lower CMY (-26%; P < 0.001) than 

goats in third parity. However, the difference between first and third parity gradually decreased 

as goats advanced into lactation [-33% for EMY (P < 0.001), -27% for MMY (P < 0.001), and 

-21% for LMY (P < 0.001)]. There were no differences among second and third parity for 

EMY, MMY, LMY, and CMY. The differences between goats in fourth or greater parity and 

third parity gradually increased as goats advanced into lactation [-6% for EMY (P = 0.153), -

11% for MMY (P = 0.002), and -12% for LMY (P = 0.007)]. Goats in fourth or greater parity 

had the shortest (P < 0.01) lactation length, the lowest (P < 0.001) proportion of goats reaching 
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270 DIM (Table 3.1), and the highest (P < 0.001) SCC. Parity number did not affect contents 

(%) of milk fat and protein in early lactation. 

3.5.3 Combined Effects of Month of Kidding and Parity Number 

The month of kidding did not affect MMY and LMY of first-parity goats (Table 3.4). Goats 

in fourth or greater parity kidding in SEP and NOV (spring) had considerably higher MMY 

(+51%; P < 0.001) and LMY (+33%; P < 0.001) than goats in fourth or greater parity kidding 

in MAR and JUN (autumn-winter). Except for goats kidding in MAR, third-parity goats had 

the highest (P < 0.05) milk yield in all lactation phases regardless of month of kidding. Third-

parity goats kidding in NOV (late spring) had the highest (P < 0.05) EMY (287 ± 9.3 L/goat) 

and MMY (258 ± 7.3 L/goat), whereas third-parity goats kidding in SEP (early spring) had the 

highest (P < 0.05) LMY (198 ± 11.1 L/goat). 

3.5.4 Litter Size 

Percentages of single, twin, and triplet kids were 35.2, 54.8, and 9.9%, respectively. Goats 

delivering multiple kids had higher EMY (+6%; P < 0.01), MMY (+9%; P < 0.001), LMY 

(+8%; P < 0.001), and CMY (+7%; P < 0.05) than goats delivering single kids (Table 3.3). 

Goats delivering single kids had higher percentages of milk fat (4.29 vs. 4.15%; P < 0.05), 

higher percentages of milk protein (2.95 vs. 2.87%; P < 0.01), and lower SCC (5.6 vs. 7.5 × 

105 cells/mL; P < 0.01) than goats delivering multiple kids (Table 3.3). There was no 

significant effect of litter size on lactation length (Table 3.3) on the proportion of goats 

reaching 270 DIM (Table 3.1). 
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Table 3.1. Number of goats commencing and dried-off in each phase of lactation1, and survival probabilities (Kaplan -Meier 

method) censured at 90, 180 and 270 days in milk (DIM), grouped by litter size (LS), parity number (PN), and month of kidding 

(MK) 

 Total  LS  PN  MK  P – value2 

Period of censoring   1 2+  1 2 3 4+  MAR JUN SEP NOV  LS PN MK 

Milking at 1 DIM 940  330 612  319 245 237 140  237 242 223 239     

Dried off ≤ 90 DIM 89  31 58  30 19 24 16  26 21 17 25     

Still milking at 90 DIM3(%) 0.91  0.91 0.91  0.91 0.92 0.90 0.89  0.89 0.91 0.92 0.90  NS NS NS 

Milking at 91 DIM 851  300 553  290 225 213 125  212 223 207 215     

Dried off (91-180 DIM) 79  22 57  14 15 27 23  40 9 20 10     

Still milking at 180 DIM3(%) 0.82  0.84 0.82  0.72 0.67 0.74 0.72  0.72 0.88 0.83 0.85  NS ** *** 

Milking at 181 DIM 772  279 500  277 211 187 103  172 214 186 206     

Dried off (180-270 DIM) 117  39 78  32 26 33 26  24 34 14 45     

Still milking at 270 DIM3 (%) 0.70  0.72 0.68  0.76 0.75 0.65 0.54  0.62 0.74 0.77 0.67  NS *** *** 

1Early lactation = kidding to 90 DIM; mid lactation = 91–180 DIM; late lactation = 181–270 DIM 

2Wilcoxon (Peto-Prentice) nonparametric survival analysis test.  

3Kaplan-Meier survival probabilit ies measured from kidding date for each doe and data censored at 90, 180 and 270 DIM.  

**P < 0.01; ***P < 0.001; NS = not significant.
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3.6 Discussion 

To our knowledge, this is the first study comparing the effects of month of kidding, parity, 

and litter size on productive traits of commercial dairy goats raised in intensive feeding systems 

and managed in multiple kidding seasons per year. The large field data set available has enabled 

a more in-depth analysis of how different factors affect the evolution of milk yield, milk 

quality, lactation length, and proportion of goats still milking during a 270-d lactation. The 

major finding from this study was that the month of kidding was the primary factor influencing 

differences in productivity of multiparous goats, particularly during mid-lactation. 

Table 3.2. Descriptive statistics for BCS, BW, and total milk yield in early, mid, 

and late lactation,1 cumulative milk yield from kidding to 270 DIM (CMY, L/goat), 

lactation length, SCS, SCC, and percentage of milk fat and protein of a 

commercial dairy goat herd in Australia  

Item N Mean SE SD CV (%) 

BCS  940 2.6 0.01 0.24 9.3 
BW (kg) 940 68 0.5 15.7 23.0 
Total milk yield (L/goat)      
  Early lactation 940 211 2.5 75.3 35.7 
  Mid lactation 851 194 2.4 70.9 36.5 
  Late lactation 772 161 2.2 59.7 37.1 
CMY (L/goat) 940 519 7.3 224.6 43.3 
Lactation length (d) 940 233 2.4 72.2 31.0 
Fat2 (%) 878 4.2 0.03 0.93 22.1 
Protein2 (%) 878 2.9 0.01 0.36 12.6 
SCS22 878 5.6 0.1 1.8 31.9 
SCC3 (x105/ml)  6.2 - 0.3 - 

1Early lactation = kidding to 90 DIM; mid lactation = 91–180 DIM; late lactation = 

181–270 DIM. 

2Corresponds to individual milk samples collected once in early lactation. M ilk 

samples were collected from all  goats on the same day (48 ± 13.0 DIM; mean ± 

SD). 

3Back-transformed values. 

SE = standard error 

SD = standard deviation 
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3.6.1 Milk Yield 

The mean milk production of the present study (519 ± 7.3 kg for CMY and 233 ± 2.4 d for 

lactation length; Table 3.2) was inferior to the national average of French goat herds (949 

kg/goat; IDELE, 2017) and to those published by other observations in dairy goats of a similar 

breed composition (Zoa-Mboé et al., 1997; Solis-Ramirez, 2014), showing considerable 

potential for improvement of Australian dairy goat productivity. 

Overall, superior milk production (+17%) was observed in goats that kidded in SEP and 

NOV (spring) compared with goats that kidded in MAR and JUN (autumn-winter). The higher 

milk yield in spring kidders was likely driven by the longer photoperiod during mid-lactation, 

as September kidding would result in peak production (mid-lactation) in December when the 

photoperiod is maximal, whereas March kidding would result in peak production in June when 

the photoperiod is minimum. Goats that kidded in JUN (winter) reached peak lactation at 

around 40 DIM and slowly reduced daily yield in the subsequent months. Conversely, goats 

that kidded in SEP (early spring) reached peak lactation much later, at around 90 DIM, and 

sharply decreased after 150 DIM (Figure 3.1 c). Furthermore, the herd’s average milk yield 

peaked in February 2017 (summer) and was lowest in June 2016 (winter; 2.4 ± 0.19 vs. 1.8 ± 

0.10 L/d, respectively; Figure 3.1 c), a clear indication of substantial effects of photoperiod on 

goat productivity. 

Arnal et al. (2018) demonstrated that the shape of the goat lactation curve is tied to the 

duration of the photoperiod, and that month of kidding is strongly linked to mid-lactation 

production. Moreover, multiple studies have reported the influence of month of kidding (season 

of the year, more specifically) on peak yield, lactation persistence (ability to maintain 

production at a higher level after peak yield), and CMY of dairy goats (Montaldo et al., 1997; 

León et al., 2012). The findings presented here agree with previous studies that have shown 
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that although goats kidding in winter have lower production at the beginning of lactation, they 

maintain peak production for longer than goats kidding during the spring. 

Several studies have shown that seasonal variations of environmental factors such as feed 

quality, air temperature, relative humidity, rainfall, and solar radiation have a significant effect 

on milk yield and physicochemical milk composition (Nardone et al., 2010; Salari et al., 2016; 

Clark and García, 2017). In this study, the flock was housed in 1-sided sheds and fed a TMR 

year-round. Therefore, the influence of changes in feed quality on variations in milk yield was 

likely to be minimal due to the lack of grazing and goats being fed to match their nutrient 

requirements. Thus, higher herd milk yield in summer was more likely driven by the longer 

photoperiod. 

Abundant literature demonstrates that photoperiod is a primary environmental variable 

influencing milk yield and feed intake of dairy goats (Neville et al., 2002; Garcia-Hernandez 

et al., 2007; Flores et al., 2011). Although feed intake was not measured in this study, increased 

feed intake in the longer days was presumably the primary source of variation in milk yield. In 

a previous study on the same farm, Russo et al. (2013) stated that goats exposed to 16 h of 

artificial light had higher milk yield and higher live weight and that analysis of their metabolic 

profile indicated better energy balance than a control group exposed to natural light (9.5–10 h 

of light/d). 
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Table 3.3. Main effects of litter size (SL), parity number (PN) and month of kidding (MK) on total milk yield (L/goat) early, mid, 

and late-lactation1, cumulative milk yield at 270 DIM (CMY), lactation length (total DIM), milk fat, milk protein, S CS, and SCC 

of Australian dairy goats (n = 940)2 

 LS  PN  MK  SED3  P-value 

Item 1 2+  1 2 3 4+  MAR JUN SEP NOV  LS PN MK  LS PN MK 

Total milk yield (L/goat)                     

  Early lactation 210b 223a  163b 230a 244a 229a  206b 206b 210b 244a  4.6 6.4 6.4  ** *** *** 

  Mid lactation 188b 204a  161c 209ab 220a 195b  165b 179b 218a 223a  4.6 6.4 6.5  *** *** *** 

  Late lactation 155b 168a  140c 172ab 178a 157b  139c 161b 182a 164b  4.3 6.1 6.1  ** *** *** 

CMY4 508b 543a  431c 570ab 587a 514b  455c 513b 555ab 578a  14.8 20.6 20.6  * *** *** 

Lactation Length 232 231  241a 242a 230ab 217b  216b 241a 234a 236a  5.0 7.0 6.9  NS ** *** 

Fat5 (%) 4.29a 4.15b  4.13 4.27 4.21 4.26  4.33a 4.20a 3.95b 4.41a  0.100 0.093 0.093  * NS *** 

Protein5 (%) 2.95a 2.87b  2.92 2.89 2.88 2.93  3.10a 3.02a 2.68c 2.83b  0.030 0.33 0.033  ** NS *** 

SCS5 5.5b 5.9a  5.3b 5.5b 5.7ab 6.2a  5.6ab 5.4b 5.8ab 5.9a  0.13 0.17 0.17  ** *** *** 

SCC6 (x105/ml) (5.6) (7.5)  (5.1) (5.7) (6.6) (9.2)  (6.0) (5.4) (7.1) (7.7)         

Animals sampled7 (no.) 305 573  294 230 221 133  217 228 227 206         

a–cMeans within a row with different lowercase superscripts differ (P < 0.05). 
1Early lactation = kidding to 90 DIM; mid lactation = 91–180 DIM; late lactation = 181–270 DIM. 
2Values are the restricted maximum likelihood predicted means.  
3Pooled standard error of differences.  
4Number of goats in each category is presented in Table 3.1. 
5Corresponds to individual milk samples collected once in early lactation. Milk samples were collected from all goats on the 

same day (48 ± 13.0 DIM; mean ± SD). 
6Back-transformed means. 
7Number of animals sampled in each category for the determination of milk fat, protein, and SCC.  

*P < 0.05; **P < 0.01; ***P < 0.001; NS = P > 0.05. 
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Recent studies suggested that the prepartum photoperiod affects mammary development and 

subsequent milk production of dairy cows, ewes, and does (Mabjeesh et al., 2007; Mikolayunas 

et al., 2008; Lacasse et al., 2014). Interestingly, all studies reported that animals exposed to a 

short-day photoperiod during the last trimester prepartum produced more milk in the 

subsequent lactation than animals exposed to a long-day photoperiod. It is reasonable to 

conclude that variations in prepartum photoperiod have influenced our results to some extent. 

However, the present study was not designed to measure such effects. Thus, the 

characterization of potential prepartum photoperiod effects on milk yield and composition of 

Australian dairy goats is a matter for further research. 

In this study, month of kidding affected EMY, MMY, LMY, and CMY of goats in all 

parities. However, month of kidding affected the yield of primiparous goats less than that of 

multiparous goats. Further, differences in milk yield between goats of equal parity that kidded 

in different months were accentuated during mid-lactation (Table 3.4). The effect of parity on 

milk yield showed an almost steady increasing trend from first to third parity in all phases of 

lactation. First-parity goats had the lowest milk yields, and third-parity goats had the greatest 

milk yields (431 vs. 587 L, respectively; P < 0.001), with goats in fourth or greater parity 

performing intermediately (Table 3.3). This increase and decrease according to parity number 

agrees with several published studies in dairy goats (Gipson and Grossman, 1990; Goetsch et 

al., 2011; Arnal et al., 2018). According to Lérias et al. (2014), the greater milk production in 

multiparous goats can be explained by older goats tending to have a higher proportion of alveoli 

developed in the previous lactation added to those developed in subsequent lactations, 

increasing secretory parenchyma and udder volume compared with primiparous goats. 

Furthermore, as animals get older there is a reduction in the use of energy for growth, favoring 

partitioning of nutrients toward milk production (Lérias et al., 2014). 
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In the present study, differences in productivity varied as goats advanced into lactation, 

gradually decreasing between goats in first and third parity and increasing between goats in 

third and fourth or greater parity. Our results are supported by others who reported increased 

initial and peak milk yields with increasing parity (until about the third or fourth parity), later 

peak with greater persistence in first-parity goats, and decreased persistence with increasing 

parity (Gipson and Grossman, 1990; León et al., 2012; Arnal et al., 2018). 

Figure 3.2 shows the proportion of goats being removed from the milking herd (dried off 

or culled) as lactation progresses. The low milk yield recorded for goats kidding in MAR may 

explain the greater removal in this group, whereas the gradual increase in the removal rate with 

increasing parity is more likely linked to the natural decline of resilience against illness and 

disease as animals get older. However, information obtained from farm records were not 

detailed enough, and we could not test for associations between nongenetic factors and the 

proportion of goats removed for involuntary (e.g., disease, injury, death) or economic (e.g., 

low yield, milk surplus) reasons. 

Moreover, despite goats being weaned from their kids within 1 d of parturition and the kids 

being reared artificially, larger litter size positively affected EMY (+6%), MMY (+9%), and 

LMY (+8%). As a result, goats delivering multiple kids had greater CMY (+35 L) than goats 

delivering single kids (Table 3.3). Our findings agree with those of several authors who found 

a higher milk production in multiple deliveries in commercially milked goats (Browning et al., 

1995; Crepaldi et al., 1999; Brito et al., 2011). Litter size is positively associated with 

antepartum levels of mammogenic hormones such as placental lactogen, progesterone, and 

prolactin (Lérias et al., 2014). Thus, it is plausible to assume that the greater milk yield 

observed in goats delivering multiple kids was a consequence of intensified stimulation of the 

mammary gland development during gestation. 
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Table 3.4. Combined effects of parity number (PN) and month of kidding (MK) on 

total milk yield (L/goat) in early, mid, and late lactation1, and cumulative milk yield 

at 270 DIM (CMY) of Australian dairy goats (n = 940) 2 

Milk yield 
(L/goat) 

 
PN 

 MK SED3 P-Value 

  MAR JUN SEP NOV PN × MK PN × MK 

Early lactation  1  170abB 154abB 141bB 187aB 12.6 *** 

  2  229A 215A 229A 248A   

  3  204bA 241abA 243abA 287aA   

  4+  220A 215A 226A 255A   

Mid lactation  1  148 153B 168B 176B 12.8 *** 

  2  192ab 186bAB 231abA 226aA   

  3  174c 213bA 234abA 258aA   

  4+  148b 162bB 238aA 231aA   

Late lactation  1  139 147B 135B 139B 12.1 *** 

  2  157 182A 183A 165AB   

  3  134b 174aAB 211aA 191aA   

  4+  128b 142bB 198aA 160abAB   

CMY4  1  411 418B 415B 479B 40.8 ** 

  2  529 544A 623A 586AB   

  3  445b 600aA 621abA 681aA   

  4+  434 491B 563AB 568AB   

a–cMeans within a row with different lowercase superscripts differ (P < 0.05). 

A,BMeans within a column with different uppercase superscripts differ (P < 0.05). 

1Early lactation = kidding to 90 DIM; mid lactation = 91–180 DIM; late lactation = 

181–270 DIM. 

2Values are the restricted maximum likelihood predicted means.  

3 SED = Pooled standard error of differences.  

4Number of goats in each category is presented in Table 3.1. 

**P < 0.01; ***P < 0.001. 

 

3.6.2 Milk Composition 

The basic composition of bulk-tank milk showed marked seasonal variation during the study 

(Figure 3.1 b). Overall, bulk-tank milk collected during winter months had higher contents of 

fat (+16%), protein (+14%), and TS (+9%) than milk collected during summer, whereas lactose 

content remained relatively constant throughout the year. In this study, the herd was divided 
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into 4 kidding seasons per year, managed indoors, and fed a constant ration for the entire 

lactation. Therefore, variation in climatic conditions was presumably a primary factor affecting 

bulk milk composition. The effects of both climatic conditions and stage of lactation change 

over time and the precise effect of one factor is often confounded by the effects of the other 

(Salama et al., 2014). The distinction between the effects of these 2 factors is even less evident 

in dairy systems where goats kid once yearly in spring. In such systems, mid-lactation, when 

milk fat (%) is expected to reach its lowest point during lactation (Goetsch et al., 2011), 

coincides with summer, when the increasing air temperature, temperature−humidity index, and 

solar radiation are known to negatively affect the main physicochemical characteristics of goat 

milk (Salama et al., 2014; Kljajevic et al., 2018). Our results are consistent with previous 

observations that have demonstrated that the effects of climatic conditions on milk composition 

vary according to the stage of lactation (Salama et al., 2014) but also indicate that the influence 

of the former surpasses the effects of the latter. 

Despite the considerable variation in bulk milk composition, results from individual milk 

samples collected in early lactation (Table 3.3) show a much smaller degree of variation. Milk 

from JUN kidders (sampled in mid-July) had a higher content of fat (+6.7%) but lower protein 

(-4.8%) than milk from NOV kidders (sampled in mid-January). Additionally, milk yield and 

milk solids (%) varied in an opposite manner throughout the year (Figure 3.1), suggesting that 

the decline in total milk solids (%) during summer was, to some extent, a reflection of the 

increased milk yield with increasing photoperiod (the dilution effect). 

Our results also show that parity number did not affect the percentages of milk fat or protein 

(Table 3.3). However, results regarding the effects of parity on milk composition in dairy goats 

are conflicting. For instance, authors have reported that increased parity increases fat (Šlyžius 

et al., 2017), increases protein content with no effect on fat (Mioč et al., 2008), or increases 

both fat and protein percentages (Carnicella et al., 2008). Further, we observed a higher content 



80 

 

of fat (+3.4%) and protein (+2.8%) in milk from goats delivering 1 kid (Table 3.3). Our results 

contrast with those of Carnicella et al. (2008), who reported that litter size had no significant 

effect on milk composition of Maltese goats. 

Although there is no mention in the Australian legislation regarding a standard limit value 

for SCC in goat milk, the herd-average SCC (6.2 × 105 ± 0.3 cells/ mL) was below the threshold 

of 7.0 × 105 cells/mL that indicates changes in the immune status of the goat mammary gland 

(Clark and García, 2017). Milk SCC is normally higher in goats than in cows because the 

apocrine secretory system of goats naturally results in a greater number of skin cells and cell 

fragments being present in the milk compared with milk from healthy cows (Clark and García, 

2017). In the present study, lactations initiated in warmer months, increased parity, and 

multiple pregnancies all increased SCC. After an extensive review of factors affecting SCC in 

dairy goats, Granado et al. (2014) suggested that more extended exposure to pathogens might 

be the reason for higher SCC in older animals and that heat is directly responsible for the higher 

SCC in warmer months by favoring cell growth. However, the explanation for the influence of 

litter size on SCC is still insufficient because the authors have found that goats delivering 

multiple kids showed higher SCC regardless of whether the goats were suckled by their kids 

or machine milked (Granado et al., 2014). 

3.6.3 Industry Implications 

Australian dairy goat farmers are aiming to continue increasing milk production over the 

next 5 years with the goal of achieving production levels comparable with their European 

counterparts (Zalcman and Cowled, 2018). Our results showed that month of kidding had a 

considerable effect on lactation curves of Australian dairy goats, indicating that light 

manipulation, a cost-effective and straightforward method (GarciaHernandez et al., 2007; 

Russo et al., 2013; Cameron, 2014), could accelerate increments in the national herd 

productivity. Moreover, this study has identified significant interactions between month of 
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kidding and parity number, suggesting that the effects of such factors on milk traits are not 

independent of each other and that interactive effects should be considered when analyzing 

individual performance. 

From a higher-level perspective, these results are consistent with previous findings observed 

in European studies. However, this study not only gives additional information on how 

nongenetic and environmental factors can affect milk production of commercial dairy goats 

but, most importantly, also has produced new knowledge regarding productive traits of dairy 

goats raised in intensive feeding systems and managed in multiple kidding seasons per year. 

3.7 Conclusions 

In this study, month of kidding had the greatest effect on CMY and lactation curves of 

multiparous goats. Goats kidding in spring produced more milk than goats kidding in the 

autumn and winter. Additionally, the effects of month of kidding on milk yield increased with 

increasing parity and were accentuated during mid-lactation. Maximum milk production was 

attained in third parity, and goats delivering multiple kids had slightly superior milk yield in 

detriment of milk fat and protein. 
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4.1 Manuscript 2 

Chapter 4 investigated the temporal variations in concentrations of selected hormones and 

metabolites involved in the regulation of energy metabolism and examined how parity number, 

litter size, and the level of milk production in early lactation, affect the metabolic profile of 

commercial dairy goats during the transition period. 

This work has been published in the Journal of Dairy Science; 
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metabolic status of commercial dairy goats during the transition period. J. Dairy Sci., 103 

(6):5616-5628. https://doi.org/10.3168/jds.2019-18040 

 

Therefore, the paper is included in this chapter as a manuscript.  
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4.2 Abstract 

The aim of this study was to evaluate temporal variations in circulating levels of selected 

hormones and metabolites in commercial dairy goats during the transition period. Blood 

samples from 940 goats were collected weekly, from -3 to 3 wk relative to delivery, to measure 

the effects of level of milk production, parity number, and litter size on concentrations of 

glucose, β-hydroxybutyrate (BHB), nonesterified fatty acids (NEFA), and plasma urea nitrogen 

(PUN). A subset of 80 goats [40 low-yielding (LY, < 1.8 L/d) and 40 high-yielding goats (HY, 

> 3.7 L/d)] were selected from the study population to measure the effects of level of milk 

production on plasma concentration of insulin, prolactin, and growth hormone. Average (± SD) 

milk yield (from 3 to 30 d in milk), body weight, and body condition score for the study 

population were 2.4 ± 0.78 L/d, 70 ± 16.0 kg, and 2.5 ± 0.28 units, respectively. Milk yield was 

moderately correlated with parity number (r = 0.49) but had a weak correlation with litter size 

(r = 0.14). In multiparous but not in primiparous goats, antepartum concentrations of NEFA 

and BHB increased with increasing litter size. Concentrations of NEFA, BHB, and PUN were 

consistently lower in primiparous goats compared with those in second or greater parity. 

Postpartum HY goats had higher ratios of glucose, NEFA, and BHB to insulin than did LY 

goats, which might explain the greater mobilization of body tissues and enhanced milk 

production observed in this group. Collectively, our results indicate that increased milk yield 

has the most significant influence on the magnitude of body tissue mobilization. Our results 

also show that goats of higher parity display higher levels of lipid mobilization, and that both 

pregnancy and lactation are less able to elicit lipomobilization in primiparous compared with 

multiparous goats.  

Keywords: milk yield, parity, litter size, peripartum  
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4.3 Introduction 

The Australian dairy goat industry has experienced unprecedented growth in recent years. 

Stimulated by increasing demand for healthy and niche dairy goat products, national goat milk 

production has more than doubled, from 8 million L in 2012 to 16.9 million L in 2016, and the 

enterprise structure is rapidly moving from small family-owned businesses to large-scale 

production and intensive husbandry systems (Zalcman and Cowled, 2018). However, the 

adoption of intensive production systems and genetic selection for increased milk yield is likely 

to increase the incidence of peripartum disorders as a consequence of intensified metabolic 

burden in high-yielding goats (Celi et al., 2008).  

The risk of metabolic and infectious diseases is particularly high during the transition period 

(3 weeks before to 3 weeks after parturition) because around this time a substantial increase in 

energy requirements to support pregnancy and lactation coincides with a period of depressed 

feed intake, often resulting in maternal negative energy balance (NEB; Sundrum, 2015; 

Matthews, 2016). Research in dairy cows has shown that the greater the duration and severity 

of NEB, the higher the risk of disease development and milk loss (Overton et al., 2017). 

Similarly, in dairy goats, multiple pregnancies and high milk yield are considered predisposing 

factors for several metabolic diseases, because both potentially exacerbate NEB (Albay et al., 

2014; Radin et al., 2015). Given the high prolificacy and improved milk production of modern 

dairy goats, commercial goats might be at risk of developing metabolic complications, both 

ante- and postpartum (Stelletta et al., 2008; Matthews, 2016). 

Dairy ruminants cope with NEB through an intricate mechanism of hormonal and metabolic 

adaptations that regulate interactions among nutrients and nutrient-using organs and tissues 

(Herdt, 2000). The success or failure of such adaptations will determine animal performance 

in the ensuing lactation (Stelletta et al., 2008; Matthews, 2016). Therefore, correct 

understanding and characterization of both endocrine and metabolic changes during the 
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transition period are of utmost importance for accurate prediction and prevention of NEB-

related metabolic disorders (Matthews, 2016; Overton et al., 2017). 

The metabolic health of transitioning dairy cows has been the subject of numerous reviews 

(Sundrum, 2015; Overton et al., 2017; Wankhade et al., 2017). However, only limited 

information is available on transitioning dairy goats. Relatively few studies have examined 

periparturient metabolic changes in dairy goats with respect to parity (Magistrelli and Rosi, 

2014; Radin et al., 2015) and litter size (Castagnino et al., 2015; Cappai et al., 2019), and these 

have had limited numbers of animals in each group (n = 4 to 22). Moreover, to the best of our 

knowledge, no studies have described changes in hormonal and metabolic profiles of transition 

dairy goats raised on large-scale commercial farms.  

Thus, the aims of this study were (1) to evaluate temporal variations in circulating levels of 

selected hormones and metabolites involved in the regulation of energy metabolism during the 

transition period and (2) to investigate the effects of level of milk production, parity number, 

and litter size on the metabolic profile of periparturient dairy goats from a commercial herd in 

Australia. 

4.4 Materials & Methods 

All experimental procedures were approved by the Faculty of Veterinary and Agricultural 

Sciences Animal Ethics and Welfare Committee of The University of Melbourne, Australia 

(No 1613846.1.). 

4.4.1 Animals and Management 

This experiment was conducted at Meredith Dairy commercial farm (Meredith, Australia, 

37°50′S, 144°04′E). The farm follows a reproductive calendar based on 4 kidding seasons per 

year, aiming for 600 goats kidding in each of the 4 kidding periods: March, June, September, 

and November. In total, 1,000 Saanen goats (~250 different goats per season) were selected 
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from the herd over 4 consecutive kidding seasons (June 2016 to March 2017) to be monitored 

in this study. Further details on animals, management, and measurements of milk yield and 

milk composition are available in Zamuner et al. (2020). In brief, approximately 1 month before 

kidding, primiparous and multiparous goats were brought together and moved to the kidding 

shed and began to be fed the fresh-goat TMR. Enrolled goats were kept with their contemporary 

group (~600 goats) in a collective pen. Goats were fed a TMR ad libitum once daily at around 

0700 h; nutrient composition of the diet (per kg of DM) was 28% NDF, 16% CP, 10 MJ of 

ME, 18 g of Ca, and 9.0 g of P. Milk composition was measured at wk 6, and goat BW and 

BCS were measured at wk -6, 0, and 6 relative to delivery (always before feeding and after the 

morning milking). The BCS was scored by the same person, adopting a 6-point scale method 

(Villaquiran et al., 2004).  

4.4.2 Blood Sampling: All Does  

Blood samples were collected from all goats on the same day (~250 each kidding season), 

starting at around 1100 h, always after the morning milking. Feed was withheld until after 

blood collection. Goats were sampled in random order, and the interval between the first and 

last animals sampled was 166 ± 30 min (mean ± SD). Blood samples were taken at weekly 

intervals from wk -3 to 3 relative to the expected kidding date. The actual day of sampling 

(relative to delivery) was determined by subtracting the date of kidding from the date of 

sampling, and data were segmented into intervals of 1 wk (i.e., -21 ± 3d = wk -3, -14 ± 3d = 

wk -2, and so forth). Blood was collected via jugular venipuncture using vacuum tubes (10 mL) 

coated with lithium-heparin (BD Vacutainer, Plymouth, UK). Blood samples were 

immediately placed on ice and centrifuged (1,250 × g, 4°C) for 12 min within 1 to 3 h after 

collection. Isolated plasma was stored at -20°C until analysis.  
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4.4.3 Blood Sampling: Subset Group (High vs. Low Milk Yield)  

After the end of the last kidding season (Mar. 2017), a total of 80 goats in second or third 

lactation were selected (retrospectively) from the study population based on their average milk 

yield from 3 to 30 DIM. The 10 highest and 10 lowest-yielding goats of each month of kidding 

were selected for analysis of plasma insulin, prolactin, and growth hormone (GH) 

concentrations at wk -3, -1, 1, and 3, relative to delivery. 

4.4.4 Metabolite Analysis 

The whole-blood concentration of BHB was measured using a hand-held meter (FreeStyle 

Optium Precision Neo, Abbott Diabetes Care Ltd., Oxfordshire, UK) before plasma separation. 

Plasma nonesterified fatty acid (NEFA), glucose, and urea concentrations were determined 

spectrophotometrically using commercial kits [respectively, NEFA-C ACS-ACOD method, 

Wako Pure Chemical Industries, Ltd., Osaka, Japan (modified as per the methods of Johnson 

and Peters (1993); Infinity Glucose Oxidase Liquid, Thermo Fisher Scientific, Waltham, MA; 

and Infinity Urea Liquid Stable Reagent, Thermo Fisher Scientific]. The inter-, and intra-assay 

coefficients of variation (CV) were < 6.0 and < 3.4% for glucose, < 8.5 and < 3.5% for NEFA, 

and < 6.3 and < 3.4% for plasma urea nitrogen (PUN).  

4.4.5 Hormone Analysis (High- vs. Low-Yield Subset Groups)  

Plasma prolactin and GH concentrations were measured in duplicate using the method 

described by Thomas et al. (1990). The sensitivity of the assay was 0.2 ng/mL for prolactin and 

0.3 ng/mL for GH. The intra-assay CV were < 10% between 0.8 and 27.3 ng/mL for prolactin 

and < 10% between 1.2 and 51.9 ng/mL for GH. Plasma insulin concentration was measured 

in duplicate using RIA kits (Porcine Insulin Cat. # PI- 12K, Millipore Corporation, Billerica, 

MA). The assay sensitivity range was 0.4 to 0.7 μU/mL, the intra-assay CV was < 10% between 

1.5 and 212.1 μU/mL, and inter-assay CV was 5.3% at 16.0 μU/mL and 5.9% at 49.5 μU/mL. 
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4.4.6 Calculations and Statistical Analyses  

To account for confounding effects of labor-induced changes in the concentrations of 

hormones and metabolites, antepartum calculations included observations from d -24 to -3, and 

postpartum calculations included observations from d 3 to 24 relative to delivery. The level of 

milk production was determined retrospectively, based on the average milk yield (L/d) from 3 

to 30 DIM. The ratios of glucose, NEFA, and BHB to insulin were calculated as 1 unit of 

glucose, NEFA, or BHB (mmol/L) per 1 unit of insulin (μU/mL).  

Due to the potential effects of animal handling on milk production, individual milk produced 

the day before blood sampling (Milk-S) was used to calculate associations between 

simultaneous observations of blood parameters and milk yield. Primiparous goats produced 

approximately 40% less milk (3 to 30 DIM) than did multiparous goats. To avoid bias due to 

this considerably lower milk yield, only data from multiparous goats were used to calculate (1) 

the effects of the level of milk production on metabolite concentrations and (2) the effects of 

elevated NEFA and BHB on Milk-S.  

For the purposes of data analysis, the following intervals were used as cut points for BHB 

concentrations: < 0.8, 0.8 to 1.6, and > 1.6 mmol/L (Albay et al., 2014; Marutsova and Binev, 

2017; Caré et al., 2018). The cut point for elevated NEFA in postpartum dairy cows (≥ 0.7 

mmol/L; Overton et al., 2017) was adapted to the following intervals: < 0.8, 0.8 to 1.6, and > 

1.6 mmol/L. Blood samples were dichotomized into 4 yes or no groups, according to NEFA 

and BHB intervals. The total numbers of positive events (0, 1, 2, or 3 times) antepartum (d -24 

to -1) and postpartum (d 0 to 24) were calculated for each goat separately. The percentage of 

goats with at least 1 positive event above the cut point was calculated as the number of positive 

events ÷ number of goats tested × 100. Goats were dichotomized based on the dry-off date (≤ 

30 DIM = yes or no).  
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Data were categorized into the week of blood sampling (-3, -2, -1, 0, 1, 2, and 3), period 

(ante- and postpartum), month of kidding (Mar., Jun., Sep., and Nov.), parity number (1, 2, 3, 

and 4+), litter size (LS: 1, 2, and 3 fetuses), and level of milk production [low yield (LY), < 

2.4 L/d; medium yield (MY), 2.4 to 3.1 L/d; and high yield (HY), > 3.1 L/d]. Statistical analyses 

were performed using Minitab software (version 18.1; Minitab Inc., State College, PA). All 

outcome variables were screened for normality by calculation of kurtosis and skewness and by 

visual assessment of standardized residuals distribution. Data from repeated measurements 

were analyzed using the Mixed Effects Model (restricted maximum likelihood, 2-sided 95% 

CI), and data from non-repeated-measurements were analyzed using the General Linear Model 

(2-sided 95% CI) of Minitab. For all models, the random effect of goat was nested with month 

of kidding to account for variations between month of kidding. The effects of parity number, 

LS, BW, BCS, and time of blood sampling, as well as suspected 2-way interactions, were tested 

in all models and retained when significant (P < 0.05). The Bonferroni method with 95% CI 

was used for pairwise comparisons. The Spearman rho correlation was used to examine 

relationships between variables of interest (using simultaneous observations for each goat at 

each sampling event). Binary logistic regression was used to evaluate associations between the 

number of events at or above NEFA and BHB cut points (continuous variable) and removal 

from the milking herd ≤ 30 DIM (binary response). 

4.4.7 Study Population 

Values for glucose, NEFA, BHB, PUN, and NEFA-to-BHB ratio were log-transformed to 

achieve normality. The interaction week of blood sampling × parity number × LS was not 

significant, but preliminary analysis showed significant differences between primiparous and 

multiparous goats of equal LS. Hence, the effects LS on ante- and postpartum concentrations 

of metabolites were analyzed in primiparous and multiparous goats separately. Data for NEFA 
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and BHB in multiparous goats were grouped as < 0.8, 0.8 to 1.6, and > 1.6 mmol/L to estimate 

Milk-S of each group.  

4.4.8 High Versus Low-Yield Subset Groups  

Values for NEFA, BHB, insulin, GH, prolactin, and ratios of glucose, NEFA, and BHB to 

insulin were log-transformed to achieve normality. Values for ratios of glucose, NEFA, and 

BHB to insulin were analyzed for wk 1 and 3 separately.  

4.4.9 Data Presentation  

Results for log-transformed variables were reported after back-transformation. Data are 

presented as means ± SE unless declared otherwise. 

4.5 Results 

Out of 1,000 animals, 60 were excluded from the experiment due to abortions, death, or 

kidding delays. Thus, 940 goats were included in the final analysis. The final number of 

enrolled goats is listed in Table 4.1. The percentages of goats delivering 1, 2, or 3 kids were 

35, 55, and 10%, respectively, and the average litter size was 1.75 kids per goat.  

Production data according to level of milk production, parity number, and litter size are 

reported in Table 4.2. The mean (± SD) milk yield, BW, and BCS for the study population 

were, respectively, 2.4 ± 0.78 L/d, 70 ± 16.0 kg, and 2.5 ± 0.28 units. Milk yield was moderately 

correlated with BW (r = 0.52; P < 0.001) but not with BCS (r = 0.01; P = 0.919). Litter size 

was weakly correlated with BCS (r = -0.25; P < 0.001).
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Table 4.1. Counts of participant goats listed by factor combination 

Item 
  Weeks from delivery  Parity  Litter  LMP1   

  -3 -2 -1 0 1 2 3  1 2 3 4+  1 2 3  LY MY HY  Total2 

Month 
of 
kidding 

Mar.  214 230 209 191 183 183 170  84 31 88 34  73 139 25  51 58 44  237 

Jun.  209 233 236 225 227 210 204  84 71 53 34  84 135 23  59 61 39  242 

Sep.  212 222 220 209 196 193 189  74 64 48 36  67 112 43  45 69 33  222 

Nov.  176 232 220 193 203 194 192  77 78 48 36  108 129 2  40 59 64  239 

LMP1 

LY  154 179 175 165 166 162 160  - 93 60 42  57 118 20      195 

MY  224 241 228 219 215 210 200  - 96 98 53  78 140 29      247 

HY  177 187 179 162 160 150 149  - 56 79 45  40 119 21      180 

Litter 
size 

1  276 322 307 280 278 271 263  158 69 67 38          332 

2  451 504 489 452 449 426 412  138 154 140 83          515 

3  84 91 89 86 82 83 80  23 21 30 19          93 

Parity 
number 

1  258 311 303 272 269 258 246               319 

2  214 237 230 218 216 205 200               244 

3  208 232 218 204 201 194 191               237 

4+  131 137 134 124 123 123 118               140 

Total3   811 917 885 818 809 780 755               940 

1LMP = Level of milk production based on average milk yield from 3 to 30 DIM. LY = low-yield (≤ 2.4 L/d), MY = medium-yield 

(2.4-3.1 L/d), and HY = high-yield (≥3.1 L/d). 

2Total = number of goats commencing the experiment.  

3Number of goats tested in each week.
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Table 4.2. Effect of level of milk production (LMP), parity number (PN) and litter 

size (LS) on mean body weight (BW; kg), body condition score (BCS), and average 

daily milk yield (L/d) of commercial dairy goats during the first month of lactation 

(n = 940)1 

Item BW2 BCS2 Milk3 

LMP    

   LY 76B 2.5A 2.0C 

   MY 78B 2.5AB 2.7B 

   HY 80A 2.4B 3.5A 

   SED 1.0 0.03 0.03 

   P-value 0.049 0.043 <0.001 

PN    

   1 54D 2.4B 1.9C 

   2 72C 2.5A 2.6B 

   3 76B 2.4B 2.8A 

   4+ 82A 2.5AB 2.7AB 

   SED 1.1 0.03 0.06 

   P-value <0.001 <0.001 <0.001 

LS    

   1 72A 2.6A 2.4B 

   2 70B 2.4B 2.5A 

   3 70AB 2.4B 2.6A 

   SED 1.1 0.03 0.07 

   P-value 0.035 <0.001 0.002 

A-CMeans within a column with different uppercase superscripts differ (P < 0.05).  

1The number of goats (by factor combination) is presented in Table 4.1. 

2Measured within 1 wk relative to parturit ion.  

3Average milk yield (L/d) from 3 to 30 DIM (excluding data for primiparous goats). 

LY = low yield (≤ 2.4 L/d), MY = medium yield (2.4 to 3.1 L/d), and HY = high 

yield (≥ 3.1 L/d), SED = Pooled standard error of differences. 

 

4.5.1 Metabolite Concentrations During the Transition Period  

For all metabolites we discovered a significant (P < 0.001) difference between ante- and 

postpartum concentrations [glucose: 3.3 vs. 3.1, standard error of differences (SED) = 0.02; 

NEFA: 0.42 vs. 0.81, SED = 0.016; BHB: 0.24 vs. 0.43, SED = 0.011; and PUN: 6.9 vs. 8.4, 



100 

 

SED = 0.08, ante- vs. postpartum, respectively]. Weekly variations in plasma concentration of 

glucose, NEFA, BHB, and PUN are reported in Table 4.3. Concentrations of glucose, BHB, 

and PUN were relatively constant until wk -1, sharply increasing (except for PUN) at wk 0, the 

week of parturition. Plasma glucose reached a peak of 3.6 mmol/L at wk 0, rapidly decreasing 

after birth. Plasma NEFA concentration increased continuously (P < 0.001) from wk -1 to its 

highest concentration (0.89 mmol/L) at wk 3, and BHB concentration rose sharply from wk -1 

to a peak of 0.44 mmol/L at wk 1 and remaining above 0.4 mmol/L until the end of the study. 

The concentration of PUN gradually increased after birth, reaching its highest concentration 

(8.6 mmol/L) at wk 3. Milk yield was moderately (positively) correlated with NEFA and BHB 

(Table 4.4) but weakly correlated with NEFA-to-BHB ratio (r = 0.15; P < 0.001). 

 

Table 4.3. Weekly concentrations (mmol/L)1 of β-hydroxybutyrate (BHB), non-

esterified fatty acids (NEFA), glucose and plasma urea nitrogen (PUN) in 

commercial dairy goats during the transition period (n = 940) 1 

  Weeks relative to delivery     

Item  -3 -2 -1 0 1 2 3  SED2  P-value 

Milk-S3      2.25c 2.48b 2.54a  0.028  < 0.001 

Glucose  3.29b 3.23bc 3.18bcd 3.63a 3.15bdc 3.08d 3.10cd  0.061  < 0.001 

NEFA  0.36e 0.43d 0.44d 0.55c 0.67b 0.83a 0.89a  0.034  < 0.001 

BHB  0.24c 0.25c 0.26c 0.37b 0.44a 0.42a 0.41a  0.016  < 0.001 

PUN  6.91c 6.97c 7.26c 7.02c 8.01b 8.43a 8.63a  0.169  < 0.001 

a–dMeans within a row with different lowercase superscripts differ (P < 0.05). 

1Values are back-transformed means. The number of goats by factor combination 

is presented in Table 4.1. 

2SED = standard error of differences  

3Milk yield (L/d) 1 d before the blood test   
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Table 4.4. Spearman rho correlations between parity number (PN), litter size (LS), 

milk yield 1 d before blood test (Milk-S, L/d), and concentrations (mmol/L) of β-

hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), glucose and plasma 

urea nitrogen (PUN) in commercial dairy goats during the transition period ( n = 

940)1 

 Antepartum  Postpartum 

Item PN LS Gluc. NEFA BHB  PN LS Gluc. NEFA BHB PUN 

Milk-S - - - - -  0.49*** 0.14*** -0.28*** 0.39*** 0.38*** 0.26*** 

Glucose -0.10*** -0.17***     -0.16*** -0.04†     

NEFA 0.12*** 0.28*** -0.45***    0.16*** 0.06** -0.51***    

BHB 0.17*** 0.25*** -0.23*** 0.40***   0.29*** 0.12*** -0.29*** 0.58***   

PUN 0.11*** -0.04* -0.02ns -0.04* -0.06**  0.13*** -0.06** -0.06** 0.07** 0.06** - 

1Number of goats (by factor combination) is presented in Table 4.1. Antepartum 

calculations between plasma metabolites included 2745 simultaneous  

observations, from d -24 to -3, and postpartum calculations between plasma 

metabolites and milk yield included 2390 simultaneous observations from d 3 to 

24.  

*** P < 0.001; ** P < 0.01; * P < 0.05; † P < 0.1; ns P > 0.1 

 

4.5.2 Effects of Litter Size 

Increasing litter size increased (P < 0.05) milk yield and decreased (P < 0.05) BW and BCS 

at parturition. Primiparous goats were less prolific than multiparous (1.6 vs. 1.8 kid/goat; P < 

0.001). The effects of litter size on ante- and postpartum concentrations of glucose, NEFA, 

BHB, and PUN in primiparous and multiparous goats are presented in Error! Reference source n

ot found.. For all metabolites, we found no significant difference in ante- or postpartum 

concentration between primiparous goats of different litter size. Multiparous goats had 

consistently higher (P < 0.05) NEFA and BHB than primiparous goats of equal litter size. 

Before parturition, multiparous goats carrying triplets had lower glucose (-0.20 mmol/L; P < 

0.05) and higher NEFA (+0.20 mmol/L; P < 0.05) and BHB (+0.11 mmol/L; P < 0.05) levels 
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than goats carrying singles. The effects of litter size disappeared after birth in both primiparous 

and multiparous goats. 

Table 4.5. Effects of litter size (LS) on antepartum (AP) and postpartum (PP) 

concentrations (mmol/L) of glucose, non-esterified fatty acids (NEFA), β-

hydroxybutyrate (BHB), and plasma urea nitrogen (PUN) in primiparous (PRIM) 

and multiparous (MULT) goats1 

  AP  PP  SED2  P-value2 

Item LS PRIM MULT  PRIM MULT  AP PP  AP PP 

             

Glucose 1 3.5 3.3AB  3.2 3.1  0.01 0.11  0.33 0.98 

 2 3.4a 3.2BCb  3.2 3.1       

 3 3.5a 3.1Cb  3.2 3.0       

             

NEFA  1 0.29b 0.37Ba  0.57b 0.84a  0.03 0.039  0.09 0.36 

 2 0.34b 0.47ABa  0.64b 0.83a       

 3 0.35b 0.57Aa  0.61b 0.84a       

             

BHB  1 0.18b 0.22Ca  0.30b 0.44a  0.03 0.036  0.01 0.56 

 2 0.19b 0.25Ba  0.30b 0.45a       

 3 0.20b 0.33Aa  0.29b 0.48a       

             

PUN 1 6.9 7.1  7.8b 8.7a  0.02 0.02  0.98 0.80 

 2 6.8 6.9  7.6b 8.6a       

 3 6.9 7.1  7.2b 8.1a       

a,bMeans antepartum or postpartum, within a row, with d ifferent lowercase 

superscripts differ (P < 0.05).  

A-CMeans within a column with different uppercase superscripts differs (P < 0.05). 

1Values are back-transformed means. Antepartum calculations included samples 

from d -24 to -3 relative to parturition. Postpartum calculations included samples 

from d 3 to 24. The number of goats tested each week is presented in Table 4.1. 

2Joint effects of parity × litter size. SED = standard error of differences.   
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4.5.3 Effects of Parity Number 

Despite constant BW increase with increasing parity, the greatest milk yields were attained 

in third parity (Table 4.2). Parity number was positively correlated with levels of Milk-S, 

NEFA, BHB, and PUN, and negatively correlated with glucose levels (Table 4.4). Milk yield 

was positively correlated with BW in both multiparous and primiparous goats (r = 0.13, P = 

0.002; and r = 0.40, P < 0.001, respectively). Milk-S correlated (P < 0.001) with NEFA and 

BHB levels in both multiparous and primiparous goats, but values varied slightly between 

groups (r = 0.27 vs. 0.32, and r = 0.26 vs. 0.21, for NEFA and BHB in primiparous vs. 

multiparous goats, respectively). The average weekly concentrations of NEFA, BHB, and PUN 

were consistently lower in first-parity goats than in goats of greater parities (Figure 4.1). 

Despite the numerical increase in NEFA and BHB concentrations with increasing parity, no 

significant differences were detected for these parameters between parities 2, 3, and 4+ (Figure 

4.1). 
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Figure 4.1. Effects of parity number (PN; 1 (◼), 2(), 3 (⚫), and 4 or greater parity ()) on weekly (W) variations in 

concentrations of (a) glucose, (b) non-esterified fatty acids (NEFA), (c) β-hydroxybutyrate (BHB), and (d) plasma urea nitrogen 

(PUN) in periparturient dairy goats. Values are back-transformed means; error bars represent 95% CI. SED = standard error 

of differences.Weekly comparisons between groups; *** P < 0.001; ** P < 0.01; * P < 0.05. The number of goats tested each 

week is presented in Table 4.1
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4.5.4 Effects of Level of Milk Production  

No significant interaction occurred between the level of milk production and parity (2, 3, or 

4+) on any of the variables analyzed (BW, BCS, milk yield). At parturition, LY goats were 

lighter (-4.0 kg; P < 0.01) than HY goats (Table 4.2). However, HY and MY goats lost 

considerably more weight than LY goats from parturition to wk 6 (-92, -85, and -27 g/d for 

HY, MY, and LY respectively; SED = 18.3; P < 0.002). The effects of the level of milk 

production on weekly concentrations of glucose, NEFA, BHB, and PUN are presented in 

Figure 4.2. Concentrations of NEFA, BHB, and PUN were greater (P < 0.01) post- than 

antepartum in all groups. Glucose concentration was lower (P < 0.001) post- than antepartum 

in both MY (-7%) and HY goats (-10%), with no difference in LY goats. Postpartum NEFA, 

BHB, and PUN increased with increasing level of milk production, and HY goats had greater 

concentrations of NEFA than LY (+73%) and MY goats (+16%; P < 0.001), greater BHB 

concentrations than LY (+49%) and MY goats (+16%; P < 0.001), and greater PUN 

concentrations than LY (+12%) and MY goats (+8%; P < 0.01). The NEFA-to-BHB ratio was 

greater post- than antepartum in HY (1.9 vs. 1.8; SED = 0.01, P = 0.023) and MY goats (1.9 

vs. 1.7; SED = 0.01, P < 0.001), but we found no change in LY goats. The NEFA-to-BHB ratio 

was greater in HY and MY goats compared with LY (1.9, 1.8, and 1.6; SED = 0.07, P < 0.001) 

throughout the transition period. 
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Figure 4.2. Effects of level of milk production (LMP) on weekly (W) variations in concentrations of (a) glucose, (b) non-

esterified fatty acids (NEFA), (c) β-hydroxybutyrate (BHB), and (d) plasma urea nitrogen (PUN)  in low- (LY (⚫); < 2.4 L/d), 

mid- (MY (◼); 2.4 to 3.1 L/d) and high-yielding (HY (); > 3.1 L/d) multiparous dairy goats. Data for primiparous were not 

included in these calculations. Values are back-transformed means; error bars represent 95% CI. SED = standard error of 

differences. Weekly comparisons between groups; *** P < 0.001; * P < 0.05. The number of goats tested each week is 

presented in Table 4.1.  



107 

 

4.5.5 High- Versus Low-Yield Subset Groups 

Mean (± SD) milk yield of HY and LY were 3.7 ± 0.31 and 1.8 ± 0.32 L/d, respectively. 

The HY and LY goats were homogenous for litter size (1.9 ± 0.10 kid/goat) and BCS at 

parturition (2.5 ± 0.04), but HY goats were heavier and older than LY goats (respectively, 78 

vs. 71 kg, SED = 0.07, P = 0.014; and 34 vs. 30 moths, SED = 1.4, P = 0.003). The effects of  

milk production level on concentrations of hormones and metabolites are presented in 

Figure 4.3. We found no effect of milk production level on concentrations of hormones or 

metabolites in late pregnancy. Prolactin and insulin concentrations were lower (P < 0.01) post- 

than antepartum in both groups. Insulin was considerably lower in HY than in LY goats at wk 

1 (2.0 vs. 6.8 μU/mL; P < 0.001). We also observed a tendency for higher GH in HY than in 

LY goats at wk 3 (2.5 vs. 1.6 ng/mL; P = 0.075). After parturition, HY goats had lower glucose 

(-11%; P = 0.001), higher NEFA (+52%; P < 0.001), and higher BHB concentrations (+36%; 

P < 0.001) than LY goats. Postpartum insulin was negatively correlated with Milk-S (r = -0.31; 

P < 0.001), NEFA (r = -0.67; P < 0.001), and BHB (r = -0.42; P < 0.001) only in LY goats, 

and postpartum ratios of glucose, NEFA, and BHB to insulin were significantly higher in HY 

than in LY goats (Table 4.6).  
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Table 4.6. Ratios of glucose, non-esterified fatty acids (NEFA) and β-

hydroxybutyrate (BHB) concentrations (mmol/L) to insulin (μU/ml) in high-yielding 

(HY; 3.7 L/d, n = 40) and low-yielding (LY; 1.8 L/d, n = 40) commercial dairy goats 

at 1 and 3 weeks postpartum1 

Week Item Glucose/Insulin NEFA/Insulin BHB/Insulin 

1 HY 1.2 0.4 0.2 

 LY 0.5 0.1 0.1 

 SED 0.12 0.17 0.15 

 P-value 0.003 <0.001 <0.001 

3 HY 1.5 0.6 0.2 

 LY 0.8 0.2 0.1 

 SED 0.14 0.14 0.07 

 P-value <0.001 <0.001 <0.001 

1Values are back-transformed means. SED = standard error of differences.  
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Figure 4.3. Effects of level of milk production (LMP) on weekly (W) variations in concentrations of (a) insulin, (b) growth 

hormone (GH), (c) prolactin, (d) glucose, (e) non-esterified fatty acids (NEFA), and (f) β-hydroxybutyrate (BHB), in high-

yielding (HY(); 3.7 L/d, n = 40) and low-yielding (LY (); 1.8 L/d, n = 40) periparturient dairy goats. Values are back-

transformed means; error bars represent 95% CI. SED = standard error of differences. Weekly comparisons between groups; 

*** P < 0.001; ** P < 0.01; * P < 0.05
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4.5.6 Effects of Elevated NEFA and BHB on Milk Yield and Culling Rates up to 30 DIM 

Effects of Elevated NEFA and BHB on Milk Yield and Culling Rates up to 30 DIM The 

odds ratio reported in Table 4.7 indicates the increase in the likelihood of being removed from 

the milking herd before 30 DIM for every increase in the number of events of BHB and NEFA 

above cut points. Each of the following positive events significantly increased the chances of 

early removal: antepartum BHB between 0.8 and 1.6 = 3 times; antepartum BHB > 1.6 = 14.4 

times; antepartum NEFA > 1.6 = 3.6 times; and postpartum BHB > 1.6 = 3.4 times.  

 

Table 4.7. Association between the number of events of  β-hydroxybutyrate (BHB) 

and non-esterif ied fatty acids (NEFA; mmol/L) at or above cutpoints and the odds 

of removal from the milking herd ≤ 30 DIM (n = 940)1  

Cut point Goats2  
(%) 

Coefficient SE Odds  
ratio 

95% CI P-value 

Antepartum3       

  BHB 0.8-1.6 5 1.1 0.33 3.0 1.6-5.7 0.001 

  BHB > 1.6 2 2.7 0.51 14.4 5.3-39.0 < 0.001 

  NEFA 0.8-1.6 26 0.3 0.33 1.4 0.9-2.1 0.090 

  NEFA > 1.6 4 1.3 0.36 3.6 1.8-7.4 < 0.001 

Postpartum4       

  BHB 0.8-1.6 29 -0.2 0.39 0.8 0.4-1.7 0.572 

  BHB > 1.6 5 1.2 0.36 3.4 1.7-6.9 0.001 

  NEFA 0.8-1.6 70 -0.3 0.29 0.7 0.4-1.3 0.306 

  NEFA > 1.6 34 -0.4 0.41 0.7 0.3-1.6 0.394 

1Number of goats (by factor combination) is presented in Table 4.1. 

2Percentage of goats with at least 1 positive event above cutpoint. 

3From d -24 to -1 relative to delivery.  

4From d 0 to 24 relative to delivery.  

 

Milk yield increased (P < 0.001) with increasing NEFA and was greater (P = 0.008) in goats 

with BHB between 0.8 and 1.6 than in goats with BHB below 0.8 mmol/L (Figure 4.4). 

Correlations between Milk-S and NEFA concentration in goats with NEFA < 0.8, 0.8 to 1.6, 
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and > 1.6 mmol/L were, respectively, r = 0.27, P < 0.001; r = 0.11, P = 0.001; and r = 0.16, P 

= 0.004. Correlations between Milk-S and BHB concentration in goats with BHB < 0.8, 0.8 to 

1.6, and > 1.6 mmol/L were, respectively, r = 0.32, P < 0.001; r = 0.07, P = 0.208; and r = -

0.37, P = 0.013. 

4.6 Discussion 

To the best of our knowledge, this is the first study exploring changes in endocrine and 

metabolic profiles of transition dairy goats from a large-scale farm where the herd is managed 

under intensive conditions. Importantly, this study used a considerably larger number of 

animals than any previous study that has investigated biomarkers of NEB in periparturient dairy 

goats. The large data set has enabled us to examine interrelationships between hormones and 

metabolite concentrations over time, to study their relationship with milk yield in early 

lactation, and to determine how these factors differed according to goats’ parity and litter size. 

4.6.1 Metabolite Concentrations During the Transition Period 

The observed gradual decrease of glucose concentration as the pregnancy progresses is 

typical for goats and ewes, for which late pregnancy is characterized by exponential fetal 

growth and progressive reduction in DMI due to physical compression of the rumen 

(Castagnino et al., 2015). The sudden rise in glucose concentration in the week of parturition 

(wk 0) is a normal response to parturition-induced endocrine changes that stimulate 

gluconeogenesis and lipolysis (Bell and Bauman, 1997; Hashizume et al., 1999).  

In this experiment, NEFA concentration consistently increased from 1 wk before until 3 wk 

after parturition. Our results are consistent with reports in high-yielding cows (Wathes et al., 

2007; McCarthy et al., 2015) but contrasting with recent studies in postpartum Saanen goats of 

slightly higher milk production (~3L/d), which reported a decrease (21 to 66%) in NEFA 

concentration from wk 0 to 2 (Magistrelli and Rosi, 2014; Radin et al., 2015). The reason for 
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differences between studies is unclear, but it should be noted that, in contrast with the 

Magistrelli and Rosi (2014) study, where goats were kept in groups of 5 goat/pen, goats of the 

present experiment were managed (housed, fed, and milked) in a group of ~600 goats. Large 

group size might enhance food competition, potentially affecting individual DMI (Goetsch et 

al., 2010) but could also result in underfeeding of higher-yielding goats, thus aggravating NEB 

in this group (Sundrum, 2015). For example, because all goats were fed the same diet, to meet 

nutrient requirements, a 70-kg goat producing up to 4.8 L/d would need to consume 1.1 kg of 

DM/d (+61%) more than a goat of equal BW producing 1.6 L/d (National Research Council, 

2007). 

Despite the constant increase in NEFA concentrations, BHB reached a plateau in the first 

week postpartum, remaining below hyperketonemic levels (BHB ≥ 0.8 mmol/L; Marutsova 

and Binev, 2017) throughout the transition period. Although we did not measure changes in 

BHB production or utilization, it is known that BHB is more readily available for tissue uptake 

than NEFA (Lean et al., 1992) and that BHB clearance is increased after parturition in dairy 

cows (Zarrin et al., 2017). Thus, the greater NEFA-to-BHB ratio observed postpartum might 

be related to an enhanced BHB uptake capacity compared with NEFA.  

Moreover, postpartum BHB was lower than reported in dairy cows of similar postpartum 

NEFA concentration (McCarthy et al., 2015; Caré et al., 2018), which corroborates the findings 

of Toral et al. (2015), who reported higher BHB concentrations in cows than goats, even though 

NEFA, glucose, and insulin concentrations were comparable between species. Additionally, 

dairy goats are reportedly less prone to develop pregnancy toxemia and lactational ketosis than 

are dairy ewes and cows, respectively (Pezzanite et al., 2009; Marutsova and Binev, 2017). The 

changes in plasma BHB concentration, in the present and other studies, suggest differences in 

ketone body metabolism between goats and cows, which in turn could be related to inherent 



113 

 

interspecies differences in the intermediary metabolism of lipids (Delavaud et al., 2019) and 

mammary lipogenesis (Chilliard et al., 2014).  

Furthermore, we observed a significant increase in PUN concentrations after parturition, 

which agrees with previous reports in dairy goats (Radin et al., 2015; Soares et al., 2018). In 

the current study, increases in milk yield were paralleled by increases in PUN concentration, 

and changes in PUN were positively associated with changes in NEFA and BHB. Hence, 

changes in PUN concentration were most likely a reflection of enhanced catabolism of amino 

acids to support milk production during NEB. However, such changes in PUN concentration 

could also be related, at least in part, to changes in DMI (Van Saun, 2009) as well as to 

physiological and hormonal changes to nitrogen utilization efficiency as goats transition from 

pregnancy to lactation (Brun-Bellut, 1997).  

4.6.2 Litter Size  

The metabolic profiles of primiparous goats were not affected by litter size, which, together 

with the fact that multiparous goats had greater NEFA and BHB concentrations than did 

primiparous goats of equal litter size, suggests that primiparous goats were partitioning 

nutrients toward body growth, most likely to the detriment of fetal development. Although we 

did not measure litter weight, this supposition is supported by the findings of González-García 

et al. (2014), who reported that, although the metabolic profiles of primiparous ewes were 

indifferent to litter size, their offspring were lighter and smaller than those born to multiparous 

dams.  

In multiparous goats, increasing litter size increased lipid mobilization, as evidenced by 

higher NEFA and BHB concentrations and lower BCS in goats delivering 2 or 3 kids compared 

with goats delivering 1 kid. Moreover, in dairy goats, multiple pregnancies is associated with 

reduced ingestion capacity (Soares et al., 2018) and higher colostrum yield (Lérias et al., 2014). 
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Therefore, greater nutrient demands for colostrogenesis might have increased the metabolic 

burden on goats carrying 2 or 3 kids.  

4.6.3 Parity  

In multi- but not primiparous goats, NEFA and BHB levels started to rise before the onset 

of lactation. In goats, the phase of exponential mammary growth starts around 4 wk before 

delivery, and total udder volume at parturition (parenchyma + colostrum) increases with 

increasing parity number (Lérias et al., 2014). Thus, the higher antepartum concentrations of 

NEFA and BHB in multiparous goats might reflect a higher nutrient requirement for 

colostrogenesis and mammary growth compared with primiparous goats.  

Despite considerable variation in milk yield, BW, and BCS among multiparous goats, no 

significant difference in metabolic profile existed between goats in second or greater parity. 

On the other hand, primiparous goats had lower concentrations of NEFA, BHB, and PUN, and 

lower milk yield than multiparous goats. Similar results have been reported in goats, sheep, 

and cows (Wathes et al., 2007; Magistrelli and Rosi, 2014; González-García et al., 2015). 

Collectively, previous and present results suggest that nutrient supply for body growth is 

prioritized over milk production in young ruminants. Additionally, we observed a stronger 

correlation between BW and milk yield for primiparous goats than for multiparous goats (r = 

0.40 and 0.13, respectively), suggesting that in dairy goats, as in dairy cows (Wathes et al., 

2007), initial body reserves are not only a key component of improved milk production in early 

lactation but might also be essential for optimum performance in primiparous goats.  

4.6.4 Level of Production  

Our results show no endocrine or metabolic differences between HY and LY goats in the 

antepartum period. On the other hand, similar to what has been reported in high-yielding cows 

(Bell and Bauman, 1997; Lucy et al., 2009), postpartum HY goats had lower insulin levels and 
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tended to have greater GH concentration than LY goats. Additionally, the ratios of glucose, 

NEFA, and BHB to insulin were considerably higher in HY compared with LY goats, 

indicating a homeorhetic shift in metabolism toward catabolic pathways, which might explain 

the increased mobilization of body tissues in support of enhanced milk production among this 

group.  

Growth hormone favors nutrient supply to the mammary gland by stimulating 

gluconeogenesis, lipolysis, and blood flow, but also by antagonizing insulin action in several 

tissues (Bell and Bauman, 1997). However, postpartum GH was not significantly associated 

with either Milk-S, hormones, or metabolites in our study. The secretion of GH is pulsatile in 

goats, and both the amplitude and frequency of GH pulses may vary from goat to goat and 

according to environmental and physiological conditions (Jin et al., 2012). Therefore, because 

we used single GH measurements, our results might not be an accurate representation of 

individual and group-average GH baseline levels.  

4.6.5 Effects of Elevated NEFA and BHB on Milk Yield and Culling Rates up to 30 DIM  

In goats, plasma BHB ≥ 0.8 mmol/L is associated with increased risk of subclinical ketosis, 

and BHB > 1.6 mmol/L is associated with the clinical presentation of ketosis (Albay et al., 

2014; Doré et al., 2015; Marutsova and Binev, 2017). In our study, almost 30% of goats had at 

least 1 event of BHB ≥ 0.8 mmol/L postpartum, and the mean concentration of NEFA was 

consistently above cattle thresholds (≥ 0.7 mmol/L), but only 21 goats (2%) were removed 

from the milking herd before 30 DIM. Because culling reasons were, in large part, related to 

animal health (e.g., low milk yield, illness, injury, or death), we anticipated a link between 

culling rates and elevated NEFA and BHB. This hypothesis was further supported by the 

increased risk of culling in pregnant goats with BHB ≥ 0.8 mmol/L or NEFA > 1.6 mmol/L, 

and in postpartum goats with NEFA > 1.6 mmol/L. Interestingly, though, goats with NEFA > 
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1.6 mmol/L had the highest milk yield, and milk yield decreased only slightly in goats with 

BHB > 1.6 mmol/L.  

The positive association between postpartum NEFA and milk yield appears contrary to 

previous research in dairy cows (Overton et al., 2017) and suggests that goats might be more 

resilient to elevated NEFA levels than cows are. However, it is important to note that metabolic 

profiles may vary from farm to farm, depending on species, genotype, average milk yield, diet 

composition, and farm management system, as well as other factors (Van Saun, 2009; Overton 

et al., 2017).  

 

 

Figure 4.4. Average milk yield (L/d) according to nonesterified fatty acids (NEFA, 

) and BHB () level (mmol/L). Data from 622 multiparous goats tested weekly 

from 3 to 30 DIM. Data for primiparous were not included in these calculations. 

The number of simultaneous observations (milk + plasma sample) for each plasma 

level (< 0.8, 0.8 to 1.6, and > 1.6 mmol/L) were 1195, 835 and 387 for NEFA 

((standard error of differences, SED = 0.05; P < 0.001), and 2064, 308 and 45 for 

BHB (SED = 0.11; P = 0.008). Error bars represent 95% CI. a,bBHB means with 

different lowercase superscripts, and A-CNEFA means with different uppercase 

superscripts differ (P < 0.05). 
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4.6.6 Industry Implications  

A more thorough understanding of endocrine and metabolic regulation of body tissue 

mobilization would contribute to the development of feeding and management practices for 

improved milk production in dairy goats. Because this study was carried out on a commercial 

farm, it provides a more realistic estimation of the metabolic burden experienced by 

periparturient dairy goats managed under intensive conditions. Based on the present results, it 

is plausible to conclude that the nutritional deficit grew with, in order of importance, increasing 

milk yield, parity, and litter size.  

Manipulating the energy density of the diet could help to narrow the gap between energy 

demand and supply, thereby reducing lipid mobilization in the transition period (Hayirli and 

Grummer, 2004; Celi et al., 2008). Recent studies have demonstrated that grouping cows based 

on simultaneous nutritional needs can considerably improve the profitability of dairy farms by 

increasing milk yield, decreasing risks of metabolic diseases, and reducing nutrient waste and 

feed costs (Kalantari et al., 2016). It is only logical to suppose that such practices would yield 

similar results if adopted by goat dairy farmers. Nonetheless, nutritional grouping may not be 

practical in many goat dairy systems, because managing multiple TMR groups requires greater 

management complexity, which, in turn, increases labor costs (Kalantari et al., 2016; Goetsch, 

2019). In such cases, varying the amount of concentrate fed in the milking parlor could be an 

effective way to improve the energy balance and overall performance of dairy goat herds. 

Moreover, recent advances in the feeding practices and nutrition of dairy goats have shown a 

considerable opportunity for improving the metabolic health of fresh goats and for minimizing 

production costs through dietary inclusion of alternative feedstuffs (e.g., fats and oils, by-

products, former foodstuffs; Goetsch, 2019).  
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4.7 Conclusions  

The presented data indicate that increased milk yield has the most significant influence on 

the magnitude of body tissue mobilization and suggests that the differing endocrine background 

of high-yielding goats may favor the partitioning of nutrients into milk. Furthermore, 

pregnancy and lactation were less able to elicit lipid mobilization in primiparous compared 

with multiparous goats. On the other hand, associations between milk, NEFA, and BW indicate 

that BW at birth is of greater importance for improved milk production in primiparous than in 

multiparous goats. Moreover, goats in late pregnancy were more susceptible to metabolic 

complications due to elevated NEFA and BHB than goats in early lactation. Nevertheless, 

NEFA thresholds established for dairy cows were not predictive of dairy goat performance. 

Further investigation into differences in insulin resistance between high- and low-yielding 

goats in early lactation, the economic effects of nutritional grouping, and the determination of 

critical NEFA and BHB thresholds specific to dairy goats is warranted. 
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 Chapter 5 - Associations between non-esterified fatty 

acids (NEFA), β-hydroxybutyrate (BHB) and glucose in 

periparturient dairy goats 
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5.1 Manuscript 3 

Chapter 5 investigated temporal relationships between NEFA, BHB, and glucose 

concentrations in periparturient dairy goats. We used samples collected on the same days as 

the experiments in Chapter 4 to estimate the ante- and postpartum prevalence of goats above 

BHB thresholds and/or with elevated NEFA, as well as to estimate the day of maximal BHB 

and NEFA concentrations. 

This work has been published in the Journal of Dairy Science; 

 

Zamuner, F., K. DiGiacomo, A. W. N. Cameron, and B. J. Leury. 2020. Associations 

between nonesterified fatty acids, β-hydroxybutyrate, and glucose in periparturient dairy goats. 

J. Dairy Sci., 103 (7): 6672-6678 https://doi.org/10.3168/jds.2019-17163 

 

Therefore, the paper is included in this chapter as a manuscript.  

https://doi.org/10.3168/jds.2019-17163
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5.2 Abstract 

The objective of the present study was to use longitudinal data to examine the relationships 

between blood concentrations of nonesterified fatty acids (NEFA), β-hydroxybutyrate (BHB), 

and glucose during the transition period in dairy goats. Weekly blood samples were collected 

from Saanen goats from a commercial herd in Australia [1–7 years; body weight 70 ± 16.0 kg; 

body condition score 2.5 ± 0.3; and daily milk yield 2.4 ± 0.73 L/d; all mean ± standard 

deviation (SD)]. The weekly prevalence of goats above hyperketonemic levels (BHB ≥ 0.8 

mmol/L) was approximately 6 times greater postpartum than antepartum. As well, of the 935 

goats sampled antepartum, 50 (5%) had at least 1 hyperketonemic event, and 823 (88%) had at 

least 1 event of NEFA above the threshold (≥ 0.3 mmol/L). Of 847 goats tested postpartum, 

258 (30%) had at least 1 hyperketonemic event, and 690 goats (81%) had at least 1 event of 

NEFA above the threshold (≥ 0.7 mmol/L). Substantial variation was found when analyzing 

the mean days of maximum NEFA and maximum BHB concentrations antepartum (-11 ± 6.6 

and -14 ± 7.2 d, respectively, mean ± SD) and postpartum (14 ± 6.6 and 9 ± 6.8 d, respectively, 

mean ± SD). We observed moderate to strong relationships between NEFA and BHB 

concentrations (r = 0.66) and between NEFA and glucose concentrations (r = -0.46) throughout 

the transition period. Our results suggested that 3 to 16 d in milk is the best sampling window 

for monitoring hyperketonemia in dairy goats, and that results from simultaneous BHB and 

glucose tests provide an improved indication of the fat mobilization and energy status of the 

herd when measured close to this timeframe. 

Key Words: transition period, energy metabolites, correlation, prevalence  
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5.3 Introduction 

The period from 3 weeks before to 3 weeks after parturition, defined as the transition period 

in dairy animals (Grummer, 1995), is characterized by depressed feed intake and increased 

nutrient requirements (for fetal development and milk production), often resulting in negative 

energy balance (NEB; Wankhade et al., 2017). Intensified mobilization of body fat reserves 

and elevation of circulating nonesterified fatty acids (NEFA) and BHB is an adaptive response 

to NEB to supply peripheral tissues with alternative energy sources, sparing glucose for fetal 

development and milk synthesis (Baumgard et al., 2017). However, a considerable amount of 

work has linked elevated blood levels of NEFA and BHB to increased incidence of NEB-

related diseases in transitioning dairy cows (McArt et al., 2013; Overton et al., 2017). 

Over the last 20 years, NEFA and BHB have become the accepted biomarkers of excessive 

NEB or maladaptation of energy metabolism to lactation in cows (Overton et al., 2017), and 

antepartum (NEFA ≥ 0.3–0.5 and BHB ≥ 0.6–0.8 mmol/L) and postpartum (NEFA ≥ 0.7–1.0 

and BHB ≥ 1.0–1.4 mmol/L) thresholds have been established to predict the risk of NEB-

related diseases and milk loss in transition dairy cows (Overton et al., 2017; Wankhade et al., 

2017). Similarly, studies in dairy goats have demonstrated that plasma BHB ≥ 0.8 mmol/L is 

associated with subclinical ketosis, and BHB > 1.6 mmol/L is associated with clinical ketosis 

(Albay et al., 2014; Doré et al., 2015; Marutsova and Binev, 2017). However, specific NEFA 

reference values have not been established for goats (Radin et al., 2015). 

Although NEFA has been proposed as a better predictor of NEB status and disease risk than 

BHB and glucose (McArt et al., 2013), testing for NEFA is expensive and practically 

challenging. In contrast, several point-of-care meters have been validated for measurement of 

blood BHB and glucose concentrations in cows, ewes, and goats (Pichler et al., 2014; Overton 

et al., 2017; Panousis et al., 2018). This inexpensive method provides producers, practitioners, 

and investigators with an important diagnostic and screening tool. However, the determination 
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of BHB and glucose cut-points associated with negative outcomes in dairy goats would require 

large epidemiological studies in different herds. A perusal of the literature revealed only 1 

cohort study on optimal BHB thresholds for predicting the risk of prepartum hyperketonemia 

in dairy goats (Doré et al., 2015), and no similar studies have been reported in lactating goats. 

The aims of this study were (1) to use longitudinal data to estimate the ante- and postpartum 

prevalence of goats with BHB levels above thresholds and the prevalence of goats with 

elevated NEFA (based on dairy cattle thresholds); and (2) to examine the temporal relationships 

between circulating concentrations of NEFA, BHB, and glucose in periparturient dairy goats 

from a commercial herd in Australia. 

5.4 Material & Methods 

All experimental procedures were approved by the Faculty of Veterinary and Agricultural 

Sciences Animal Ethics and Welfare Committee of the University of Melbourne, Australia (No. 

1613846.1). 

This experiment was conducted at Meredith Dairy commercial farm (Meredith, Australia, 

37°50’S; 144°04’E) over 4 consecutive kidding seasons, from June 2016 to March 2017, in 

parallel with a production trial using 1,000 Saanen goats [~250 different goats each kidding 

season; 1–7 years; 69 ± 14.0 kg BW; mean ± standard deviation (SD)]. Further details on 

animals and management are available in Zamuner et al. (2020). In brief, the enrolled goats 

were kept with their contemporary group (~600 goats) in a collective pen and began to receive 

the fresh-goat TMR 1 months before the expected kidding date. Goats were fed ad libitum once 

per day at approximately 0700 h. The approximate nutrient composition (DM basis) of the diet 

was as follows: 32% NDF, 16% CP, 10 MJ of ME, 18 g of Ca, and 9.0 g of P/kg of DM. 

Blood samples were collected from all goats (~250 each kidding season) on the same day 

at approximately 1000 h, always after the morning milking. On the day of blood sampling, feed 

was withheld until after blood collection. Goats were sampled in random order, and the average 
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interval between the first and last animal sampled was 166 ± 30 min (± SD). Blood collection 

was carried out once weekly for 7 consecutive weeks, starting at wk -3 relative to the expected 

kidding date of each kidding season. The actual day of sampling (in relation to delivery) was 

determined after birth by sampling date - kidding date, and data were segmented in weekly intervals 

(i.e., -21 ± 3 d = wk -3; -14 ± 3 d = wk -2; and so forth). 

Blood was harvested via jugular venipuncture into 10-mL lithium heparin (170 IU) 

evacuated tubes (BD Vacutainer, Plymouth, UK) and immediately placed on ice until plasma 

separation. The whole-blood concentration of BHB was measured using a handheld meter 

(FreeStyle Optium Precision Neo; Abbott Diabetes Care Ltd., Witney, UK) before 

centrifugation (1,250 × g, 12 min, 4°C). Isolated plasma was stored at −20°C until analysis. 

Plasma NEFA and glucose concentrations were determined spectrophotometrically using 

commercial kits: NEFA-C ACS-ACOD Method (Wako Pure Chemical Industries Ltd., Osaka, 

Japan), modified as per the methods of Johnson and Peters (1993); and Infinity Glucose 

Oxidase Liquid (Thermo-Scientific, Waltham, MA). 

Statistical computations were performed using Minitab software (version 18.1; Minitab Inc., 

State College, PA). Plasma concentrations of NEFA, BHB, and glucose were screened for 

normality by calculating kurtosis and skewness, and by visual assessment of standardized 

residuals distribution. Concentrations of NEFA and BHB were log-transformed to achieve 

normality. Data for logged NEFA, logged BHB, and glucose concentrations from d -24 to 24 

were subjected to repeated-measures ANOVA using a mixed-effects model (REML and 2-

sided 95% CI) in Minitab. The fixed effect was the day of sampling, and the random effect was 

goat nested within kidding season to account for variations between kidding seasons. Fixed 

effects of parity number and litter size, as well as the covariant effects of time of bleeding, BW, 

and BCS, were tested in all models and retained when significant (P < 0.05). Results for logged 

NEFA and logged BHB were back-transformed for graphic presentation. 
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Spearman rho correlations were used to examine the relationships between weekly 

concentrations of NEFA, BHB, and glucose. A multiple linear regression (2-sided, 95% CI) 

was used to evaluate the confidence in estimating logged NEFA using logged BHB and glucose 

concentrations as continuous predictors. 

Days of maximum NEFA and BHB concentrations were determined for each goat in the 

data set before log-transformation and statistical analysis. We used the following cutoffs: ≥ 0.8 

mmol/L and > 1.6 mmol/L for elevated BHB; and ≥ 0.3 mmol/L antepartum and ≥ 0.7 mmol/L 

postpartum for elevated NEFA (McArt et al., 2013). The antepartum calculations included data 

observations from d -24 to -1, and the postpartum calculations included data observations from 

d 0 to 24. Statistical significance was declared at P < 0.05. Data are presented as mean (95% 

CI) unless declared otherwise. 

5.5 Results & Discussion 

Of the 1,000 animals enrolled, 60 were excluded from the experiment due to abortion, death, 

or kidding delay lay, for a total population of 940. The final number of goats commencing the 

experiment were subdivided as follows: by season of kidding (March = 237, June = 242, 

September = 222, and November = 239); by parity number (1 = 319, 2 = 244, 3 = 237, 4 = 85, 

5 = 38, and 6 = 17); and by litter size (single = 330, twins = 516, and triplets = 94). The average 

number of samples collected at any given day between d -24 to 24 was 118 (range 68 to 156). 

The total number of goats tested each week is presented in Table 5.1. The average daily milk 

yield in the first month was 2.4 ± 0.73 L/d (mean ± SD). 

To our knowledge, this is the first report using longitudinal data from a commercial herd to 

estimate the weekly prevalence of goats above critical levels of NEFA and BHB during the 

transition period. Figure 5.1 describes daily variations of NEFA, BHB, and glucose from d 24 

prepartum to d 24 postpartum. Previous studies in periparturient dairy goats have reported a 

similar increase in NEFA and BHB concentrations postpartum (Magistrelli and Rosi, 2014; 
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Radin et al., 2015). However, these studies did not report the proportion of goats showing 

elevated plasma NEFA and BHB concentrations. 

 

Figure 5.1. Daily plasma concentrations (mmol/L) of β-hydroxybutyrate (BHB; ), 

non-esterified fatty acids (NEFA; ), and glucose () in periparturient dairy goats 

sampled from -24 to 24 days from delivery; error bars represent 95% confidence 

intervals. Goats were sampled weekly and grouped by ‘days from delivery’ based 

on their kidding dates [average number of samples collected at any given day 

between d -24 to 24 was 118 (range, 68 to 156)] 

 

The present data showed a greater proportion of goats having BHB and NEFA 

concentrations above critical levels postpartum compared with antepartum (Table 5.1). Of the 

935 goats tested antepartum (3,011 sampling events), the number of goats with at least 1 event 

was as follows: BHB ≥ 0.8 mmol/L = 50 (5%); NEFA ≥ 0.3 mmol/L = 823 (88%). From the 

847 goats tested postpartum (2,767 sampling events), the number of goats with at least 1 event 

was as follows: BHB ≥ 0.8 mmol/L = 258 (30%); NEFA ≥ 0.7 mmol/L = 690 (81%).  

Ospina et al. (2010) studied more than 2,700 cows in 100 free-stall dairies in the United 

States and reported that 34% of cows had NEFA ≥ 0.3 mmol/L (d -14 to -3) and 32% of cows 

had NEFA ≥ 0.7 mmol/L (3 to 14 DIM). Ospina et al. (2010) also reported that cows with 

values above such NEFA thresholds were twice as likely to be culled within 30 DIM. 
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Comparatively, in the present study, the prevalence of goats with elevated NEFA was 77% 

antepartum and 64% postpartum (for the same thresholds and sampling period), whereas only 

2% of the herd was culled within 30 DIM, suggesting that the NEFA threshold established for 

cows might not be predictive of performance in dairy goats. 

Ketosis is one of the most common diseases affecting does and ewes regardless of farming 

purpose (i.e., dairy, meat, or wool/hair production; Rook, 2000). Contrary to the extensive 

information available on lactational ketosis in dairy cattle (McArt et al., 2012; Suthar et al., 

2013), data on hyperketonemia in dairy goats are focused mainly on pregnancy ketosis (Albay 

et al., 2014; Doré et al., 2015; Vasava et al., 2016) and, to a lesser extent, on lactational ketosis 

(Yadav et al., 2015; Marutsova and Binev, 2017). Nevertheless, dairy goats with high genetic 

merit for milk production are prone to intense and prolonged NEB in early lactation (Smith and 

Sherman, 2009), emphasizing the importance of monitoring the energy status of dairy herds 

both ante- and postpartum. 

In the present study, the weekly prevalence of goats above hyperketonemic levels (BHB ≥ 

0.8 mmol/L) was approximately 6 times greater postpartum than antepartum (Table 5.1). 

Several authors have suggested that the best sampling window for early detection of 

hyperketonemia in dairy cows is between 2 to 3 and 14 to 16 DIM (McArt et al., 2012; Ospina 

et al., 2013; Suthar et al., 2013). In the present study, 258 goats (30%) had at least 1 

hyperketonemic episode from 0 to 24 DIM. Of those, 130 goats (50%) had their first 

hyperketonemic episode between 3 and 16 DIM, indicating that the same sampling window 

might also be suitable for the observation of hyperketonemia in dairy goats
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Table 5.1. Weekly prevalence of goats above critical levels for non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHB), 

and weekly correlations between plasma concentrations (mmol/L) of NEFA, BHB, and glucose in Australian commercial dairy 

goats.  

  Weeks relative to delivery1 

Item  -3 -2 -1 0 1 2 3 

No. of goats sampled  785 914 883 811 794 776 752 

No. (%) of goats at or above cutoffs 

  BHB ≥ 0.8 mmol/L  10 (1.3) 16 (1.8) 24 (2.7) 80 (9.9) 121 (15.2) 117 (15.1) 106 (14.1) 

  BHB > 1.6 mmol/L  1 (0.1) 4 (0.4) 6 (0.7) 13 (1.6) 12 (1.5) 18 (2.3) 13 (1.7) 

  NEFA2  470 (59) 610 (67) 571 (65) 285 (35) 414 (51) 489 (63) 468 (62) 

Spearman rho correlation 

  NEFA-BHB  0.24*** 0.45*** 0.43*** 0.68*** 0.64*** 0.58*** 0.53*** 

  NEFA-Glucose  -0.37*** -0.50*** -0.47*** -0.25*** -0.54*** -0.52*** -0.47*** 

  BHB-Glucose  -0.14*** -0.27*** -0.25*** -0.23*** -0.36*** -0.26*** -0.23*** 

1Wk -3; d -21 ± 3, … wk 3; d 21 ± 3. 

2Cutpoints for elevated NEFA concentration in dairy cows; NEFA ≥ 0.3 mmol/L antepartum (wk -3 to -1) and ≥ 0.7 mmol/L 

postpartum (wk 0 to 3) (McArt et al., 2013)  

*** P < 0.001 
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To better understand the relationship between NEFA and BHB, we examined the 

distribution of the day of maximum NEFA and day of maximum BHB Table 5.2. Notably, the 

mean and median days of maximum BHB concentrations occurred earlier than the mean and 

median days of maximum NEFA concentrations. However, the large degree of variation in the 

days of peak BHB and NEFA concentrations prevented accurate interpretation of data 

distribution. Neither parity nor litter size significantly affected the mean day of peak 

concentrations of NEFA and BHB. 

We found substantial variation when we analyzed the mean (± SD) day of maximum NEFA 

and BHB concentrations (BHB = -14 ± 7.2 and 9 ± 6.8 d, NEFA = -11 ± 6.6 and 14 ± 6.6 d, 

ante- and postpartum, respectively). Further analysis showed that for most goats, the day of 

maximum BHB was the same as the day of maximum NEFA: antepartum = 439 goats (47%); 

postpartum = 390 goats (46%). Interestingly, the day of maximum BHB occurred before the 

day of maximum NEFA in most of the remaining goats: antepartum = 372 goats (40%), 

postpartum = 373 goats (44%). Harmeyer and Schlumbohm (2006) have demonstrated that 

pregnant ewes have a reduced ability to use BHB. Additionally, Reynolds et al. (2003) 

observed that variations in the liver release of BHB could be attributed not only to changes in 

the liver removal of NEFA but also to diet-induced changes in circulating levels of other 

ketogenic precursors, such as butyrate and acetoacetate. Therefore, the relatively earlier peak 

of BHB could be related in part to BHB overproduction in times of impaired use, and to 

individual differences in hepatic energy metabolism, rather than solely due to increased 

removal of NEFA by the liver. Nevertheless, the reasons for the present findings remain 

speculative.  
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Table 5.2. Characteristics of the distribut ion of antepartum and postpartum day of maximum nonesterif ied fatty acids (NEFA) 

and day of maximum β-hydroxybutyrate (BHB) concentrations in Australian commercial dairy goats  

 Antepartum1  Postpartum2 

Item N Mean Med. Min. Max. SD Corr.3  N Mean Med. Min. Max. SD Corr.3 

Day of max. BHB  -14 -15 -24 -1 7.2    9 8 0 24 6.8  

BHB4 936 0.4 0.3 0.1 5.6 0.37   847 0.7 0.6 0.2 6.7 0.56  

NEFA4 931 0.6 0.4 0.1 2.2 0.41 0.58***  841 1.0 0.9 0.1 2.8 0.55 0.58*** 

Glucose4 934 3.5 3.4 1.5 8.9 0.88 -0.22***  833 3.2 3.1 1.0 10.5 0.79 -0.27*** 

Day of max. NEFA  -11 -12 -24 -1 6.6    14 15 0 24 6.6  

NEFA5 936 0.7 0.5 0.1 2.3 0.39   847 1.3 1.2 0.1 2.8 0.59  

BHB5 935 0.3 0.3 0.1 4.7 0.31 0.64***  847 0.6 0.4 0.1 6.7 0.51 0.46*** 

Glucose5 931 3.3 3.2 1.1 9.8 0.93 -0.31***  841 3.0 2.9 1.3 10.5 0.70 -0.40*** 

1From d -24 to -1 relative to delivery.  

2From d 0 to 24 relative to delivery. 

3Spearman ρ correlation between BHB, NEFA, and glucose concentrations on the day of maximum BHB concentration, and 

between NEFA, BHB, and glucose concentrations on 

the day of maximum NEFA concentration.  

4BHB, NEFA, and glucose concentration (mmol/L) on the day of maximum BHB concentration. 

5BHB, NEFA, and glucose concentration (mmol/L) on the day of maximum NEFA concentration.  

***P < 0.001.
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Table 5.3. Coefficients of determination (R2)1 and estimates (95% CI) for multiple 

linear regression model based on continuous β-hydroxybutyrate (BHB)2 and 

glucose concentrations (mmol/L) for the prediction of plasma non-esterified fatty 

acids (NEFA)2 concentration (mmol/L) in dairy goats  

Period3 R2 Constant BHB Glucose 

d -24 to -18 19.1%*** 0.05 (-0.03, 0.14) ns 0.32 (0.25, 0.39) *** -0.09 (-0.11, -0.07) *** 
d -17 to -11 36.4%*** 0.40 (0.32, 0.47) *** 0.44 (0.38, 0.50) *** -0.15 (-0.17, -0.13) *** 
d -10 to -4 35.4%*** 0.32 (0.25, 0.40) *** 0.42 (0.37, 0.48) *** -0.14 (-0.16, -0.12) *** 
d -3 to 3 40.4%*** 0.03 (-0.02, 0.08) ns 0.60 (0.55, 0.66) *** -0.01 (-0.02, 0.00) ns 
d 4 to 10 46.6%*** 0.50 (0.43, 0.57) *** 0.53 (0.48, 0.59) *** -0.14 (-0.17, -0.12) *** 
d 11 to 17 46.3%*** 0.70 (0.62, 0.78) *** 0.50 (0.44, 0.55) *** -0.18 (-0.21, -0.16) *** 
d 18 to 24 38.5%*** 0.67 (0.58, 0.75) *** 0.48 (0.41, 0.54) *** -0.17 (-0.20, -0.14) *** 

1Proportion of the variance in the dependent variable (i.e., NEFA) that is 

predictable from the independent variables in the model (i.e., BHB and glucose).  

2Logged concentrations (mmol/L) 

3Days relative to delivery. Number animals sampled in each period is presented 

in Table 5.1 

*** P < 0.001; ns P > 0.05 

 

Despite a considerable body of evidence linking elevated NEFA and BHB to negative 

downstream outcomes in dairy animals (Overton et al., 2017), recent studies reported either 

weak (r = 0.20; McCarthy et al., 2015) or absent (Pilotto et al., 2016) correlations between 

NEFA and BHB in transitioning dairy cows. In contrast, we observed a moderate to strong 

relationship between concentrations of NEFA and BHB (r = 0.66) and NEFA and glucose (r = 

-0.46) throughout the transition period (5,686 simultaneous sampling events from d -24 to 24), 

and on the NEFA and BHB days of peak concentration (Table 5.2). Similarly, moderate 

relationships between NEFA and BHB have been reported in healthy goats in the last week of 

pregnancy (r = 0.45) and in periparturient dairy ewes (r = 0.41; Karagiannis et al., 2014; Radin 

et al., 2015), suggesting a stronger association between BHB and NEFA in small ruminants 

than in dairy cows. Although the reason for the interspecies differences is unclear, recent 

studies have reported relevant distinctions in intermediary metabolism and mammary 
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lipogenesis between cows and goats (Bernard et al., 2017; Fougère et al., 2018), which could 

explain the different correlation strengths between BHB and NEFA reported in cows and goats. 

Plasma NEFA concentration reflects the magnitude of fat mobilization from body reserves 

(LeBlanc, 2010). The moderately strong correlations observed between NEFA and BHB, and 

between NEFA and glucose, puts forward the idea that combined results from BHB and glucose 

tests could be a potential alternative to laboratory analysis of NEFA concentrations in 

estimating the rate of fat metabolism in dairy goats. Nonetheless, in the present study, 

variations in plasma BHB and glucose explained approximately 47% of the observed variations 

in NEFA concentrations from 4 to 17 DIM (Table 5.3). Taken together, results for weekly 

correlations (Table 5.1) and regression analysis (Table 5.3) clearly demonstrate that the strength 

of the association between the selected metabolites varies with time and that such associations 

are stronger during the 2 first weeks of lactation. These findings suggest that simultaneous 

BHB and glucose tests would provide a more accurate estimation of the actual nutritional status 

of dairy goats when measured within 4 to 17 DIM. 

5.6 Conclusions 

Our results showed a greater prevalence of goats above the cutoff for elevated BHB and 

NEFA after kidding, demonstrating that in dairy goats, as with dairy cows, intensive metabolic 

adaptations are more pronounced in early lactation than in late pregnancy. However, in contrast 

to reports in dairy cows, we observed a relatively strong relationship between NEFA and BHB 

concentrations throughout the transition period and on days of peak concentrations of NEFA 

and BHB. Further research is needed to determine critical NEFA and BHB thresholds as 

predictors of disease and milk production loss in transition dairy goats. 
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6.1 Manuscript 4 

Chapter 6 investigated underlying differences in the endocrine and metabolic regulation of 

energy metabolism in early lactation dairy goats of high and low milk yield. Goats were 

subjected to three metabolic challenges (glucose, insulin, and ACTH) performed at 

approximately six weeks postpartum to determine whether there are discernible differences in 

peripheral tissue responsiveness to the effects of catabolic and anabolic hormones, according 

to the level of milk production.  

This work has been published in the Journal of Dairy Science; 
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infusions in early-lactation dairy goats of high and low milk yield. J. Dairy Sci., 103 

(12):12045–12058. https://doi.org/10.3168/jds.2020-18625 

 

Therefore, the paper is included in this chapter as a manuscript.  
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6.2 Abstract 

This experiment aimed to examine endocrine and metabolic responses to glucose, insulin, 

and adrenocorticotropin (ACTH) infusions, in early lactation dairy goats of different levels of 

milk production (LMP). Goats were grouped as either high (HY; 4.0 L/d, n = 13), or low milk 

yield (LY; 2.4 L/d, n = 13). Individual milk yield (L/d) and dry matter intake (DMI; kg/d) were 

measured daily. Concentration (mM) of glucose, fatty acids, and β-hydroxybutyrate (BHB), % 

of milk fat and protein, body weight (BW; kg), and body condition score (BCS) were assessed 

weekly (from 2 to 6 wks postpartum). An intravenous glucose tolerance test (IVGTT), an 

insulin tolerance test (ITT), and an ACTH stimulation test (AST) were carried out at 43, 44, 

and 45 ± 0.7 d in milk (DIM), respectively. The HY goats had greater milk yield (+67%), 

energy-corrected milk (ECM; +70%), dry matter intake (DMI; +28%), the ratio of ECM output 

to metabolic BW (+67%), and feed efficiency (FE; +25%), but lesser BCS than LY goats (2.4 

vs. 2.6). The DMI (%BW) was moderately correlated with ECM (r = 0.70) and negatively 

correlated with BCS (r = -0.57). At the time of the IVGTT, HY goats had lesser basal insulin 

and glucose than LY goats. However, results from IVGTT and ITT indicate that the sensitivity 

of peripheral tissues to insulin was unaffected by LMP. Compared to LY, HY goats had lesser 

insulin secretion (-52%) and greater insulin clearance rate (+47%) after glucose infusion. The 

ITT and AST results show that both the growth hormone response to insulin and the cortisol 

response to ACTH were unaffected by LMP. Also, basal plasma concentrations of GH and 

cortisol were not correlated with glucose and fatty acids concentrations, or any performance 

parameters. Collectively, our results suggest that differences between HY and LY goats, 

concerning milk yield and FE, were probably more closely related to differences in insulin 

secretion and clearance, than to differences in peripheral tissue responsiveness to the effects of 

catabolic and anabolic hormones. 

Key Words: insulin sensitivity, nutrient partitioning, energy metabolism, milk production  
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6.3 Introduction 

Improved milk production efficiency is of great economic importance in the dairy industry. 

One of the most important characteristics determining the enhanced potential for milk 

production is the maternal ability to partition proportionately more of absorbed nutrients 

towards milk synthesis, and less into body reserves (Baumgard et al., 2017). Therefore, a 

deeper understanding of how different factors (e.g., environment, genotype, physiological 

state, nutrition) influence maternal nutrient partitioning is essential for developing optimized 

strategies that could enhance milk yield, or reduce production costs, without compromising 

herd health and welfare (Kiplagat et al., 2012; Friggens et al., 2013). 

The regulation of nutrient partitioning is orchestrated by complex interactions between a 

plethora of hormones, among which insulin, growth hormone (GH), and glucocorticoids have 

a major impact on the regulation of nutrient supply in ruminants (Bell and Bauman, 1997; 

Baumgard et al., 2017). For instance, in dairy cows, greater milk yield is associated with 

reduced insulin and elevated GH concentrations (Bell and Bauman, 1997; Veerkamp et al., 

2003; Lucy et al., 2009), decreased cortisol responses after ACTH administration (Beerda et 

al., 2004), intensified mobilization of body lipid stores (Veerkamp et al., 2003), and a greater 

degree of insulin resistance (De Koster and Opsomer, 2013; Cincović et al., 2018). 

Moreover, similar to observations in dairy cows, a recent study in early lactation goats found 

significant differences in endocrine and metabolic profiles between dairy goats of high and low 

milk yield (Zamuner et al., 2020). We demonstrated that high-yielding goats have lesser 

concentrations of insulin and glucose, greater concentrations of GH, fatty acids, and BHB, and 

greater BW loss than their lower-yielding counterparts.  

However, in contrast to the extensive information on endocrine regulation of nutrient 

partitioning in dairy cows (De Koster and Opsomer, 2013; Baumgard et al., 2017; Cincović et 

al., 2018), little is known about mechanisms controlling the nutrient supply to the mammary 
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gland in early lactation goats. Relatively few studies have examined changes in insulin 

responsiveness in dairy goats with respect to physiological state (Debras et al., 1989), genetic 

merit for milk production (Cronjé et al., 2000), and energy intake (Schmidely et al., 1999). 

However, underlying endocrine and metabolic mechanisms determining greater milk yield in 

goats of the same breed and plane of nutrition are yet to be elucidated.  

Therefore, this experiment aimed to investigate metabolic and endocrine responses in early-

lactation dairy goats. To determine whether there are discernible differences in metabolic 

responses according to the level of milk production (LMP), goats of high (HY) and low milk 

yield (LY) were subjected to 3 metabolic challenges performed at approximately 6 weeks 

postpartum; namely, an intravenous glucose tolerance test (IVGTT), an intravenous insulin 

tolerance test (ITT), and an intravenous ACTH stimulation test (AST). We hypothesized that, 

in comparison to LY, HY goats would exhibit (1) lesser circulating insulin concentrations 

following bolus glucose infusion, (2) reduced glucose and fatty acids responses to an insulin 

infusion, and (3) decreased cortisol response to ACTH administration. 

6.4 Material & Methods 

All experimental procedures were approved by the Faculty of Veterinary and Agricultural 

Sciences Animal Ethics and Welfare Committee of The University of Melbourne, Australia 

(No 1714287.1). 

6.4.1 Animals, Nutrition, and Husbandry  

This experiment was conducted at Meredith Dairy commercial farm (Meredith, Australia, 

37°50′S; 144° 04'E). The experiment used 26 clinically healthy Saanen dairy goats, in second 

or third parity, that kidded in March 2018 (early autumn). Goats were selected based on milk 

yield from 0 to 10 DIM, and total milk yield in the previous lactation. Then, at the end of wk 1 

(11 ± 4.2 d; mean ± SD), the 13 highest and 13 lowest-yielding goats were randomly allocated 
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to individual stalls in an elevated shed (north-south oriented with the open side facing east), 

where they were kept under natural lighting and ventilation conditions. The shed had 2 rows 

of 15 individual stalls (15 m2) equipped with drinkers, wooden walls and slatted floor. Plastic 

feeders were attached to the metal-framed gates opening to the center aisle, from which goats 

could make audio-visual-olfactory contact. Goats were ad libitum fed a TMR once daily at 

around 0900h and had free access to water during the experimental period (from 2 to 6 wks 

postpartum). The proportions (DM basis) of the components in the diet were barley (37%), 

lupins (22%), ryegrass silage (28%), and commercial pellets (11%; 25% CP, 14 MJ of ME/kg, 

29% NDF, 65 g of Ca/kg, 16 g of P/kg). The nutrient composition (per kg of DM) of the diet 

was 32% NDF, 17% CP, 13 MJ of ME, 9.4 g of Ca, and 4.3 g of P. 

6.4.2 Measurements 

Goats were milked twice-daily and individual milk volume recorded at 0800 and 1600 h, in 

a 36-sided herringbone system fitted with automatic cup removers and in-line electronic milk 

meters (MidiLine SG Parlour, DeLaval Inc., Colac, VIC, Australia). Feed offered and refused 

was weighed daily during the experimental period. Weekly adjustments were made to the 

amount of TMR offered to maintain a minimum 5% refusal rate, ensuring ad libitum feeding. 

Individual milk samples (10 mL) were collected during morning milking at the beginning 

of wk 2, 3, 4, and 5. Samples were preserved with bronopol (Broad Spectrum Microtabs II, 

D&F Control Systems, Inc., Norwood, MA, USA) and transported on ice (4° C) to the 

laboratory at Herd Improvement Co-Operative (HICO, Colac, VIC, Australia) for 

determination of milk fat, protein, and lactose using a NexGen milk analyzer (Bentley, Chaska, 

MN, USA). Immediately after milking (and before feeding), blood samples were collected via 

jugular venipuncture using vacuum tubes (10 mL) coated with lithium-heparin (BD, Plymouth, 

Devon, UK), immediately placed on ice and centrifuged (1,250 g, 4° C) for 12 min within 1 h 

after collection. Isolated plasma was stored at -20 °C until analysis.  



149 

 

Goat BW and BCS were assessed on the same day of milk and blood testing, and at the 

beginning of wk 6 (always before feeding and after the morning milking). The BCS was scored 

by the same person, adopting a 6-point scale method (Villaquiran et al., 2004). 

6.4.3 Intravenous Challenges 

On the morning of d 42 (wk 6) after an overnight fast, a 14-gauge, 3.25-inch angiocath 

catheter (BD, Sydney, NSW, Australia) was inserted into the jugular vein approximately 8 cm 

and then secured to the skin using medical tape and superglue. A 22 cm plastic catheter 

extension with a Luer lock (Heidelberg extension tubing; B. Braun, Bethlehem, PA, USA) pre-

filled with heparinized saline (50 U/L) was secured to the catheter. The catheter was flushed 

with 8-10 mL heparinized saline (50 U/L) and sealed with a Safesite® (B. Braun). When not 

frequently in use, the patency of the catheter was maintained by flushing with 8-10 mL 

heparinized saline (50 U/L) twice daily. During blood sampling procedures, the catheter was 

flushed with heparinized saline (25 U/L) immediately after every blood sample collection. 

Food was withheld for 12 h before each challenge. On d 43, a 50% glucose solution was 

administered intravenously at 0.3 g of glucose/kg of BW, and blood samples were collected at 

-30, -15, -1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 60, 90, 120, 150, 180, 210, 

220, and 240 min relative to glucose infusion (Marett et al., 2015). On d 44, insulin (Actrapid, 

human insulin (92% homologous to caprine insulin), Novo Nordisk Pharmaceuticals Pty Ltd., 

Baulkham Hills, NSW, Australia) was administered intravenously at 0.125 IU/kg of BW, and 

blood samples were collected at -30, -15, -1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 

90, 120, 150, 180, 210, 240, 270, and 300 mins relative to insulin infusion (Marett et al., 2017). 

On d 45, a synthetic analog of ACTH (Synacthen, Novartis, Sydney, NSW, Australia) was 

administered intravenously at 0.2 IU/kg of BW, and blood samples were collected at -30, -15, 

-1, 5, 10, 15, 20, 25, 30, 35, 45, 60, 75, 90, 120, 150, 180, and 210 mins relative to ACTH 

infusion (DiGiacomo et al., 2018). Catheters were flushed with 10 mL of 100 IU/L heparinized 
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saline at the end of each challenge period. All blood samples were collected into vacuum tubes 

(10 mL) coated with lithium-heparin (BD), immediately placed on ice, and centrifuged (1,250 

× g, 4° C) for 12 min within 1h after collection. Isolated plasma was stored at -20° C until 

analysis. 

6.4.4 Laboratory Analysis  

The whole-blood concentration of BHB was measured using a hand-held meter (FreeStyle 

Optium Precision Neo, Abbott Diabetes Care Ltd., Witney, UK) prior to plasma separation. 

Plasma fatty acids concentrations were measured using a commercially available kit (NEFA-

C ACS-ACOD Method [modified as per the methods of Johnson and Peters (1993)], Wako 

Pure Chemical Industries, Ltd., Osaka, Japan). Plasma glucose concentrations were measured 

using a commercially available kit (Infinity Glucose Oxidase Liquid, Thermo-Scientific, 

Middletown, VA, USA). Plasma insulin concentrations were measured using RIA kit (Porcine 

Insulin Cat. # PI-12K, Millipore Corporation, Billerica, MA, USA), validated in goats by Maia-

Nogueira (2015). Plasma GH concentrations (at -30, -15, -1, 5, 10, 15, 25, 35, 60, 90, 120 and 

180 min relative to insulin infusion) and cortisol concentrations (at -30, -15, -1, 15, 30, 45, 60, 

120 and 180 min relative to ACTH infusion) were measured using the methods described by 

Thomas et al. (1990). Assay sensitivity (limit of detection) ranged between 0.4 - 0.5 mU/L for 

insulin, 0.2 - 0.3 ng/mL for GH, and 0.13 - 0.29 ng/mL for cortisol. Every sample (except for 

BHB) was assayed in duplicate. Intra- and inter-assay coefficients of variation were < 7.0% 

and < 3.5% for glucose, < 6.0% and < 3.0% for fatty acids, < 10% and < 4.1% for insulin, < 

10% and < 4.3% for GH, and < 10% and < 5.2% for cortisol.  
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6.4.5 Calculations and Statistical Analyses  

At the end of each week, the total DMI (kg/goat), milk yield (L/goat), content (%) of milk 

fat and protein, and BW were used to calculated calculate average ECM, BW efficiency (BWE, 

%), DMI as a percentage of BW, and feed efficiency (FE, kg/kg). Average ECM (kg/d) was 

calculated using the equation ECM = milk (kg) × 0.3246 + (0.1356 × percentage of fat + 0.0704 

× percentage of protein)] (Cai et al., 2018), BWE was calculated using the equation BWE = 

ECM / BW0.75 × 100 (Köck et al., 2018), DMI (% BW) was calculated as DMI (kg/d) / BW 

(kg), and FE ratio was calculated as ECM (kg/d) / DMI (kg/d). Because goats kidded over the 

course of 2 wks, DIM (in relation to each day of sampling) was determined for each goat by 

subtracting the date of kidding from the date of sampling. 

Metabolic challenges. Baseline concentrations for the studied analytes were calculated as 

the mean concentration of the 3 blood samples taken before infusions. Plasma hormones and 

metabolite responses were analyzed for the area under the curve (AUC) using a linear 

trapezoidal summation between successive pairs of metabolite concentrations after correcting 

for baseline concentrations. Peak and nadir concentrations, percentage change from baseline, 

clearance rates (CR), time (T) to reach; half-life (T1/2), peak (Tpeak), and basal (Tbasal) 

concentrations were calculated for each goat and mean values are reported for each specific 

treatment group. Values were calculated using the following formulas, as previously described 

by Pires et al. (2007): 

CR = [(ln [ta] – ln [tb]) / (tb-ta)] × 100, where [ta] is the concentration of the metabolite at 

time a (ta) and [tb] is the concentration of metabolite at time b (tb). 

T1/2 glucose = [ln (2) / CR2-30 glucose] × 100 

Tbasal glucose = [(ln [2 min] – ln [240 min]) / CR2-30 glucose] × 100 

Tbasal insulin = [(ln [2 min] – ln [240 min]) / CR20-120 insulin] × 100 

Change = [(peak (or nadir) concentration - basal concentration) / basal concentration] × 100 
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MINMOD Parameters. Key indices of glucose-insulin dynamics were calculated using 

MINMOD Millenium software [MINMOD Inc., Pasadena, CA, USA; Boston et al. (2003)]. 

The parameters and indices that are output by the MINMOD software are: 

GB = basal glucose concentration pre-infusion (mM) 

IB = basal insulin concentration pre-infusion (mU/L) 

SG = glucose effectiveness (min-1), which refers to the capacity of glucose to mediate its 

own uptake 

SI = insulin sensitivity ((mU/L)-1.min-1), which refers to the capacity of insulin to promote 

glucose uptake 

AIR = acute insulin response to glucose (mIU/L)-1.min), which addresses the adequacy of 

insulin secretion in response to a glucose bolus 

DI = disposition index (AIR × SI), which represents the ability of the islet cells to secrete 

insulin  

Other indices that are included in the MINMOD Millennium output are derived from the 

Homeostatic assessment model (HOMA): 

IR = insulin resistance (mM/mU/L-2), calculated by the equation: (IB × GB) / 22.5 

BCF = pancreatic β-cell function (mU/mM), calculated by the equation: (20 × IB) / (GB - 

3.5)  

Statistical analyses were performed using Minitab software (version 18.1; Minitab Inc, State 

College, PA, USA). All outcome variables were screened for normality by calculation of 

kurtosis and skewness and by visual assessment of standardized residuals distribution. Data 

from repeated-measurements were analyzed using the ANOVA Mixed Effects Model 

(restricted maximum likelihood (REML) and 2-sided 95% CI), and data from non-repeated-

measurements were analyzed using the ANOVA General linear model (2-sided 95% CI) of 

Minitab. All models included the fixed effect of LMP and the random effect of goat. Parity, 
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BW, BCS, DIM, and the time of the day when blood was collected, were tested in all models 

as covariates and retained when significant (P < 0.05). Models analyzing data derived from 

metabolic challenges used values of BW, BCS, and DIM measured at wk 6. Bonferroni method 

with 95% CI was used for pairwise comparisons. Statistical significance was declared at P < 

0.05, and values of P < 0.1 were considered a trend toward significance. Spearman rho 

correlation was used to examine relationships between variables of interest. Correlations 

between variables measured weekly included 4 observations per goat. Correlations between 

values derived from metabolic challenges and performance data used values measured at wk 

6. 

Data Presentation. Results for log-transformed variables were reported after back-

transformation. Data are presented as means ± SEM unless declared otherwise. 

6.5 Results 

The HY goats had substantially greater milk yield than LY goats (4.0 vs. 2.4 L/d; P < 0.001). 

However, for all variables, no interaction effect of LMP × week was detected. Thus, the main 

effect of LMP on average performance and metabolite concentrations from wk 2 to 5 are 

depicted in Table 6.1.  

The HY and LY goats were homogeneous for parity (2.5 vs. 2.5; P = 0.855) and age (34.7 

vs. 34.2 months; P = 0.869). However, average DIM (at wk 2) was 4 d greater in HY than LY 

goats (15 vs. 11 DIM; P = 0.008). The HY goats had greater ECM (+70%; P < 0.001), greater 

DMI both on a kg (+28%; P < 0.001) and % BW basis (+30%; P < 0.001), greater BWE (+67%; 

P < 0.001), and greater FE (+25%; P = 0.001) than LY goats. Mean BCS was greater in LY 

than HY goats (2.6 vs. 2.4; P = 0.016), and although the ADG from wk 2 to 6 tended to be 

lesser in HY than in LY goats (ADG; -96 vs. -12 g/d; P = 0.086), we did not observe significant 

changes in BW for both HY and LY goats during the same period (HY = 67.2 vs. 66.8 kg; P > 

0.1, and LY = 66.7 vs. 67.2 kg; P > 0.1, for wk 2 vs. wk 6, respectively). The HY goats had 
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greater milk protein than LY goats (3.3 vs. 3.1 %; P = 0.020), but average milk fat (4.6 ± 

0.19%) and lactose (5.2 ± 0.06%) were similar between groups. Plasma fatty acids 

concentration was greater (+34%; P < 0.001) in HY than LY goats, but glucose and BHB were 

not affected by LMP.  

Correlations between performance variables are listed in Table 6.2. Despite ECM being 

correlated with DMI (r = 0.70), and DMI being correlated with BWE (r = 0.74), BW was not 

correlated with ECM. We also observed a negative relationship between BCS and DMI, ECM, 

FE, and BWE. Concentrations of BHB and fatty acids were positively correlated (P < 0.01) to 

ECM (r = 0.33 and 0.28), FE (r = 0.38 and 0.25), and BWE (r = 0.33 and 0.27), and were 

negatively correlated (P < 0.01) to BCS (r = -0.32 and -0.22). Fatty acids concentration was 

correlated with glucose (r = -0.26; P < 0.01) and BHB (r = 0.32; P < 0.01).   
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Table 6.1. Effects of level of milk product ion on performance traits and metabolite 

concentrations in high-yielding (HY; n = 13), and low-yielding (LY; n = 13) 

commercial dairy goats from 14 to 42 DIM1 

     P-value  

Item HY LY SED Level (L) 
Week 
(W) 

LW 

Milk        

  Yield (L/d) 4.0 2.4 0.18 < 0.001 0.073 0.193 

  Fat (%) 4.6 4.6 0.19 0.986 0.776 0.839 

  Protein (%) 3.3 3.1 0.06 0.012 < 0.001 0.056 

  Lactose (%) 5.2 5.2 0.06 0.473 0.728 0.123 

ECM (kg/d) 4.6 2.7 0.20 < 0.001 0.073 0.193 

DMI (kg/d) 2.3 1.8 0.14 < 0.001 1.016 0.984 

DMI (% BW) 3.5 2.7 0.20 < 0.001 0.012 0.970 

FE (kg/kg) 2.0 1.6 0.12 0.001 < 0.001 0.685 

BW (kg) 66 67 2.9 0.688 0.057 0.343 

BCS 2.4 2.6 0.08 0.016 0.075 0.974 

BWE (%) 20 12 0.9 < 0.001 0.017 0.079 

ADG (g/d) -96 -12 46.5 0.086 < 0.001 0.194 

Fatty acids (mM) 0.5 0.4 0.05 0.021 < 0.001 0.199 

Glucose (mM) 3.4 3.5 0.14 0.532 0.295 0.486 

BHB (mM) 0.4 0.4 0.04 0.168 0.076 0.096 

1Values are restricted maximum likelihood (REML) means  

ECM = energy-corrected milk [milk (kg) × (0.3246 + (0.1356 × fat (%) + 0.0704 × 

protein (%)) (Cai et al., 2018)], DMI = dry matter intake, FE = feed efficiency rate 

[ECM (kg/d) / DMI (kg/d)], BW = body weight, BCS  = body condition score, BWE 

= bodyweight efficiency [ECM (kg/d) / BW0.75 (kg) × 100 (Köck et al., 2018)], 

ADG = average daily gain, BHB = β-hydroxybutyrate, SED = standard error of 

differences  
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Table 6.2. Spearman rho correlations between performance traits in commercial 

dairy goats from 14 to 42 DIM 

 ECM DMI FE BWE BW 

DMI (%BW) 0.70***     

FE (kg/kg) 0.61*** ns    

BWE (%) 0.95*** 0.74*** 0.65***   

BW (kg) ns -0.17† -0.19† -0.18†  

BCS -0.62*** -0.57*** -0.33** -0.66*** ns 

ECM = energy-corrected milk [milk (kg) × (0.3246 + (0.1356 × fat (%) + 0.0704 × 

protein (%)) (Cai et al., 2018)], DMI = dry matter intake, FE = feed efficiency rate 

[ECM (kg/d) / DMI (kg/d)], BW = body weight, BCS = body condition score, BWE 

= bodyweight efficiency [ECM (kg/d) / BW0.75 (kg) × 100 (Köck et al., 2018)] 

*** P < 0.001; ** P < 0.01; * P < 0.05; † P < 0.1; ns P >  0.1Intravenous Glucose  

 

6.5.1 Intravenous Glucose Tolerance Test (IVGTT) 

Response curves for insulin, glucose, and fatty acids concentrations after a glucose infusion 

in HY and LY goats are presented in Figure 6.1. Results of the comparisons of analyzed 

IVGTT variables between HY and LY goats are given in Table 6.3. Before the IVGTT, LY 

had greater basal glucose (+13%; P = 0.046) and insulin (+130%; P = 0.008) than HY goats, 

but there was no difference in basal fatty acids. We observed an LMP × time interaction (P < 

0.001) for both glucose and insulin concentration. Glucose concentration was greater (P < 0.05) 

in LY than in HY goats from 2 to 40 min post-infusion. Insulin was greater (P < 0.05) in LY 

than in HY goats from 2 to 10 and from 50 to 240 min post-infusion.   
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Table 6.3. Plasma glucose, insulin, and fatty acids responses to a glucose 

infusion (0.3 g/kg of BW) performed in high (HY; 4.0 L/d, n = 13) and low yielding 

(LY; 2.4 L/d, n = 13) dairy goats at ~ 43 DIM 1 

Item HY LY  SED P-value 

Glucose      

  Basal (mM) 3.0 3.4  0.18 0.046 

  Peak (mM) 15.6 17.2  0.66 0.009 

  Nadir (mM) 2.1 2.3  0.19 0.250 

  Change2 (%) 418 426  27.0 0.775 

  Recovery3 (mM) 2.9 3.3  0.19 0.013 

  T1/2
4 (min) 30 32  1.7 0.385 

  Tbasal
5
 (min) 80 84  4.2 0.567 

  CR 2-30 (%/min) 2.4 2.3  0.16 0.598 

  CR 30-60 (%/min) 2.1 2.0  0.24 0.859 

  AUC0-60 (mM.min) 316 361  20.4 0.012 

  AUC0-120 (mM.min) 324 394  45.5 0.068 

Insulin      

  Basal (mU/L) 5.6 12.9  2.51 0.008 

  Peak (mU/L) 78.1 115.2  24.7 0.097 

  Nadir (mU/L) 3.3 7.9  1.87 0.016 

  Change2 (%) 4695 1354  2387 0.174 

  Recovery3 (mU/L) 4.3 10.3  1.85 0.004 

  Tpeak
6
 (min) 19 20  1.4 0.782 

  Tbasal
5
 (min) 117 119  6.5 0.842 

  CR 30-60 (%/min) 2.8 1.9  0.43 0.042 

  AUC0-60 (mU/L.min) 3453 4974  667.0 0.120 

  AUC0-120 (mU/L.min) 3919 6203  819.9 0.061 

Fatty acids      

  Basal (mM) 0.6 0.5  0.15 0.376 

  Peak (mM) 1.2 0.9  0.20 0.188 

  Nadir (mM) 0.3 0.2  0.04 0.088 

  Change2 (%) 127 102  25.2 0.283 

  Recovery3 (mM) 1.0 0.7  0.19 0.137 

  AUC0-60 (mM.min) -6.3 -3.9  2.9 0.568 

  AUC0-120 (mM.min) -11.7 -8.2  7.0 0.728 

1Values are restricted maximum likelihood (REML) means  

2Maximum increase relative to baseline concentration 

3Concentration at time 240 min relative to glucose infusion  

4Time to reach half-life concentration after the glucose infusion 
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5Time to reach basal concentration after the glucose infusion 

6Time to reach peak concentration after the glucose infusion  

7Time to reach nadir concentration after the glucose infusion  

CR = clearance rate, AUC = area under the response curve, SED = standard error 

of differences 

 

Plasma glucose concentration peaked immediately following infusion (2 min) in both 

groups. The HY goats had reduced peak glucose (-9%; P = 0.009), lesser glucose concentration 

at 240 min (recovery) (-14%; P = 0.013), lesser glucose AUC0-60 (-12%; P = 0.012), lesser 

nadir insulin (-58%; P = 0.016), greater insulin CR from 30-60 min (+47%; P = 0.005), lesser 

insulin concentration at 240 min (-140%; P = 0.004), and tended to have lesser peak insulin (-

32%; P = 0.097), lesser glucose AUC0-120 (-18%; P = 0.068) and lesser insulin AUC0-120 (-37%; 

P = 0.061) than LY goats. The glucose T1/2, was similar (P > 0.1) between groups (31 ± 1.2 

min), as were glucose Tbasal (82 ± 3.7 min), insulin Tpeak (20 ± 1.1 min) and insulin Tbasal (118 

± 4.4 min). There were no significant differences between HY and LY goats for fatty acids data 

derived from IVGTT. 

The indices derived from the MINMOD software are presented in Table 6.4. Basal plasma 

insulin concentrations were 2.4-fold greater in LY (P = 0.008) than in HY goats, but there was 

no difference for basal glucose. Compared to HY goats, LY goats had 1.5-fold greater AIR (P 

= 0.047), 3.3-fold greater IR (P = 0.01), and 7.5-fold greater BCF (P = 0.006), but there were 

no differences in SG, SI, and DI between groups.   
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Table 6.4. Glucose and insulin MINMOD1 parameters derived from intravenous 

glucose tolerance tests performed in high (HY; 4.0 L/d, n = 13) and low yielding 

(LY; 2.4 L/d, n = 13) dairy goats at ~ 43 DIM 

Item HY LY SED P-value 

GB
2 (mM) 2.8 (2.4, 3.4) 3.0 (2.8, 3.3) - 0.443 

IB (mU/L) 5.3 12.5 2.45 0.008 

SG
2
 (mM/min) 0.02 (0.01, 0.02) 0.01 (0.01, 0.02) - 0.229 

SI (mU/L. min-1) 3.4 4.4 1.51 0.505 

AIR (μU/L.min-1) 352 536 87.5 0.047 

DI 2903 1578 1501.2 0.409 

IR2 (mM.mU/L-2) 0.4 (0.2, 0.9) 1.3 (0.8, 2.2) - 0.010 

BCF2 (mU/mM) 83 (33, 213) 619 (208, 1847) - 0.006 

1MINMOD Millennium, a windows-based software developed to mathematically 

describe the dynamic relationship between insulin and glucose during an 

intravenous glucose tolerance test (Boston et al., 2003). Values are restricted 

maximum likelihood (REML) means.  

2Back-transformed values with 95% CI presented in parentheses (lower limit, 

upper limit)  

GB = basal glucose, IB = basal insulin, SG = glucose effectiveness, SI = insulin 

sensitivity, AIR = acute insulin response to glucose, DI = disposition index, IR = 

insulin resistance, BCF = pancreatic β-cell function, SED = standard error of 

differences. 

 

Correlations between IVGTT and MINMOD parameters and goat performance data are 

reported in Table 6.5. There were no significant associations between values of glucose T1/2, 

glucose CR2-20, or any IVGTT derived value for fatty acids and performance parameters. Basal 

insulin was negatively correlated with DMI, ECM, and BWE. Although basal glucose was not 

correlated with any performance parameter, glucose AUC0-120 was negatively associated with 

ECM, FE, and BWE. Greater insulin CR was associated with greater ECM, FE, and BWE. 

Greater SI, DI, and BCF were associated with greater ECM, while greater AIR and IR were 

associated with reduced ECM, DMI, and BWE.  
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Table 6.5. Spearman rho correlations between performance traits and glucose 

and insulin parameters derived from an intravenous glucose tolerance test 

performed in commercial dairy goats at ~ 43 DIM 

Item ECM 
(kg/d) 

DMI  
(%BW) 

FE 
(kg/kg) 

BWE 
(%) 

BW 
(kg) 

BCS  

Basal       

  Glucose (mM) ns ns ns ns ns 0.34† 

  Insulin (mM) -0.54** -0.55** ns -0.54** ns 0.59** 

Change1       

  Glucose (%) ns ns ns ns ns ns 

  Insulin (%) ns ns ns ns ns ns 

AUC0-120        

  Glucose (mM.min) -0.44* ns -0.52** -0.53** 0.40* ns 

  Insulin (mM.min) -0.54** -0.62** ns -0.56** ns 0.66*** 

CR30-60        

  Glucose (%/min) ns ns 0.35† ns -0.36† ns 

  Insulin (%/min) ns 0.36† 0.37† 0.48* -0.65** -0.41* 

Glucose/Insulin ratio 0.51* 0.56** ns 0.52** ns -0.61** 

Fatty acids/Insulin ratio 0.35† 0.35† ns 0.36† ns -0.51** 

MINMOD        

  SG (mM/min) 0.49* ns 0.33† 0.54** ns -0.42* 

  SI (mU/L.min-1) ns 0.33† ns ns ns ns 

  AIR (mU/L.min-1) -0.41* -0.51** ns -0.37† ns 0.54** 

  DI  0.45* ns 0.59** 0.52** ns ns 

  IR (mM.mU/L-2) -0.44* -0.48* ns -0.45* ns 0.55** 

  BCF (mU/mM) 0.41* 0.42* ns 0.44* ns -0.42* 

1Maximum increase relative to the basal concentration  

MINMOD = a windows-based software developed to mathematically describe the 

dynamic relationship between insulin and glucose during an intravenous glucose 

tolerance test (Boston et al., 2003). ECM = energy-corrected milk, DMI = dry 

matter intake, FE = feed efficiency rate (ECM (kg/d) / DMI (kg/d)), BWE = 

bodyweight efficiency (ECM (kg/d) / BW0.75 (kg) × 100), BW = body weight, BCS 

= body condition score, AUC = area under the curve, CR = clearance rate, G B = 

basal glucose, IB = basal insulin, SG = glucose effectiveness, S I = insulin 

sensitivity, AIR = acute insulin response to glucose, DI = disposition  index, IR = 

insulin resistance, BCF = pancreatic β-cell function. 

*** P < 0.001; ** P < 0.01; * P < 0.05; † P < 0.1; ns P > 0.1 
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6.5.2 Insulin tolerance test (ITT) 

Response curves for glucose, GH, and fatty acids concentrations after an insulin infusion in 

HY and LY goats are presented in Figure 6.2. Results of the comparisons of analyzed ITT 

variables between HY and LY goats are given in Table 6.6. There were no differences in basal 

glucose, GH, or fatty acids concentrations between groups. There were no differences between 

HY and LY goats for glucose, GH, and fatty acids concentrations throughout the ITT or for 

ITT derived data. Glucose concentration began to decrease immediately after the 

administration of insulin, reaching 50% of basal concentration (T1/2) in 26 ± 2.0 min post-

infusion. Glucose concentration started to increase after 30 min, returning to near baseline 

values (~ 3.5 mM) within 120 min post-infusion. Fatty acids increased sharply from 30 to 60 

min, reaching a peak of 0.6 ± 0.05 mM before decreasing to a plateau of ~ 0.4 mM at around 

90 min post-infusion. Plasma GH concentrations fluctuated over time, and there was a large 

degree of variation in the GH AUC0-120 in both groups. However, the relative increase in GH 

concentration was almost 4-fold greater (P = 0.021) in HY compared to LY goats. Basal GH 

was positively correlated with basal glucose (r = 0.42; P = 0.033), and GHpeak was positively 

correlated with DMI (r = 0.47; P = 0.016), but basal GH was not correlated with fatty acids or 

any other performance parameters.  
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Table 6.6. Plasma glucose, growth hormone and fatty acids responses to insulin 

infusion (0.125 IU/kg of BW) performed in high (HY; 4.0 L/d, n = 13) and low 

yielding (LY; 2.4 L/d, n = 13) dairy goats at ~ 44 DIM 1 

Item HY LY SED P-value 

Growth Hormone     

  Basal (ng/mL) 1.4 1.3 0.29 0.707 

  Peak (ng/mL) 3.6 3.5 0.65 0.900 

  Nadir (ng/mL) 0.5 0.4 0.20 0.717 

  Change2 (%) 400 112 116.7 0.021 

  Tpeak
3
 (min) 69 98 18.5 0.123 

  AUC0-120 (ng/mL.min) 33.2 55.7 39.12 0.571 

Glucose     

  Basal (mM) 4.1 3.8 0.26 0.515 

  Peak (mM) 4.5 4.3 0.39 0.729 

  Nadir (mM) 1.6 1.4 0.19 0.580 

  Change2 (%) -62 -63 3.4 0.818 

  T1/2
4 (min) 27 26 3.9 0.866 

  CR 5-30 (%/min) 3.0 2.9 0.27 0.785 

  AUC0-120 (mM.min) -146.4 -121.0 18.71 0.232 

Fatty acids     

  Basal (mM) 0.3 0.3 0.05 0.723 

  Peak (mM) 0.7 0.6 0.07 0.647 

  Nadir (mM) 0.2 0.2 0.03 0.712 

  Change2 (%) 147 140 41.1 0.882 

  Tpeak
3
 (min) 56 67 12.4 0.398 

  AUC0-120 (mM.min) 7.0 7.3 4.12 0.947 

1Values are restricted maximum likelihood (REML) means  

2Maximum increase or decrease relative to baseline concentration  

3Time to reach peak concentration after the insulin infusion  

4Time to reach half-life concentration after the insulin infusion 

CR = clearance rate, AUC = area under the response curve, SED = standard error 

of differences   
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6.5.3 Adrenocorticotropin (ACTH) Stimulation Test (AST) 

The cortisol response curve following the ACTH infusion is presented in Figure 6.3 a, and 

the AUCs for glucose, fatty acids, and cortisol responses at 60, 120, and 180 min after ACTH 

infusion are presented in Figure 6.3 b. Results of the comparisons of analyzed AST parameters 

between HY and LY goats are given in Table 6.7. Basal cortisol was highly variable within 

LMP (range; 3.0 - 17.7 and 1.8 - 20.4 ng/mL, for HY and LY goats, respectively). There were 

no differences in basal cortisol, glucose, or fatty acids concentrations between groups (Table 

6.7). Also, there was no effect of LMP or LMP × time interaction on cortisol response (Figure 

6.3 a) or on cortisol-stimulated responses on glucose and fatty acids concentrations after ACTH 

infusion (Figure 6.3 b). In both groups, ACTH infusion provoked a 10-fold increase in cortisol 

concentration within 15 min. Cortisol concentration remained elevated until 60 min, when it 

started to decrease gradually, returning to near baseline values 180 min post-infusion. The 

ACTH infusion also caused an increase in glucose and fatty acids concentrations to a peak of 

4.4 ± 0.14 and 0.6 ± 0.06 mM, respectively. Both glucose and fatty acid concentrations 

fluctuated over time, reaching a maximum increase of 13% and 100% for glucose and fatty 

acid, respectively, but returned to values similar to basal concentrations at the end of the AST 

(210 min). Basal cortisol was not correlated with basal glucose, fatty acids, or any performance 

parameters. Cortisol Tpeak was positively correlated with FE (r = 0.42; P = 0.034). 

6.6 Discussion 

The central aim of our experiment was to determine whether differential productivity in 

dairy goats is related to differences in some aspects of the regulation of energy metabolism. 

Our experiment employed 3 metabolic challenges (glucose, insulin, and ACTH) to examine 

interrelationships between hormones and metabolite concentration and production 

performance in early lactation dairy goats.  
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Table 6.7. Plasma cortisol, glucose, and fatty acids responses to an 

adrenocorticotropic hormone (ACTH) infusion (0.2 IU/kg of BW) performed in high 

(HY; 4.0 L/d, n = 13) and low yielding (LY; 2.4 L/d, n = 13) dairy goats at ~ 45 

DIM1 

Item HY LY SED P-value 

Cortisol     

  Basal (ng/mL) 6.8 8.0 2.1 0.557 

  Peak (ng/mL) 103.4 102.5 10.1 0.933 

  Nadir (ng/mL) 12.2 14.2 2.3 0.464 

  Change2 (%) 2048 1871 602.0 0.755 

  Tpeak
3
 (min) 48 42 5.9 0.237 

Glucose     

  Basal (mM) 3.8 4.0 0.30 0.357 

  Peak (mM) 4.3 4.5 0.28 0.618 

  Nadir (mM) 3.2 3.4 0.19 0.231 

  Change2 (%) 16 12 3.3 0.250 

Fatty acids     

  Basal (mM) 0.3 0.3 0.08 0.723 

  Peak (mM) 0.7 0.6 0.11 0.662 

  Nadir (mM) 0.2 0.2 0.05 0.808 

  Change2 (%) 136 128 42.9 0.848 

1Values are restricted maximum likelihood (REML) means  

2Maximum increase relative to baseline concentration  

3Time to reach peak concentration after the ACTH infusion 

SED = standard error of differences 

 

Our results demonstrate that along with the increased milk yield, HY goats also had 

significantly greater DMI and, most importantly, improved FE. However, because FE is 

described as kg of DMI divided by kg of milk produced per day, FE can be overestimated when 

body reserves are being mobilized to sustain increased milk production (Bach et al., 2019). 

According to Dunshea et al. (1990), fatty acids concentration provides a better estimate of 

body-fat loss in early lactation than BW variations alone because, as lactation advances, goats 

increase DMI, thereby increasing gut fill such that total BW might not change. Although we 

did not observe significant differences in ADG or BW between groups, the inferior BCS and 



165 

 

greater fatty acids concentration in HY goats suggests greater lipid mobilization in HY than 

LY goats, which might have contributed (to some extent) to the improved FE and BWE 

observed in HY goats.  

The ability to direct proportionally more of absorbed nutrients towards milk synthesis, and 

less to body reserves, is one of the most critical mechanisms determining improved milk yield 

(Baumgard et al., 2017; Bach et al., 2019). Insulin action and glucose transporters (GLUT) play 

a pivotal role in the regulation of nutrient partitioning during lactation (Bell and Bauman, 

1997). For instance, the expression GLUT-1 (non-insulin-dependent), which is the predominate 

glucose carrier in the mammary gland of lactating cows and rodents (Zhao and Keating, 2007), 

is substantially increased (4-fold) in mammary epithelial cells of early compared to late 

lactation goats (Na et al., 2009). Whereas, the expression of GLUT-4 (insulin-dependent), 

which virtually disappears in mammary epithelial cells of lactating cows (Zhao and Keating, 

2007), is also reportedly downregulated in skeletal muscle of lactating goats (Balage et al., 

1997). Therefore, a state of decreased pancreatic insulin secretion or reduced sensitivity of 

peripheral tissues to the metabolic actions of insulin would result in reduced glucose utilization 

by extra-mammary tissues, thereby favoring substrate availability for milk synthesis (Jaakson 

et al., 2013; Cincović et al., 2018). Based on these principles, we hypothesized that HY goats 

would exhibit a greater degree of insulin resistance than LY goats.  

According to De Koster and Opsomer (2013), based on data from an IVGTT, insulin 

resistance can be identified when glucose CR is low, glucose AUC is high, and the glucose T½ 

and Tbase are high. Interestingly, even though HY goats had significantly lesser basal glucose 

and insulin concentration than LY goats, values of glucose for CR, T½, Tbase, and maximum 

change (%) from basal concentrations were comparable between groups. These results were 

further supported by results from MINMOD showing that, despite the observed positive 

association between ECM and SG (r = 0.49) and between ECM and DI (r = 0.45), there were 
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no measurable differences in SI, SG, and DI between groups, which is inconsistent with our first 

hypothesis that HY goats would have a lesser glucose-induced insulin secretion during the 

IVGTT. Moreover, the lesser calculated IR (-69%; P = 0.010), and lesser glucose AUC0-60 (-

12%; P = 0.012) in HY goats are indicative of a less insulin-resistant state in this group, which 

contrasts with what has generally been accepted in high-yielding dairy cows (De Koster and 

Opsomer, 2013; Baumgard et al., 2017; Cincović et al., 2018).  

However, it should be emphasized that glucose disappearance during the IVGTT is the result 

of both glucose uptake by the insulin-sensitive tissues (e.g., muscle and adipose tissue), and by 

insulin-insensitive tissues (e.g., mammary gland, brain, kidneys, immune cells) (De Koster and 

Opsomer, 2013; Kvidera et al., 2017). Thus, these apparently conflicting results may be 

attributable to the greater demand for glucose placed by the mammary gland of HY compared 

to LY goats, which would consequently influence the glucose dynamics during the IVGTT. 

Moreover, a proper interpretation of an IVGTT presupposes similar insulin secretion between 

animals (De Koster and Opsomer, 2013), which does not seem to be the case in our study given 

the observed differences in basal insulin, AIR, and BCF. Hence, based on the IVGTT results 

only, no conclusions could be drawn on whether HY and LY goats exhibit a different degree 

of insulin resistance.  
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Figure 6.1. Responses in (a) plasma glucose, (b) insulin, and (c) fatty acids 

concentrations to a glucose infusion (0.3 g 50% glucose/kg of BW) at time zero 

() in high-yielding (4.0 L/d, n = 13) and low-yielding (2.4 L/d, n = 13) dairy goats 

at 43 ± 0.7 DIM. Values are restricted maximum likelihood (REML) means, and 

error bars represent standard errors of means. LMP = level of milk production, T 

= time of sampling, LMP × T = joint effect of LMP and T, SED = pooled standard 

errors of differences.   
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The ITT is commonly used to evaluate insulin sensitivity of insulin-responsive tissues 

(Wilcox, 2005; Davis et al., 2017; Marett et al., 2017), but is also useful for assessing GH 

responses to insulin-induced hypoglycemia (Marett et al., 2014). In this study, results from the 

ITT indicate similar responses to insulin in both groups, which is inconsistent with our second 

hypothesis that HY goats would exhibit lesser glucose and fatty acids responses during the ITT. 

These results suggest that the lesser milk production in LY goats may be more closely related 

to greater insulin secretion than to differences in whole-body sensitivity to insulin between LY 

and HY goats. This is supported by the negative association between EMC, and basal insulin, 

insulin AUC0-120, and AIR (r = -0.41 to -0.54), and is accordance with findings of Hammon et 

al. (2007), in which milk yield from crossbred dairy heifers (at 30 DIM) was negatively 

correlated with both basal insulin (r = -0.30) and insulin AUC (r = -0.35). Similarly, Shingu et 

al. (2002) demonstrated that dairy cows have markedly lesser glucose-induced insulin secretion 

than beef cows, regardless of the stage of lactation. Present and previous results endorse an 

inverse relationship between milk yield and insulin secretion, regardless of whether the 

increased milk yield is due to greater genetic merit between or within breeds.  

Previous work in humans (Wilcox, 2005; Keane and Newsholme, 2014), and in dairy cows 

(De Koster and Opsomer, 2013; Cincović et al., 2018) have reported a negative association 

between fatty acids concentration and pancreatic insulin secretion. In the present study, 

differences in insulin secretion could not be explained by differences in fatty acids 

concentration because basal fatty acids concentration was comparable between HY and LY 

goats on the day of IVGTT, ITT, and AST. However, Keane and Newsholme (2014) stated that 

prolonged exposure to elevated concentrations of fatty acids might chronically decrease 

glucose-stimulated insulin secretion in rats and human pancreatic islets. Considering that HY 

goats had greater plasma fatty acids concentration during the weeks preceding the metabolic 

challenges, the lesser BCF and AIR in HY goats might reflect long-term effects of increased 
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fatty acids concentration on pancreatic insulin secretory capacity. Nevertheless, the reasons for 

the present findings remain speculative. 

 

 

Figure 6.2. Responses in (a) plasma glucose, (b) growth hormone (GH), and (c) 

fatty acids concentrations to an insulin infusion (0.125 IU/kg of BW)) at time zero 

(), in high-yielding (4.0 L/d, n = 13) and low-yielding (2.4 L/d, n = 13) dairy goats 

at 45 ± 0.7 DIM. Values are restricted maximum likelihood (REML) means, and 

error bars represent standard errors of means.  LMP = level of milk production, T 

= time of sampling, LMP × T = joint effect of LMP and T, SED = pooled standard 

errors of differences. 
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Data from the IVGTT show that in addition to the lesser AIR, insulin CR in HY was 1.5-

fold greater than in LY goats, which indicates that the lesser insulin concentration in HY goats 

could also be a consequence of the increased insulin degradation in this group. According to 

Lacasse and Prosser (2003), variations in milk yield are usually accompanied by a similar 

variation in mammary and hepatic blood flow in goats. Therefore, it is plausible that increased 

milk yield might have contributed to greater insulin CR in HY goats by accelerating insulin 

clearance by the liver (Reynolds et al., 2003). 

Further, counter-regulatory responses to insulin-induced hypoglycemia (e.g., glucagon, 

cortisol, or GH secretion) may affect metabolic responses to an ITT (Malaisse, 2015; Davis et 

al., 2017; Marett et al., 2017). For instance, GH has insulin-antagonistic effects both in hepatic 

and peripheral tissues, stimulating lipolysis and gluconeogenesis, and inhibiting lipogenesis 

and glucose uptake, which results in increased nutrient supply to the mammary gland (Bell and 

Bauman, 1997). Not surprisingly, in dairy cows, increased milk production is associated with 

elevated basal GH, greater insulin resistance, (Bell and Bauman, 1997; Lucy et al., 2009), and 

treatment with exogenous GH has been shown to increase milk yield in dairy cows and goats 

(Chadio et al., 2000; Baldi et al., 2002; Baumgard et al., 2017). Moreover, Marett et al. (2019) 

demonstrated that GH responses to insulin-induced hypoglycemia tend to be greater in high- 

than low-yielding cows, and a recent study in male goats has shown that insulin infusion 

increased plasma GH concentration up to 3-fold, shortly after infusion (Nishihara et al., 2017). 

Given the lesser insulin concentration and the greater milk yield in HY goats, we expected that 

GH responses to an ITT would be greater in this group. This hypothesis was supported by the 

greater increase in GH concentration after the insulin infusion in HY compared to LY goats 

(5.0 vs. 2.1-fold; P = 0.021, respectively). However, there was no other evident effect of LMP 

on GH response to the ITT. 
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Figure 6.3. Responses in (a) plasma cortisol to an adrenocorticotropic hormone (ACTH) infusion (0.2 IU/kg of BW) at time 

zero (), and (b) area under the curve (AUC) for fatty acids, glucose and cortisol at 60, 120 and 180 min post-infusion in high-

yielding (HY; 4.0 L/d, n = 13) and low-yielding (LY; 2.4 L/d, n = 13) dairy goats at 46 ± 0.7 DIM. Values are restricted maximum 

likelihood (REML) means, and error bars represent standard errors of means. The P-values for AUC 0-60min, 0-120 min and 

0-180min were: fatty acids; 0.98, 0.93, and 0.95, glucose; 0.82, 0.88, and 0.75, and cortisol; 0.93, 0.99, and 0.96. LMP = level 

of milk production, T = time of sampling, LMP × T = joint effect of LMP and T, SED = pooled s tandard errors of differences
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In a recent study (Zamuner et al., 2020), we observed that greater milk yield (2-fold) in early 

lactation (wk 0 to 3) was associated with greater GH/insulin ratio (3-fold) and greater plasma 

levels of fatty acids and BHB (2-fold) during the same period, and to a greater BW loss from 

wk 0 to 6 (7.0 vs. 1.0 % of BW loss; P < 0.01, for HY vs. LY, data not shown), which suggests 

greater catabolic state and degree of negative energy balance in HY compared to LY goats. 

Comparatively, the present data show that HY had greater milk yield (1.7-fold) and slightly 

greater plasma fatty acids concentration (1.3-fold) during the weeks preceding the challenges. 

However, at the time of the ITT (wk 6), basal plasma fatty acids were comparable in HY and 

LY, suggesting similar energy balance across groups. The literature shows that, in lactating 

dairy cows, both basal GH and GH secretory responses increase with increasing merit for milk 

yield (Shingu et al., 2002; Lucy et al., 2009) and increasing negative energy balance (Bradford 

and Allen, 2008), but decrease with increasing DIM (Shingu et al., 2002; Marett et al., 2014). 

Therefore, the fact that in the present study goats were tested later in lactation [wk 6 compared 

to wk 3 of Zamuner et al. (2020)] may have hindered our ability to detect differences in GH 

responses between HY and LY goats.  

In addition, recent research in dairy cows suggests that decreased ACTH-induced cortisol 

responses are associated with greater FE (DiGiacomo et al., 2018), and with greater milk yield 

(Beerda et al., 2004; Gross et al., 2018). Thus, we hypothesized that, compared to LY goats, 

HY goats would have a lesser cortisol response to AST. However, in the present experiment, 

cortisol responses to ACTH administration (e.g., AUC, peak concentration, the time of peak, 

decline pattern) was not related to LMP. These results substantiate previous findings in dairy 

goats, in which ACTH administration (0.6 - 2.5 IU/kg BW) were not related to changes in milk 

yield (Shamay et al., 2000; Bomfim et al., 2018). Innate differences in metabolic 

responsiveness to the catabolic signals of cortisol may affect nutrient partitioning, thereby 

influencing FE (DiGiacomo et al., 2018). Nevertheless, despite the positive relationship 
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between Tpeak cortisol and FE (r = 0.42), we found no measurable difference in fatty acids 

and glucose responses to AST according to LMP, indicating that milk yield was not associated 

with differential effects of cortisol on carbohydrate and lipid metabolism in HY and LY goats. 

6.7 Conclusions 

The current data show that LY goats exhibit significantly greater pancreatic insulin secretion 

than HY goats. On the other hand, there was no evident difference between groups in peripheral 

tissue responses to glucose, insulin, or ACTH infusion. Hence, the presented results suggest 

that production efficiency, in early lactation dairy goats, is more closely related to differences 

in the regulation of insulin release and degradation than to differences in peripheral tissue 

responsiveness to the effects of catabolic and anabolic hormones.  

The present findings provide insights into the mechanisms that contribute to improved milk 

yield in dairy goats. However, similar investigations should be carried out at varying stages of 

lactation in order to confirm mechanisms of nutrient partitioning responsible for increased milk 

yield throughout lactation. 
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 Chapter 7 - General Discussion 

 

7.1 Introduction 

This suite of experiments aimed to fill gaps in knowledge regarding the regulation of energy 

metabolism during the transition period and to add to the information available regarding the 

effects of nongenetic factors on the productive performance of commercial dairy goats in 

Australia. Due to the absence of reliable data on Australian dairy goats, a large-scale study was 

undertaken in the first part of this research to collect lactation performance and metabolic 

profile information from 940 commercial dairy goats. Such information was then explored in 

great detail in Chapters 3, 4, and 5. The first experimental chapter (Chapter 3) investigated the 

combined effects of some of the main nongenetic factors influencing goat dairy production 

systems and estimated their effect on milk yield, milk quality, lactation length, and lactation 

curve. The two subsequent chapters (Chapter 4 and 5) provided an overview of temporal 

variations in concentrations of selected hormones and metabolites involved in the regulation of 

energy metabolism and examined how the level of milk yield, parity number, and litter size 

affect the metabolic profile of commercial dairy goats during the transition period. 

Furthermore, a fourth experimental chapter (Chapter 6) was conducted to test the hypothesis 

that differences in the regulation of energy metabolism could be responsible for the distinct 

milk yield variation between goats of high and low milk yield. 

7.2 Influence of nongenetic factors on goat milk yield and composition 

Chapter 3 describes the effects of month of kidding, parity number, and litter size on milk 

yield of Saanen dairy goats managed under an intensive system and fed a TMR year-round. 

The information collected in this study was predominantly in agreement with previous studies 

that analyzed the lactation curves of Spanish (León et al., 2012) and French dairy herds (Arnal 
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et al., 2018). These authors reported increasing milk yield with increasing parity, increasing 

litter size, and for goats kidding during warmer months (Spring-Summer). Interestingly, 

authors also demonstrated that the month of kidding could have a significant impact on the 

shape and scale of the lactation curve of dairy herds regardless of whether goats are managed 

in extensive, semi-intensive (León et al., 2012), or intensive systems (Arnal et al., 2018).  

Our results are not only consistent with previous findings from European studies, but most 

importantly, the large number of goats enrolled in the present study has enabled the 

identification of significant interactions between the month of kidding and parity number. Data 

presented in Chapter 3 shows that the effects of the month of kidding on milk yield increase 

with increasing parity and are accentuated during mid-lactation. These results indicate the 

potential benefits of including relationships between month of kidding and parity number into 

mathematical models to predict lactation performance. Such novel information would assist 

farmers with estimating the total lactation yield, forecasting individual and herd production at 

a given time, and making strategic decisions such as feeding, joining, and culling (Solis-

Ramirez, 2014).  

Also, several authors have demonstrated that light manipulation is a cost-effective method 

to significantly increase milk production in goats (Garcia-Hernandez et al., 2007; Flores et al., 

2011; Russo et al., 2013). Results presented in Table 3.4 and Figure 8.1 demonstrate that the 

lactation curves of primiparous goats are the least affected by the month of kidding (and 

environmental changes along the lactation period), indicating that if resources are limited, 

multiparous should have priority over primiparous goats in protocols of light manipulation for 

increased milk production. 

Additionally, knowledge of the shape and scale of the lactation curve and factors affecting 

the curve (e.g., parity, season, nutritional management) also help with the optimization of 

genetic selection schemes targeting improved production efficiency. That is because 
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nongenetic factors may interfere with the animal's true genetic potential and create a bias in the 

selection process (Djemali and Berger, 1992; Solis-Ramirez, 2014). The presented results 

(Chapter 3) indicate the need for adjustments for parity number and month of kidding when 

estimating the genetic factor in milk yield.  

This is the first study describing the lactation performance of dairy goats from a commercial 

herd in Australia. The large number of goats enrolled in this study allowed for a thorough 

analysis of the influence of various factors on goats’ performance traits and it contributed to 

the accuracy and robustness of the findings. Overall, this study highlights the substantial 

influence of the month of kidding on variations in milk yield and quality. This information is 

highly relevant to the local industry because, in Australia, approximately 85% of dairy goat 

farms are located below latitude 30° south (Zalcman and Cowled, 2018), thereby facing similar 

environmental conditions than those of the present study. Thus, the novel 

information presented here have potential applications in the optimization of farming practices 

and to augment the accuracy of selection in breeding/genetic schemes for the improvement of 

Australian dairy goats. 

Nevertheless, changes in environmental conditions other than photoperiod (e.g., 

temperature, solar radiation, humidity, wind speed) can have a significant impact on goat 

lactation performance and milk physicochemical properties (Salama et al., 2014). For instance, 

several studies in dairy goats have shown that elevated temperature-humidity index is 

positively correlated with respiratory and heart rates, and rectal temperature (Todaro et al., 

2015), and negatively correlated with DMI, milk production, and contents of fat and protein 

(Hamzaoui et al., 2013; Salama et al., 2014; Zhu et al., 2020). Moreover, other studies indicate 

that goats' response to heat stress might vary according to breed (Salama et al., 2014), farm 

management practices (Di Grigoli et al., 2009), and genetic merit for milk (Menéndez-

Buxadera et al., 2012). Given the Australian climate and landscape diversity, further 
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investigation into the lactational performance of dairy goats in different regions and dairy 

farming systems would be a valuable contribution to the Australian dairy goat industry. 

7.3 Endocrine and metabolic regulation of energy metabolism during the transition 

period and early lactation 

Data presented in Chapters 4 and 5 are complementary to Chapter 3 by providing a clear 

demonstration of how parity, litter size, and milk production can affect the metabolic profile 

of periparturient goats. One of the most relevant results from this study was that increased milk 

yield had the most significant influence on the magnitude of body tissue mobilization, as 

evidenced by the increasing NEFA, BHB, and PUN concentrations with increasing milk yield. 

Our results support the notion that genetic selection for increased milk yield is likely to increase 

the incidence of peripartum disorders as a consequence of intensified metabolic burden in high-

yielding goats (Cannas and Pulina, 2008; Celi et al., 2008; Matthews, 2016).  

Another insight to emerge from this research (Chapter 4) is that pregnancy and lactation are 

less able to elicit lipid mobilization in primiparous compared with multiparous goats (Table 

4.5 and Figure 8.2). The substantially lower NEFA, BHB, and PUN concentration in 

primiparous goats might be explained by their inferior milk production, thereby lesser 

nutritional requirements compared to multiparous goats. However, the same rationale does not 

explain the effects of litter size on lipid mobilization. Our results show that not only the 

metabolic profile of primiparous goats was unaffected by litter size, but also that multiparous 

goats had greater NEFA and BHB concentrations than did primiparous goats of equal litter 

size. Together, these results suggest that primiparous goats were partitioning nutrients towards 

their growth, most likely in detriment of fetal development. However, to my knowledge, this 

is the first study describing how litter size affects the energy metabolism of multiparous and 

primiparous goats over the transition period.  
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It is important to note that the study described in Chapter 4 was carried out under 

commercial conditions and involved a large number of goats. Thus, it is necessary to have some 

of the advantages and limitations of large-scale studies in mind when analyzing present results. 

For instance, the fact that all goats were exposed to identical husbandry conditions, regardless 

of parity, litter size, milk production, BW, BCS, etc., has enabled a more realistic estimation 

of the metabolic burden experienced by periparturient dairy goats in farm conditions. On the 

other hand, such a setup might have favored some goats while preventing others from 

expressing their true genetic potential for milk production. That is because the group-feeding 

approach is likely to result in under or overfeeding in some cohorts of the herd (Cabrera and 

Kalantari, 2016; Kalantari et al., 2016) while managing large and heterogeneous groups is 

likely to increase feed competition and aggressive behavior (Goetsch et al., 2010). 

Furthermore, the increasing NEFA and BHB with increasing milk yield, and the greater 

ratios of glucose, NEFA, and BHB to insulin observed in high-yielding goats indicate a 

homeorhetic shift in metabolism toward catabolic pathways, suggesting that high-yielding 

goats have a greater propensity to divert nutrients towards milk production and away from body 

reserves than their lower-yielding counterparts. It is also worth noting that, in addition to the 

expressive differences in NEFA and BHB concentrations between goats of high and low milk 

yield, we also found a considerable variation among high-yielding goats (CV (range) for 

weekly measurements was 42 - 77% for BHB, and 46 - 62 % for NEFA). In other words, 

despite the increasing NEFA and BHB concentrations with increasing milk yield, there were a 

substantial number of high-yielding goats that did not show elevated NEFA and BHB 

concentrations during the transition period despite their high level of milk production. Such 

results indicate an opportunity for using a metabolic profile to generate EBVs for metabolic 

resilience.  
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However, because feed intake was not measured in this study (Chapter 4), it was not possible 

to estimate the relative contribution of DMI and milk yield to postpartum levels of NEFA and 

BHB in high and low-yielding goats. Observations from the first experiment were further 

investigated in an additional experiment (Chapter 6), which aimed to determine whether there 

are discernible differences in the regulation of energy metabolism of high and low-yielding 

goats. Three different metabolic challenges were employed to compare the metabolic response 

to glucose, insulin, and ACTH infusions. It was found that, despite the substantially greater 

DMI, high-yielding goats exhibited lower basal insulin, greater NEFA, and lower BCS than 

low-yielding goats. This was consistent with results obtained in Chapter 4 and provided further 

support for an increased overall catabolic activity favoring substrate availability for milk 

synthesis in high-yielding goats in comparison to their lower-yielding counterparts. Further, 

the responses of the goats to glucose infusion revealed a reduced glucose-induced insulin 

response and a faster insulin clearance in high-yielding goats. However, there were no 

measurable differences between high and low-yielding goats for glucose and NEFA responses 

to either insulin or ACTH infusions. 

Overall, the results from Chapter 6 did not support our hypothesis that goats would behave 

similarly to observations made in dairy cows (Bell, 1995; De Koster and Opsomer, 2013; 

Cincović et al., 2018), whereby increased milk yield would be associated with increased insulin 

resistance. Instead, data collected in this experiment indicated that differential milk production 

is primarily linked to differences in insulin secretion and degradation, rather than to differences 

in peripheral tissue responsiveness to the effects of catabolic and anabolic hormones (namely 

insulin and ACTH). Nevertheless, although results within this thesis provide some valuable 

insight into the regulation of energy metabolism in peripartum goats, the underlying 

mechanisms driving nutrients towards milk synthesis remain to be clarified.  
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7.4 Association between NEFA and BHB concentrations, milk yield, and culling rates  

Nutritional and metabolic diseases are the dominant pathology of intensive dairy goat 

farming (Bousquet, 2005). However, only a few studies have explored the link between 

elevated blood levels of NEFA and BHB and NEB-related diseases in goats. Although the 

study described in Chapter 4 was not intended nor designed to be an epidemiologic study, it 

resulted in a large dataset consisting of a total of 940 goats and more than 5,800 blood samples. 

Thus, it was pertinent to use this data to calculate the prevalence of goats with elevated NEFA 

and BHB during the transition period, and to estimate associations between elevated NEFA 

and BHB concentrations and performance traits such as milk yield, and culling rates.  

According to several authors, ketosis is one of the most common diseases affecting goat 

herds worldwide (Rook, 2000; Bousquet, 2005; Matthews, 2016). Despite its potential negative 

economic impact, there are only a few studies describing the prevalence of ketosis in dairy 

goats, which can be as high as 33% in some herds (Doré et al., 2015; Ismail et al., 2015; Yadav 

et al., 2015). In contrast to the higher prevalence of ketosis ante- than postpartum reported in 

Beetal and Baladi goats (Ismail et al., 2015; Yadav et al., 2015), the present investigation 

revealed that the average weekly prevalence of goats with BHB ≥ 0.8 mmol/L was 

approximately 6 times greater post- than antepartum. The discrepancy between studies is 

probably related to energy demands for lactation. Baladi and Beetal goats are dual-purpose 

breeds with average milk production considerably inferior to Saanen goats, thus comparatively 

less prone to intensive NEB in early lactation.  

Moreover, supplementary analysis (Figure 8.3) has shown an increased prevalence of goats 

with BHB ≥ 0.8 mmol/L in multiparous goats (4-fold greater than primiparous), and in goats 

carrying triplets (10-fold greater than singles). These results highlight the importance 

of performing the calculation separately for each group (multiparous and primiparous); 

otherwise, the prevalence of goats with BHB ≥ 0.8 mmol/L could be underestimated among 
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multiparous, and also that it might be worthwhile separating the herd according to litter size, 

which can help to reduce feed competition and to make it easier to identify sick animals within 

the herd. 

 Despite the considerable number of goats with elevated NEFA and BHB (Table 5.1, Figure 

8.3, and Figure 8.4), only 2% of the goats were removed from the milking herd between -21 

to 21 DIM. Also, contrary to studies in dairy cows, we observed a positive relationship between 

plasma NEFA and milk yield. Although no direct evidence has been demonstrated yet, present 

and previous studies (Bousquet, 2005; Doré et al., 2015) suggest that dairy goats might be less 

sensitive to the elevated concentrations of NEFA and BHB than dairy cows.  

7.5 Recommendations for Further Research  

While this thesis provides extensive and robust information on both the productive 

performance and the metabolic status of Australian dairy goats, it has also uncovered many 

areas that would benefit from further research, including: 

▪ The effects of prepartum photoperiod on mammary development and subsequent milk 

production in dairy goats. 

▪ Further investigation into the lactational performance of dairy goats and dairy farming 

systems (e.g., extensive, semi-extensive feeding systems) in different regions of 

Australia. 

▪ The effects of litter size on the metabolic profiles of primiparous goats and their kid's 

performance in early life.  

▪ In-depth exploration (preferably including data from several herds) of relationships 

between plasma NEFA and BHB and performance traits, as well as estimation of 

https://www.powerthesaurus.org/extensive/synonyms
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optimal NEFA and BHB thresholds for predicting productive performance in dairy 

goats.  

▪ Underlying mechanisms driving differences in nutrient partitioning in dairy goats of 

high and low milk yield (e.g., abundancy and binding affinity of hormone receptors in 

multiple target tissues, glucose transporters, enzymatic factors involved in lipogenesis 

and lipolysis). 

7.6 Conclusions  

This thesis provides the first comprehensive overview of the metabolic status of Australian 

dairy goats during the transition period. Overall, the research within this thesis has not only 

broadened our knowledge of physiological mechanisms underlying the regulation of energy 

metabolism of transition goats but also provided broad insight into the productive performance 

of commercial dairy goats raised in intensive husbandry systems and managed in multiple 

kidding seasons per year.  

Collectively, the novel findings presented here contribute invaluable information for the 

development of effective management and breeding plans, which, in turn, can accelerate 

increments in the national herd productivity. Looking ahead, our results could also guide future 

research that aims to improve the use of endocrine and metabolic profiles as diagnostic tools 

in nutritional evaluations and in predicting potential risk for peripartum diseases in dairy goats.  
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 Appendices 

 

8.1 Appendices to Chapter 3 

8.1.1 Drying-off Protocol 

Meredith Dairy uses a non-antibiotic approach for drying-off pregnant goats. As per usual 

farm procedure, the drying-off process starts 9-10 weeks before the expected kidding date by 

adjusting the ration and reducing the milking frequency. On day 1 the TMR fed to pregnant 

milking goats is replaced by cereal straw (without the addition of any concentrated feed). From 

day 2 onwards the milking frequency is reduced from twice a day to once a day, and as soon 

as there is a significant drop in milk production (which usually takes 2-3days) milk frequency 

is reduced from once a day to every second day. Goats are dried-off when average production 

falls below ~ 0.3 L/d, which usually happens within one week after the drying-off protocol was 

initiated.  
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Figure 8.1. Monthly variations in daylight length (hours of light/d; sun symbol), and lactation curves of milk yield (L/d) of goats 

in parity 1 (■; n = 319), parity 2 (; n = 244), parity 3 (; n = 237), and parity 4+ (; n = 140) at Meredith Dairy (Meredith, 

VIC, Australia) from June 2016 to December 2017
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8.2 Appendices to Chapter 4  

 

Figure 8.2. Effects of litter size (LS; 1 (◼), 2(), and 3 (⚫)) on weekly (W) 

variations in concentrations of (a1-2) glucose, (b1-2) non-esterified fatty acids 

(NEFA), (c1-2) β-hydroxybutyrate (BHB), and (d1-2) plasma urea nitrogen (PUN) 

in multiparous and primiparous periparturient dairy goats. Values are back-

transformed means; error bars represent 95% CI. SED = standard error of 

differences. Weekly comparisons between groups; *** P < 0.001; ** P < 0.01; * P 

< 0.05. The number of goats tested each week is presented in Table 4.1 
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8.3 Appendices to Chapter 5 

Figure 8.3. Weekly prevalence of goats above critical levels for BHB according 

to (a) parity, and (b) litter size, in commercial dairy goats in Australia (n = 940). 

Goats were sampled weekly (always before feeding and after the morning milking) 

and grouped by ‘weeks from delivery’ based on their kidding dates. The number 

of goats tested in each week (by factor combination) is presented in Table 4.1.
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Figure 8.4. Ante- and postpartum prevalence of goats with elevated NEFA 

concentration, according to (a) parity, and (b) litter size, in Australian dairy goats 

(n = 940). Goats were sampled weekly (always before feed ing and after the 

morning milking) and grouped by ‘weeks from delivery’ based on their kidding 

dates. The number of goats tested in each week (by factor combination) is 

presented in Table 4.1. *Cutpoints for elevated NEFA concentration in dairy cows; 

NEFA ≥ 0.3 mmol/L antepartum (wk -3 to -1) and ≥ 0.7 mmol/L postpartum (wk 

0 to 3) (McArt et al., 2013 

0

20

40

60

80

100
P

re
v
a
le

n
c
e
 (

%
) Primiparous

Multiparous
*NEFA ≥ 0.7 mmol/L

a POSTPARTUMANTEPARTUM

0

20

40

60

80

100

-3 -2 -1 0 1 2 3

P
re

v
a
le

n
c
e
 (

%
)

Weeks relative to delivery

1 Fetus

2 Fetuses

3 Fetuses

*NEFA ≥ 0.3 mmol/L *NEFA ≥ 0.7 mmol/Lb

*NEFA ≥ 0.3 mmol/L 


	TITLE
	ABSTRACT
	DECLARATIONS
	PREFACE
	PUBLICATIONS ARRIVING FROM THIS THESIS
	ACKNOWLEDGMENTS
	LIST OF ABBREVIATIONS AND SYMBOLS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	Chapter 1 – Introduction
	1.1 Dairy Goat industry around the world
	1.2 Australian Dairy Goat Industry
	1.2.1 Current Challenges

	1.3 Overview of Study Objectives
	1.4 References

	Chapter 2 - Literature Review
	2.1 Introduction
	2.2 The Transition Period
	2.2.1 Voluntary dry matter intake in transition dairy goats
	2.2.2 Energy requirements of transition dairy goats

	2.3 Endocrine and Metabolic Status During the Transition Period
	2.4 Metabolic Fuels and Fuel Regulatory Hormones
	2.4.1 Glucose
	2.4.2 Non-Esterified Fatty Acids (NEFA)
	2.4.3 Ketone Bodies
	2.4.4 Plasma Urea Nitrogen
	2.4.5 Insulin
	2.4.5.1 Insulin Sensitivity and Resistance
	2.4.5.2 Measures of Insulin Sensitivity in ruminants
	2.4.5.2.1 Hyperinsulinemic-euglycemic clamp (HEC)
	2.4.5.2.2 Intravenous glucose tolerance test (IVGTT)
	2.4.5.2.3 Modeling glucose and insulin responses to IVGTT
	2.4.5.2.4 Surrogate Indexes


	2.4.6 Growth Hormone (GH)
	2.4.6.1 Somatotropic Axis (GH-IGF-1 axis)

	2.4.7 Cortisol
	2.4.8 Mammogenic, Lactogenic and Galactopoietic Hormones

	2.5 Factors Affecting Goat Milk Yield and Composition
	2.5.1 Environmental Conditions, Stage of Lactation, and Month of Kidding
	2.5.2 Parity Number
	2.5.3 Litter Size

	2.6 Periparturient Metabolic Diseases
	2.7 Conclusions
	2.8 References

	Chapter 3 - Effects of month of kidding, parity number, and litter size on milk yield of commercial dairy goats in Australia
	3.1 Manuscript 1
	3.2 Abstract
	3.3 Introduction
	3.4 Materials & Methods
	3.4.1 Animals and Management
	3.4.2 Measurements
	3.4.3 Dry-Off Threshold
	3.4.4 Statistical Analyses

	3.5 Results
	3.5.1 Month of Kidding
	3.5.2 Parity Number
	3.5.3 Combined Effects of Month of Kidding and Parity Number
	3.5.4 Litter Size

	3.6 Discussion
	3.6.1 Milk Yield
	3.6.2 Milk Composition
	3.6.3 Industry Implications

	3.7 Conclusions
	3.8 Acknowledgments
	3.9 References

	Chapter 4 - Endocrine and metabolic status of commercial dairy goats during the transition period
	4.1 Manuscript 2
	4.2 Abstract
	4.3 Introduction
	4.4 Materials & Methods
	4.4.1 Animals and Management
	4.4.2 Blood Sampling: All Does
	4.4.3 Blood Sampling: Subset Group (High vs. Low Milk Yield)
	4.4.4 Metabolite Analysis
	4.4.5 Hormone Analysis (High- vs. Low-Yield Subset Groups)
	4.4.6 Calculations and Statistical Analyses
	4.4.7 Study Population
	4.4.8 High Versus Low-Yield Subset Groups
	4.4.9 Data Presentation

	4.5 Results
	4.5.1 Metabolite Concentrations During the Transition Period
	4.5.2 Effects of Litter Size
	4.5.3 Effects of Parity Number
	4.5.4 Effects of Level of Milk Production
	4.5.5 High- Versus Low-Yield Subset Groups
	4.5.6 Effects of Elevated NEFA and BHB on Milk Yield and Culling Rates up to 30 DIM

	4.6 Discussion
	4.6.1 Metabolite Concentrations During the Transition Period
	4.6.2 Litter Size
	4.6.3 Parity
	4.6.4 Level of Production
	4.6.5 Effects of Elevated NEFA and BHB on Milk Yield and Culling Rates up to 30 DIM
	4.6.6 Industry Implications

	4.7 Conclusions
	4.8 Acknowledgments
	4.9 References

	Chapter 5 - Associations between non-esterified fatty acids (NEFA), β-hydroxybutyrate (BHB) and glucose in periparturient dairy goats
	5.1 Manuscript 3
	5.2 Abstract
	5.3 Introduction
	5.4 Material & Methods
	5.5 Results & Discussion
	5.6 Conclusions
	5.7 Acknowledgments
	5.8 References

	Chapter 6 - Endocrine and metabolic responses to glucose, insulin, and adrenocorticotropin (ACTH) infusions in early lactation dairy goats of high and low milk yield
	6.1 Manuscript 4
	6.2 Abstract
	6.3 Introduction
	6.4 Material & Methods
	6.4.1 Animals, Nutrition, and Husbandry
	6.4.2 Measurements
	6.4.3 Intravenous Challenges
	6.4.4 Laboratory Analysis
	6.4.5 Calculations and Statistical Analyses

	6.5 Results
	6.5.1 Intravenous Glucose Tolerance Test (IVGTT)
	6.5.2 Insulin tolerance test (ITT)
	6.5.3 Adrenocorticotropin (ACTH) Stimulation Test (AST)

	6.6 Discussion
	6.7 Conclusions
	6.8 Acknowledgments
	6.9 References

	Chapter 7 - General Discussion
	7.1 Introduction
	7.2 Influence of nongenetic factors on goat milk yield and composition
	7.3 Endocrine and metabolic regulation of energy metabolism during the transition period and early lactation
	7.4 Association between NEFA and BHB concentrations, milk yield, and culling rates
	7.5 Recommendations for Further Research
	7.6 Conclusions
	7.7 References

	Appendices
	8.1 Appendices to Chapter 3
	8.1.1 Drying-off Protocol

	8.2 Appendices to Chapter 4
	8.3 Appendices to Chapter 5


