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Abstract 

Manipulation of progeny sex ratios to suit livestock production systems has the potential 

to greatly increase efficiency and profitability. Researchers have linked maternal nutrition 

to changes in offspring sex ratios; however, variability exists. This has led to 

investigations into specific dietary components, with increased dietary omega-6 (n-6) 

fatty acids (FA) identified as increasing the proportion of female offspring. The aim of 

this thesis was to investigate potential mechanisms for dietary-induced changes in sex 

ratios as a basis for future research.  

High dietary n-6 is associated with increased prostaglandin-F2α (PGF2α) production. 

Additionally, several studies linking high dietary n-6 with a higher proportion of female 

lambs have also observed early onset of oestrus. Combining this evidence, the preliminary 

theory tested in this thesis was that increased PGF2α, resulting from high dietary n-6 

causes early corpus luteum (CL) luteolysis. This has a two-fold effect, early onset of 

oestrus and lengthened oestrus to ovulation interval, thus increased time between 

insemination and fertilisation. A longer period between mating/insemination and 

fertilisation has previously been associated with a higher proportion of female offspring; 

with evidence of slower female spermatozoa passage through the cervix and 

physiological mechanisms within the dam for differentiation between X- and Y-bearing 

spermatozoa.  

Two animal house experiments were conducted, with ewes fed experimental rations for 

approximately 40 d before oestrus detection. The aim of the first experiment was to 

identify if a shorter time of oestrus, associated with high dietary n-6, caused a longer 

interval between oestrus and ovulation via early CL luteolysis. An oat based diet, high in 

n-6 and low in omega-3 (n-3), was used as the experimental ration, while a silage diet, 

high in n-3 (low n-6), was used as a control, simulating a grazing diet. In the second 

experiment, three diets were employed, which consisted of a low-fat ration with added 

sunflower oil (high n-6 diet), linseed oil (high n-3 diet; control diet) or palm oil (high 

saturated FA (SFA) diet; neutral diet). The aim of using such diets was to test the 

hypothesis that changes in sex ratios were due to changes in dietary n-6 and no other 

dietary parameters. In both studies, high dietary n-6 increased plasma n-6 proportion (P 

< 0.05). No differences (P > 0.05) in timing of oestrus to ovulation interval were observed 

in either study. 



iv 

Without further evidence, these results do not provide evidence for further investigation 

into this proposed mechanism for change in offspring sex ratios due to changes to 

maternal dietary n-6. Identifying and refining a mechanism for manipulation of offspring 

sex ratios has the potential to allow producers to take advantage of sex-related or sex-

specific traits to suit a target market and increase efficiency. 
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CHAPTER 1 

1 GENERAL INTRODUCTION 

After marked declines in recent decades, due to prolonged drought in the early 2000s (East 

& Foreman, 2011), the national Australian sheep flock has stabilised in numbers over 

recent years. Continued increase in demand for export sheep meat and increasing wool 

export prices and demand (ABARES, 2017) has seen a push for farmers to produce more 

sheep. This in turn has led to a sustained shortage of breeding and replacement ewes. The 

demand for export sheep meat and wool is expected to continue to rise over the next 12 

months at least (ABARES, 2017), thus sustaining the high demand. This combined with 

the ever-increasing cost of production means that producers need to focus on increasing 

the efficiency of production to take advantage of the current economic conditions.  

Traditionally, sheep production efficiency has been increased through: adapting the 

production system to suit the land type (Croker & Butler, 2009; Mirkena et al., 2010); 

selective breeding (Fogarty, 2009; Swan, 2009) and, more recently, studies of genomics 

to breed more productive sheep (Daetwyler et al., 2010); as well as optimising nutritional 

input (Warn, Webb Ware, Salmon, Donnelly, & Alcock, 2006). The success of these 

methods is often reliant on each other and the corresponding increase in profit can take a 

significant period to be observed (Rowe, 2010). Increasing reproductive efficiency has the 

potential to significantly increase overall production efficiency. Most strategies aiming to 

increase reproductive efficiency employ the use of increased nutrition to improve fertility 

and fecundity.  

An alternative to these traditional methods of increasing productivity and reproductive 

efficiency is to alter the sex ratio of offspring to suit the production system. Exerting some 

control over sex ratios would allow producers to take advantage of sex-influenced and 

sex-limited production traits associated with several production animal species (Rowe, 

2010) for more efficient and economical production systems. In the current economic 

climate, for example, where demand for breeding ewes is high due to the drive to increase 

stock numbers and lamb production (ABARES, 2017), producers would benefit from 

being able to produce a higher proportion female lambs for replacement or sale as breeding 

stock. For self-replacing producers, the benefits of being able to alter lamb sex ratios may 
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be two-fold. Producers could potentially join a smaller number of ewes to rams to produce 

female lambs for replacement stock, whilst being able to join a larger number of ewes to 

a terminal sire with the aim of producing male prime lambs for sale. This would allow 

producers to take advantage of the sex-influenced trait of males to gain muscle mass and 

body size more quickly than female lambs; thus reaching target weights more efficiently 

(McDonald, Edwards, Greenhalgh, & Morgan, 2002; Seidel, 2003). This example is also 

applicable to Merino wool producers. Many wool producers are opting to cross their 

Merino ewes with terminal sires to produce lambs that can be sold at market weights and 

achieve higher prices for meat. If these operators could alter sex ratios, they could produce 

more males from terminal sires, which grow out faster; and more females from Merino 

rams for replacement ewes, thus expanding the flock to take advantage of rising wool 

prices (ABARES, 2017). A similar scenario applies to the dairy industry where a small 

proportion of dairy cows could be bred with a Holstein (or other dairy based breed) bull, 

with the aim of producing female replacement stock, or a terminal sire, with the aim of 

producing steers for beef production to take advantage of the sex-influenced growth rates 

of male calves (Seidel, 2003). This could also potentially reduce the issue of “wastage” of 

male calves in the dairy industry, which has become a public animal welfare concern (Rath 

& Johnson, 2008). The cost of implementing methods of altering offspring sex ratios must 

be considered before employing such strategies; the total cost of employing such a method 

must be lower than the economic and welfare gains associated with the outcomes of the 

method. 

The use of sex-sorted semen and sex-sorted embryos are currently the only methods of 

achieving consistent adjustment of offspring sex ratios (Maxwell et al., 2004). Attempts 

to modify sex-ratios through varying timing of insemination with respect to ovulation 

(Rosenfeld, 2011) or the modification of maternal nutrition have produced variable 

results. Despite its effectiveness, the use of sex-sorting of semen and embryos is 

expensive, labour intensive and reduces reproductive efficiency thus rendering this 

method commercially unviable in the vast majority of cases (Rath & Johnson, 2008). 

Adjusting maternal nutrition offers a much more commercially viable method for altering 

offspring sex ratios if effective regimens can be identified. In the past, researchers have 

shown that maternal nutrition leading up to conception can have a significant effect on the 

proportion of female offspring. However, identifying the mechanisms causing these 

alterations has been difficult; thus, the effect has not commonly been repeatable 

(Rosenfeld, 2011). With the lack of a mechanism for this occurrence, researchers have 
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attempted to prove or disprove several hypotheses regarding the alteration of offspring 

sex ratio through maternal nutrition. These hypotheses include the Trivers and Willard 

hypothesis (or the “Good Condition Hypothesis”, GCH), which states that females in 

better condition at the time of mating will produce a higher proportion of male offspring 

(Trivers & Willard, 1973; Cameron & Linklater, 2007). The validity of this hypothesis is 

yet to be determined, as no mechanism tested has been consistent in facilitating the 

potential change.  

Due to conflicting results, some research groups working on the GCH hypothesis have 

begun investigating the specific components of the maternal diet, which may cause 

alteration of offspring sex ratio, as opposed to simply a diet containing more calories 

(Grant & Chamley, 2010). Fountain et al. (2008) showed that female mice fed a diet high 

in omega-6 (n-6) fatty acids (FA) produced a higher proportion of female offspring than 

those fed a control diet, or those fed a diet enriched in omega-3 (n-3). These findings are 

similar to those of Clayton, Wilkins, Refshauge, and Friend (2015), Clayton, Wilkins, and 

Friend (2015) and Gulliver, Friend, King, Wilkins, and Clayton (2013), which showed 

that ewes fed a diet high in n-6 produced significantly more female offspring than ewes 

fed a diet high in n-3. A firm hypothesis is yet to be developed and tested to explain the 

mechanism behind this occurrence. 

The objective of the research reported in this thesis was to investigate potential 

mechanisms for the alteration of lamb sex ratios due to changes in maternal dietary n-6 

around mating, and to provide guidance for new research paths for this area of 

investigation.  

The specific aims of these studies were: 

• To determine if ewes fed a diet high in n-6 have a shorter time to oestrus, a longer 

time between oestrus and ovulation, and/or changes to the timing of fluctuations 

in reproductive hormones compared to ewes fed a diet high in n-3.  

• To determine if changes in lamb sex ratios, previously described, are associated 

with an increase in the supply of dietary n-6 FA alone or are associated with other 

dietary changes.
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CHAPTER 2 

2 LITERATURE REVIEW 

Evidence provided by Clayton, Wilkins, Refshauge, et al. (2015), Clayton, Wilkins, and 

Friend (2015), Gulliver, Friend, King, Wilkins, et al. (2013) and Fountain et al. (2008) 

suggested that increasing the dietary concentration of n-6 to dams around the time of 

mating increases the proportion of females in the resulting offspring. The dietary 

treatments used in these studies, however, differed in more components than just the 

concentration of n-6. Additionally, these studies did not offer a mechanism for the 

observed changes in sex ratios. Thus, the aim of this review was to discuss techniques 

available for altering lamb sex ratios, sources of FA in common feedstuffs, the role of n-

6 in reproduction and potential areas where a mechanism for the alteration of offspring 

sex ratios may occur via increased provision of n-6.  

2.1 Established Methods of Altering Sex Ratios 

2.1.1 Sex-sorted semen 

Sex sorting of semen is currently reserved for use in operations where the value of a single 

animal is high and the value of one sex is significantly greater than the other (Maxwell et 

al., 2004). The most prominent commercial application of this is the production of dairy 

heifers of high genetic value, where having a high proportion of these females from 

superior donor bulls and cows has genomic advantages and is of economic benefit 

(Maxwell et al., 2004; Rath & Johnson, 2008; Mikkola & Taponen, 2017). Sex-sorted 

semen is typically used in conjunction with artificial insemination (AI), in vitro 

fertilisation (IVF) or super ovulation and subsequent embryo transfer (ET) (Maxwell et 

al., 2004; Rath & Johnson, 2008; Mikkola & Taponen, 2017). Hence, the application of 

this technique is costly; not only because of the higher cost of sex-sorted semen but due 

to the excess labour associated with the application of the semen after it has been sorted 

(Seidel, 2003). Additionally, the process of sorting semen causes damage to the 

spermatozoa, reducing the number of motile spermatozoa capable of fertilisation; thus, 

reducing the reproductive success of AI using sex-sorted semen compared to 

conventional AI (Seidel, 2003; Mikkola & Taponen, 2017). The large decreases in 

spermatozoa viability associated with sex sorting of semen in sheep requires semen to be 
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deposited either deep within the uterus or the oviduct to achieve reasonable pregnancy 

rates. This creates further labour costs for the application of sexed semen in the sheep 

industry (Alexander, Mastromonaco, & King, 2010). To date, the sex sorting technique 

has not been commercially viable in the sheep industry or other animal production 

industries outside of the dairy industry (Mikkola & Taponen, 2017).  

2.1.2 Sexed embryos 

There are several methods of achieving pregnancy using sexed embryos, with all methods 

requiring large labour inputs. Typically, females are super-ovulated to produce a larger 

than normal number of oocytes. Fertilisation may then occur in vivo with either sex-sorted 

semen, where embryos are collected and transferred to a recipient female (de Graaf et al., 

2007), or with non-sex-sorted semen where embryos are collected then sexed and the 

embryos of the required sex subsequently transferred to recipient females. The latter 

creates wastage of embryos of the unwanted sex, therefore is not often conducted 

(Maxwell et al., 2004). Oocytes may also be collected, followed by IVF. Suitable 

resulting embryos are then transferred to recipient females; thereby combining traditional 

IVF with the use of sex-sorted semen technology for the production of embryos of the 

desired sex (Maxwell et al., 2004). The economic constraints of this process are similar 

to those associated with the use of sex-sorted semen and AI but exaggerated. Embryo 

transfer not only requires laparoscopic surgery (particularly when applied to sheep) to 

occur during the collection of the embryos, but again during insertion into the recipient 

(Alexander et al., 2010). Therefore, the use of sexed embryos is, to an even greater extent 

than sexed semen, costly and reserved for animals of very high individual value and where 

one sex is significantly more valuable than the other (Seidel, 2003; Maxwell et al., 2004; 

Rath & Johnson, 2008). The success rate of sexed embryos, particularly those produced 

via sex-sorted semen, is also low with evidence to suggest that the process of embryo 

transfer combined with sexed semen results in poorer quality embryos (Kaimio et al., 

2013; Mikkola, Andersson, & Taponen, 2015; Mikkola & Taponen, 2017). However, 

there is also some limited evidence in sheep that there are no negative effects on embryo 

or survival of the developing foetus (de Graaf et al., 2007). The combination of 

superovulation and sexed semen; however, does allow for very rapid spread of female 

genetics where it may otherwise be constrained by litter size and time between litters 

(Alexander et al., 2010; Mikkola & Taponen, 2017).  
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Sex-sorted semen and, particularly, sexed embryo transfer are mainly reserved for use in 

cattle, especially dairy cattle, where the economic gain associated with the increased 

genetic dispersion can be greater than the cost of employing such technologies (Paramio 

& Izquierdo, 2014; Boustan, Nejati-Javaremi, Rezvannejad, & Mojtahedin, 2015). The 

use of these technologies is not yet economically advantageous for the sheep industry and 

therefore they are not yet commercially applied. This is predominantly due to the 

comparatively low cost of an individual sheep compared to cattle. Additionally, the very 

distinct production advantage of female dairy cattle does not apply as heavily in the sheep 

industry. A less costly and labour-intensive approach to altering sex ratios may be 

economically advantageous to the sheep industry. One such approach, which eliminates 

the need to alter sperm sex, or possibly even employ the use of synchronisation, is 

manipulation of sex ratios through the dam. Several theories for maternal alteration of sex 

ratios have been studied, some of which may be much more cost effective to employ than 

sexed semen or sexed embryos. 

2.2 Theories on Maternal Alteration of Sex Ratios 

2.2.1 Timing of mating 

An extensive amount of research has been dedicated to determining if timing of mating 

(or AI) influences offspring sex ratios, although there is yet to be a general consensus on 

the topic (Rorie, 1999; Rosenfeld, 2011). A number of studies have reported that mating 

or AI occurring at the beginning of oestrus results in a higher proportion of female 

offspring (Verme & Ozoga, 1981; Wehner, Wood, Tague, Barker, & Hubert, 1997; 

Gutierrez-Adan et al., 1999; Martinez et al., 2004). Inconsistent results, particularly in 

ruminants, may be related to difficulty in determining an accurate timing of oestrus and 

interval between oestrus and ovulation. The evolutionary premise behind this change is 

that early mating indicates a high number of males in the population, therefore, it is 

advantageous to produce more female offspring (Kruuk, Clutton-Brock, Albon, 

Pemberton, & Guinness, 1999). This theory may be supported by evidence that Y-bearing 

spermatozoa advance at a faster pace through cervical mucus (Rohde, Porstmann, & 

Doerner, 1973). Therefore, in late mating, where ovulation occurs close to the time of 

insemination, more Y-bearing spermatozoa are present while in early mating it could be 

presumed that the Y-bearing spermatozoa have either passed the site of fertilisation or 

have exceeded their energy limits by the time the oocyte is ready to be fertilised. Due to 

the inconsistency of findings from previous studies, and the continued variability in 
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accurately identifying the timing of oestrus and ovulation, there has been limited attention 

given to this topic in recent years, with little progress in determining a mechanism for 

change in sex ratios, if a change exists. More focus in recent years has been given to the 

effects of maternal nutrition (particularly the FA composition of dietary fat) around the 

time of mating on the sex ratio of resulting offspring. 

2.2.2 Maternal dominance hypothesis 

The "Maternal dominance hypothesis" (MDH) is based on the theory that, in evolutionary 

terms, it would be more advantageous for females of higher rank to have male offspring 

(Grant & Chamley, 2010). This assumes that higher ranked females would be more 

capable of raising high ranked offspring. Therefore, if the offspring is a high ranked male, 

he would be able to mate with a larger number of females and produce more offspring, 

thus spreading the female’s genetics further. This theory is also based on the assumption 

that lower ranking females are less likely to produce high ranking offspring, so it is more 

advantageous to produce female offspring. Female offspring, no matter the rank, are 

likely to produce some offspring, but a low ranked male offspring may never pass on his 

genetics. This hypothesis; however, does not offer a mechanism for the maternal 

alteration of sex ratios. A number of research teams have investigated potential 

mechanisms for the MDH, many of which are associated with varying hormonal 

concentrations; however, consistency in the results is lacking. Cameron (2004) performed 

an extensive review on the MDH and found that out of 56 studies reviewed only 29% of 

results supported the hypothesis, 43% of results were inconclusive and 21% had 

significant results in the opposite direction to the hypothesis prediction. Due to this 

variation, investigators have begun attempting to establish more specific hypotheses for 

the maternal alteration of offspring sex ratios associated with the MDH.  

Female dominance is often thought to be associated with higher testosterone 

concentrations, and this has led to the investigation of the theory that females with higher 

testosterone concentrations would produce more male offspring and thus is linked to the 

MDH. Grant and Irwin (2005) found that oocytes, collected from ovaries of synchronised 

heifers, originating from subordinate follicles with higher testosterone concentration in 

follicular fluid were more likely to be fertilised (in vitro) with Y-bearing spermatozoa. 

However, in this study, the hierarchal status of the heifers was not reported; therefore, it 

is difficult to link a high testosterone concentration with maternal dominance. 

Additionally, within animal variation in follicular fluid testosterone concentrations was 
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not reported, and the same relationship was not found for oocytes collected from primary 

follicles. Similar results have been found by Grant, Irwin, Standley, Shelling, and 

Chamley (2008), Shargal et al. (2008) and Helle, Laaksonen, Adamsson, Paranko, and 

Huitu (2008). However,  Helle et al. (2008), in their study of field voles, showed an even 

greater effect of increased glucose concentration on the proportion of male offspring than 

that of testosterone, with a 2% increase in the proportion of males in the litter per 1 pg/mL 

of testosterone in the blood and a 19% increase in the proportion of males per 1 mmol/L 

of glucose in the blood. Cameron, Lemons, Bateman, and Bennett (2008) also suggested 

a link to glucose concentration after noting that both dominant and very subordinate 

females produced a high number of male offspring. High glucose concentrations may be 

associated with stress that occurs at either end of the hierarchy,  with the subordinate 

female’s increase driven by increased cortisol (Cameron et al., 2008). This evidence (see 

review by Cameron (2004)), suggests that there may be more factors associated with 

maternal alteration of sex ratios than that suggested by the MDH. Links between the MDH 

and the GCH also have been made, which suggest that more dominant female would also 

have access to better nutrition. This theory would also address the findings of a high 

proportion of male offspring associated with high glucose concentrations and account for 

variations in findings associated with high testosterone concentrations. 

2.2.3 Good condition hypothesis 

The GCH was established by Trivers and Willard (1973) and states that “As maternal 

condition declines, the adult female tends to produce a lower ratio of males to females.” 

This is based on a similar theory to that of the MDH in that it is expected that a female in 

good condition will produce offspring that will be in good condition in adulthood. 

Therefore; like the MDH, it would be advantageous for a female in good condition to 

produce male offspring, which has a higher reproductive potential and would generate 

more offspring than a female of similar condition, due to its increased competitive 

advantage associated with increased condition. Likewise, a female in poor condition is 

benefited from producing female offspring, which are likely to produce more offspring 

than a male in poor condition (Trivers & Willard, 1973). This theory particularly relates 

to polygamous species where the opportunity to mate is more highly contested, 

particularly between males, and being in good condition gives a competitive advantage. 

The opportunity to mate is relatively unaffected by male dominance in monogamous 

species. Like the MDH, reports from studies investigating the GCH have been 
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inconsistent,  mainly due to a lack of mechanism for the change of sex ratios as reviewed 

by Cameron (2004).  

These inconsistent results led investigators to look at what changes are occurring in the 

female around mating. Cameron and Linklater (2007) observed that change in condition 

around the time of mating had a greater influence on sex ratios than the absolute condition 

of the animal. They observed that, in wild horses, 3% of females losing condition had 

males and 80% of females gaining condition had males. Females maintaining condition 

had offspring with 50:50 sex ratio. They also noted that there was no difference in foaling 

rates in relation to condition at conception. Therefore, the results were unlikely to be due 

to differential losses of one sex during gestation, as proposed by Trivers and Willard 

(1973). However, in the study by Cameron and Linklater (2007) it could be assumed that 

females gaining weight had a higher caloric intake than females maintaining or losing 

weight, which has prompted investigations into the particular components of the diet that 

may be influencing sex ratios, rather than just the condition of the female. Several studies 

have reported changes in sex ratios attributed to a change in diet rather than a change in 

body weight or condition (Green et al., 2008); or, where changes in diet caused a change 

in condition, skinny and fat animals within the same treatment group did not produce a 

different proportion of male:female offspring (Rosenfeld et al., 2003; Alexenko et al., 

2007). Additionally, investigators have begun looking at the effect of the way in which 

calories are provided in the high fat diets, with focus on the type of fat provided. Particular 

attention has been given to the effects of FA on reproduction and in particular changes to 

prostaglandin production (see review by Gulliver, Friend, King, and Clayton (2012)) and 

the role that the ratio of n-6:n-3 in feed consumed leading up to mating has in altering sex 

ratios of offspring (Fountain et al., 2008; Gulliver, Friend, King, Wilkins, et al., 2013; 

Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). While 

studies of this type have been conducted in monogastrics (Fountain et al., 2008) and 

ruminants (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 

2015; Clayton, Wilkins, Refshauge, et al., 2015), changes in the ratio of n-6:n-3 in feed 

has the potential to have a larger impact on ruminants as energy homeostasis is achieved 

through the breakdown of carbohydrates to FA for absorption in the rumen; as compared 

to the absorption of glucose in monogastrics (Ginane, Bonnet, Baumont, & Revell, 2015). 

Thus, care must be taken when comparing studies between ruminants and monogastrics.   
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2.3 Lipid and Fatty Acid Composition of Common Animal Feeds 

Fatty acids are chains of carbon atoms with a carboxyl group on the end of each chain 

(Christie, 2011). Fatty acids occurring naturally are mainly in the form of esters but can 

also exist as free FA (Abayasekara & Wathes, 1999). Saturated FA are those FA with no 

double bonds occurring in the carbon chain of their structure. Unsaturated FA have at 

least one double bond occurring in the carbon chain of their structure (Christie, 2011). 

These can be mono-unsaturated FA (MUFA, containing one double bond) or 

polyunsaturated FA (PUFA, containing two or more double bonds) (Abayasekara & 

Wathes, 1999). Double bonds in naturally occurring unsaturated FA are almost 

exclusively in the cis configuration (Bauman, Perfield II, De Veth, & Lock, 2003). 

Sometimes in animals, but mainly in plants and bacteria, FA may be more complex and 

have an odd number of carbon atoms, branched chains or contain a variety of other 

functional groups, including acetylenic bonds, epoxy-, hydroxy- or keto groups and even 

ring structures (cyclopropane, cyclopropene, cyclopentene, furan, and cyclohexyl) or a 

coenzyme A moiety (acyl CoA) (Leray, 2011). 

There are three aspects to the nomenclature of FA. These are: the number of carbon atoms 

in the structure, the number of double bonds in the structure, and the position of the first 

double bond in relation to the methyl end. Using this categorisation, the number after the 

C and preceding the ‘:’ is the number of carbon atoms in the structure, ‘n’ designates the 

number of double bonds in the structure, and the number following the ‘n’ represents the 

position of the first double bond. For example, oleic acid is represented as C18:1n-9. 

Using this system, the PUFA can be categorised according to the position of the first 

double bond in the carbon chain starting from the methyl end. These are the n-3, n-6 and 

omega-9 (n-9) PUFA, having the first double bond in their structure at the 3rd, 6th and 9th 

positions, respectively (McDonald et al., 2002; Wathes, Abayasekara, & Aitken, 2007). 

These are usually written as n-3, n-6 and n-9. Additionally, FA can be classified as short-

, medium- and long-chain dependent on the number of carbon atoms in the chain. Short-

chain FA have between 2 and 4 carbon atoms in their structure and may also be called 

volatile FA due to their high reactivity and unstable nature. Medium-chain FA are more 

stable, having 6 to 12 carbons in their structure, and long-chain and very long-chain FA 

are the most stable, having more than 14 carbon atoms in their structure (Agostoni & 

Bruzzese, 1992).  
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Animals can synthesise n-9 PUFA, of which the most common form is C18:1n-9. 

However, they cannot synthesise the n-3, α-linolenic acid (C18:3n-3), or the n-6, linoleic 

acid (C18:2n-6), making these n-3 and n-6 essential FA (Abayasekara & Wathes, 1999; 

Wathes et al., 2007). Essential FA must be provided in the diet in sufficient amounts 

according to the needs of the animal (McDonald et al., 2002; Gulliver et al., 2012).  

Fatty acids are the building blocks for lipids. Lipids can be divided into groups based on 

their FA composition as different types of lipids contain different amounts and types of 

FA (McDonald et al., 2002). However, the categorical organisation of lipids is continually 

changing as more is discovered about the reactivity and analytical properties of lipids 

(Christie, 2011). The lipid fractions present in animal feeds is less commonly analysed 

and reported compared to the FA composition of animal feeds; thus, little information on 

the lipids present in even the most common feed stuffs is available, see Error! Reference 

source not found. and Error! Reference source not found.. 

The amount and type of FA in plants varies depending on species, variety, growing 

conditions and timing of consumption (McDonald et al., 2002; Mir, Bittman, Hunt, Entz, 

& Yip, 2006). Most of the FA component of forages is made up of C18:3n-3, which is an 

n-3 FA found in the chloroplasts of plant material (Abayasekara & Wathes, 1999; 

McDonald et al., 2002; Elgersma, Tamminga, & Dijkstra, 2007). Linseed and linseed oil 

are also rich in C18:3n-3. This FA is a medium chain FA and acts as a precursor for the 

longer chain FA, eicosapentaenoic acid (EPA, C20:5n-3) and docosahexaenoicacid 

(DHA, C22:6n-3). These FA are abundant in fish by-products (Abayasekara & Wathes, 

1999; Elgersma et al., 2007) and some species of algae (Gulliver et al., 2012). In contrast, 

grains and grain oils are generally high in the n-6 FA, C18:2n-6. C18:2n-6 acts as a 

precursor for arachidonic acid (20:4n-6) (Elgersma et al., 2007). Most FA are consumed 

as lipids and broken down into short chain FA for absorption into the body via the 

processes involved in digestion. 
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Table 2-1: Lipid composition of common feed stuffs 

 
Feed type 

Fresh forage Silage Linseed oil Oats Sunflower oil Palm oil 

 

References 
(Bauman, 

2003) 

(Elgersma 

et al., 

2006) 

(Van Ranst 

et al., 

2009) 

(Van Ranst 

et al., 

2009) 

(El-

Shattory, 

1976) 

(Shahidi, 

1951) 

(Price 

and 

Parsons, 

1975) 

(Carelli et al., 1997) 

(Carelli et al., 2002) 

(Shahidi, 

1951) 

(Shahidi, 

1951) 

% Lipid in DM 4-6 3-10 - - - 100 3-12 - 100 100 

% of: Total lipid Total lipid Total lipid Total lipid Total lipid Total lipid 
Total 

lipid 
Total lipid Total oil Total oil 

L
ip

id
 t

y
p

e
 N

eu
tr

a
l 

(S
im

p
le

) 

L
ip

id
s 

Triacylglcerols Trace Trace 
15.5 - 30.5 

44 – 54 

92.25 94 - 98 

72.9 

- 98 - 99 >94 

Mono- and diacylglycerols - - - - - - <6 

Sterols and sterol esters - - 

- 

1.3 0.23 - 0.41 - 

Waxes 

Some, 

leaf 

coating 

Some, leaf 

coating 
- - 0.04 – 0.06 - - 

Tocopherols - - - 0.035 - 0.65 0.06 - 0.12 

NEFA - - 0.8 -3.4 40 - 50 3.3 0.1 - 2 - - 0.25 - 5 

P
o

la
r 

(C
o

m
p

le
x

) 

L
ip

id
s 

P
h

o
sp

h
o

li
p

id
s 

Phosphatidic acid 

Some, 

membrane 

lipids 

Some, 

membrane 

lipids 

61.5 - 78 3.5 – 9.6 1.16 Trace 10.1 

<1.2% of total fat. 

Proportions of 

phospholipids: 

11.8 – 

25.9 

1.50% Trace 

Phosphatidylcholine 
24.8 – 

47.6 

Phosphatidylethanolamine 
19.3 – 

36.3 

Phosphatidylinositol 
13.0 – 

20.7 

Glycoglycerolipids Mainly Mainly - - -  17 - - - 
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Table 2-2: Fatty acid composition of common feed stuffs 

Fatty Acid Type: Saturated Monounsaturated Polyunsaturated 

Feed Type References C14:0 C16:0 C18:0 C20:0 C16:1 C18:1 C18:2 C18:3 

Fresh forage 

(Glasser, Doreau, Maxin, & 

Baumont, 2013) 
1.0 16.9 2.14 0.89 1 3.84 15.8 52.6 

(Van Ranst et al., 2009) - 13.6 1.3 - 1.7 2.2 14.4 64 

(French et al., 2000) 4.6 20.8 3.3  2.4 5.7 14.0 49.2 

(Bauman et al., 2003) 1.0 16.0 2.0 - 2 3 13 61 

Silage 

(Glasser et al., 2013) 0.9 18.7 2.1 - 0.8 3.4 16.6 49.8 

(French et al., 2000) 5.4 24.0 2.9 - 0.6 6.3 14.5 46.2 

(Van Ranst et al., 2009) - 13.0 -17.6 1.3 - 2.4 - - 1.2 - 2.4 11.6 – 20.6 51.0 – 66.6 

Linseed oil 

(Shahidi, 2005) - 5 - 6 3 - 6  - 17 - 29 14 - 18 45 - 59 

(Gunstone & Harwood, 2007) - 6 2.5 - - 19 24.1 47.4 

(Mugrditchian, Hardy, & 

Iwaoka, 1981) 
- 5.4 3.2 - - 18.5 17.4 55.5 

Oats 

(Liu, 2011) - 18.8 - 19.6 1.3 – 1.6 - - 32.4 – 36.5 40.3 – 42.3 1.0 – 1.5 

(Holland, Frey, & Hammond, 

2001) 
- 13.8 - 16.0 1.6 – 2.7 - - 40.2 – 50.2 32.4 – 41.0 0.8 – 1.4 

(Zhou, Glennie Holmes, 

Robards, & Helliwell, 1998) 
- 17.0 – 19.3 1.4 – 2.3 - - 37.9 – 42.6 36.0 – 39.9 1.0 – 1.7 

Sunflower oil 

(Shahidi, 2005) 0.1 3.6 – 6.2 4.7 – 5.1 0.2 – 0.4 0.0 – 6.0 13 - 92 2 - 76 1.0 – 3.0 

(Guinda, Dobarganes, Ruiz-

Mendez, & Mancha, 2003) 
- 6.4 5.0 0.3 - 29.3 58.3 - 

(McDonald, Gerrard, Bruce, & 

Corner, 1989) 
- - - - - 14 73 Trace 

Palm oil 

(Shahidi, 2005) 0.9 – 1.5 41.8 – 46.8 4.2 – 5.1 0.2 – 0.7 0.1 – 0.3 37.3 – 40.8 9.1 – 11.0 0 – 0.6 

(Lida, Sundram, Siew, Aminah, 

& Mamot, 2002) 
1 42.9 4.4 - - 40.8 10.2 - 

(Gunstone & Harwood, 2007) 1.1 44.1 4.4 0.2 0.2 39.0 10.6 0.3 
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2.3.1 Omega-3 fatty acids in common feed stuffs 

2.3.1.1 Fresh forages 

Fresh forages used as animal fodder include a large variety of grasses and legumes. Examples of 

common forages include clovers, lucerne and rye grass. The lipid content of forages is low, usually 

between 3 and 6% of plant dry matter (DM) (Bauman et al., 2003; Elgersma, Tamminga, & Ellen, 

2006). Most lipids found in forages are contained in plant membranes and chloroplasts, these are 

phospholipids and glycoglycerolipids, respectively (McDonald et al., 2002; Bauman et al., 2003; 

Elgersma et al., 2007; Christie, 2011). Most lipids (up to 78%) of plant origin are complex lipids (Van 

Ranst et al., 2009). See Error! Reference source not found. for a comparison of lipid types found 

in forages. 

A large proportion of the FA in fresh forages is the n-3 FA, C18:3n-3, which can comprise between 

50 and 70% of the total FA content (Elgersma et al., 2007). This along with C16:0 and C18:2n-6 

make up approximately 95% of the total FA in fresh forages, with the remaining 5% of FA being 

small amounts of mainly C18:1n-9 and C18:0 (Elgersma et al., 2007; Van Ranst et al., 2009; Glasser 

et al., 2013). See Error! Reference source not found. for a summary of the range and variety of FA 

typically found in fresh forages. 

The factors that affect the composition of lipids in fresh forages are similar to those which affect the 

proportion of FA. These factors include plant species, growth stage, temperature, light intensity and, 

depending on the source, nitrogen application (Mir et al., 2006; Elgersma et al., 2007). 

2.3.1.2 Silages 

Immediately after fresh forage is cut during the ensiling process, the lipid content and composition 

of the plant material begins to change (Van Ranst et al., 2009). These changes are caused by plant 

lipases, in the process called lipolysis, which causes the release of FA from their ester bonds (Van 

Ranst et al., 2009). Therefore, when compared to the fresh forage from which silages were made, the 

lipid content is reduced from approximately 98% of the total fat in the plant material to between 30% 

and 70%. Subsequently the proportion of free FA and neutral lipids is increased, while the proportion 

of membrane lipids is decreased substantially (Vanhatalo, Kuoppala, Toivonen, & Shingfield, 2007; 

Van Ranst et al., 2009), see Error! Reference source not found.. The extent of lipolysis (and to a 

smaller degree, hydrogenation) in silage depends on the quality of the silage, which is determined 
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during the ensiling process, and plant species (Van Ranst et al., 2009; Alves, Cabrita, Jerónimo, 

Bessa, & Fonseca, 2011). 

Despite the changes to the lipid composition of grasses during the ensiling process, the FA available 

from silage are generally reported to be in similar proportions to those of fresh forages (Vanhatalo et 

al., 2007; Glasser et al., 2013). Therefore, the factors that affect the FA composition of silage are 

aligned with those affecting fresh forages, with the major FA present in silages being C18:3n-3 

(Vanhatalo et al., 2007). Alves et al. (2011) reported that silage additives, such as bacterial inoculants, 

formic acid and calcium formate can influence the FA composition of ryegrass silages but had no 

effect on corn silage. The changes to FA in silages compared to fresh forages in this study, included 

a decrease in C18:2n-6 and C18:3n-3, which were replaced by saturated FA (SFA) or unusual FA 

with differing cis and trans configurations, this may be due to some biohydrogenation occurring in 

the silage (Alves et al., 2011). This was, in part, supported by a meta-analysis performed by (Glasser 

et al., 2013), with most studies confirming a decrease (5%) of C18:3n-3 in wilted silage. However, 

most studies confirmed a minimal change to the overall FA composition of silages, see Error! 

Reference source not found.. 

2.3.1.3 Oils (particularly linseed oil) 

Between 92% and 98% of linseed oil is comprised of triacylglycerols (Harwood & Gunstone, 2007). 

This also means that approximately 100% of the DM of linseed oil is made up of lipid. The extent of 

hull removal is the main factor in the variation of the lipid content of linseed oil, with many 

researchers only reporting the proportions of phospholipids, Error! Reference source not found.. 

For example, Herchi et al. (2012) reported that phospholipids comprised 2.55% of the total lipid in 

linseed oil, with phosphatidylethanolamine, phosphatidylinositol and phosphatidylcholine being the 

main phospholipids present. A higher proportion of phospholipids may also be present when the seed 

is immature, due to a higher chloroplast content in the seed (Shahidi, 2005).While the lipid content 

of linseed oil is very consistent, the FA content is relatively variable, and dependent on the variety of 

linseed plant used. Oil processed from the traditional linseed plant is high in C18:3n-3, 50 to 60% of 

total FA (Shahidi, 2005; Harwood & Gunstone, 2007). C18:3n-3 is easily oxidised and in turn 

becomes less palatable; therefore, the plant has been modified to produce varieties that contain a high 

proportion of C18:2n-6, commonly called linola and solin (Harwood & Gunstone, 2007). The 

traditional, high C18:3n-3, linseed oil which is processed for eating is commonly called flaxseed oil. 
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Variation in the FA composition within varieties is small in comparison (Mugrditchian et al., 1981; 

Mantzioris, James, Gibson, & Cleland, 1994; Shahidi, 2005; Barceló-Coblijn et al., 2008), see Error! 

Reference source not found.. 

2.3.2 Omega-6 fatty acids in common feed stuffs 

2.3.2.1 Grains (particularly oats) 

The lipid content of grains varies greatly, in both proportion and composition, depending on the grain 

type (McDonald et al., 2002). Wheat, barley, rye and rice have the lowest lipid content (1-3% DM), 

sorghum contains approximately 3 - 4% lipid and maize 4 - 6% lipid on a DM basis (Price & Parsons, 

1975; McDonald et al., 2002). Oats typically contain the highest lipid proportion of DM, ranging 

from 3 – 12% (Price & Parsons, 1975; Liu, 2011). Grains are the main storage part of cereal plants, 

so much of this lipid is triacylglycerols (Liu, 2011). Oat lipids characteristically contain around 70% 

triacylglycerols, with the remaining lipid portion being made up of the complex phospholipids and 

glycoglycerolipids (Price & Parsons, 1975); however, limited data on the lipid composition of oats 

was found, Error! Reference source not found.. 

Similar to pastures, the amount and type of lipids and FA present in grains vary between species, 

variety and growing conditions (Price & Parsons, 1975; Zhou et al., 1998; Holland et al., 2001). 

Despite this, the majority of grains are high in C18:2n-6 (Liu, 2011). Oats are high in both C18:2n-6 

and C18:1n-9, comprising around 40% of the FA, these along with C16:0 make up over 95% of the 

total FA in oats (Zhou et al., 1998; Holland et al., 2001; Liu, 2011), see Error! Reference source 

not found.. 

2.3.2.2 Oils (particularly sunflower oil) 

Sunflower oil, like most oils has almost its entire DM composition made up of lipid, with 

triacylglycerols making up the vast majority of these lipids (Shahidi, 2005), see Error! Reference 

source not found.. The general consensus is that phospholipids in sunflower oil make up less than 

1.5% of the total lipid content of the oil; however, they play an important antioxidative role (Carelli, 

Brevedan, & Crapiste, 1997). Similar to linseed oil, much of the phospholipid is removed with the 

hull during processing and refining (Carelli et al., 1997; Shahidi, 2005). The proportion of lipids in 

sunflower oil can be affected by various growing conditions, storage and handling post-harvest, which 

have an effect on the sunflower seed, and the type of refining and extraction processes used in the oil 
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production (Carelli et al., 1997; Carelli, Frizzera, Forbito, & Crapiste, 2002). 

Traditionally, sunflower oil is high in C18:2n-6, accounting for between 58 and 76% of the total FA 

(McDonald et al., 1989; Guinda et al., 2003; Shahidi, 2005). The high C18:2n-6 composition makes 

traditional sunflower oil less suitable for frying, due to its vulnerability to oxidation (Guinda et al., 

2003; Shahidi, 2005), therefore, sunflower plants have been bred to produce seed containing high 

C18:1n-9 and 16:0, and low C18:2n-6 (down to 2.3%). These non-traditional varieties are usually 

named differently, for example, Sunola and NuSun (Shahidi, 2005). Production factors, such as 

sowing time and the consequent temperature from emergence of the flower to seed maturity can also 

have a significant effect on the C18:2n-6 and C18:1n-9 composition of the seed and resulting oil 

(Shahidi, 2005). Lower temperatures favour a high proportion of C18:2n-6 and low proportion of 

C18:1n-9, the reverse is true when high temperatures occur during the flowering period (Shahidi, 

2005). Temperature, of all the production factors, appears to have the largest impact on the FA 

composition of sunflower oils, see Error! Reference source not found.. 

2.3.3  Saturated fatty acids in common feedstuffs 

2.3.3.1 Palm oil 

Similar to the  other oils previously described, palm oil is very high in triacylglycerols, usually greater 

than 94% of the total fat content of the oil (Sambanthamurthi, Sundram, & Tan, 2000). Unlike the 

other oils; however, it contains little to no phospholipids and can contain up to 5% free FA. Palm oil 

can also contain a relatively high proportion (up to 6%) of mono- and diacylglycerols 

(Sambanthamurthi et al., 2000; Shahidi, 2005). The growth stage and maturity of the fruit have an 

impact on the lipid composition of palm oil; as the fruit matures the proportion of triacylglycerols 

increases and the proportion of phospholipid decreases (Oo, Teh, Khor, & Ong, 1985; 

Sambanthamurthi et al., 2000). Bruising of the fruit and the extent of sterilisation during the 

processing of the fruit also affect the lipid composition of the resulting oil (Shahidi, 2005). Bruised 

fruit has a larger portion of mono- and diacylglycerols, which can be attributed to hydrolysis of the 

triacylglycerols; similar reactions occur when fruit is not stored properly or there is a delay between 

harvesting and processing (Sambanthamurthi et al., 2000). See Error! Reference source not found. 

for the typical lipid composition of palm oil. 

The FA composition of palm oil is relatively unique due to its high SFA and MUFA contents, 



18 

 

typically containing up to 50% SFA and 40% MUFA, with C16:0 and C18:1n-9 making up the largest 

proportions of these, respectively. The FA composition of palm oil appears to be consistent between 

sources; with only trace amounts of C18:3n-3 and between 9 and 11% C18:2n-6 reported, see Error! 

Reference source not found.. The variations in FA that do occur align with the previously described 

lipid composition; with immature fruit having a higher concentration of C16:1n-7 and C18:3n-3 

compared to mature fruits (Sambanthamurthi et al., 2000).  

2.4 Lipid and Fatty Acid Digestion and Absorption in Ruminants 

For lipids consumed in feeds to enter the body of the animal and be utilised, they must first be digested 

and absorbed. There are two main processes involved in the digestion of lipids in ruminants, these 

are lipolysis and biohydrogenation and both processes occur in the rumen (Bauman & Lock, 2006; 

Jenkins, Wallace, Moate, & Mosley, 2008; Buccioni, Decandia, Minieri, Molle, & Cabiddu, 2012). 

Short chain FA may be absorbed within the rumen; however, the final products of biohydrogenation 

are generally “packaged” for transport across the mucosa of the small intestine in the process of 

absorption. The efficiency of the lipolysis and biohydrogenation processes are the main factors 

determining how much of the lipid and FA consumed in feed is available for the animal to utilise and 

influence reproductive outcomes and potentially lamb sex-ratios. Rumen microflora, particularly 

bacteria, play a large role in lipolysis and biohydrogenation; however, there is a lack of literature 

regarding the influence of differing FA consumption by the ruminant on the FA composition of the 

rumen microflora. This indicates that the amount of FA a ruminant obtains via digesting rumen 

microflora is very small and therefore does not offer significant variation to the FA available to the 

ruminant. Additionally, most studies measure FA entering in feed and exiting the rumen, via 

measuring plasma FA; thus, encompassing the entire process of FA digestion and absorption and 

accounting for any absorption of rumen microflora. The processes of lipolysis and biohydrogenation 

are extremely efficient; therefore, are likely to have a much greater impact on the availability of long 

chain PUFA to the ruminant than changing rumen microflora FA composition or population. 

2.4.1 Lipolysis 

Lipolysis is the first step in lipid digestion and is necessary for any further digestive processes to 

occur. Lipolysis is the hydrolysis of FA from their esterified lipid form. This is predominantly caused 

by lipases produced by rumen bacteria and the plants themselves (Jenkins, 1993; McDonald et al., 

2002; Bauman & Lock, 2006). Most of the research into the rate, or efficiency, of lipolysis and the 
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factors affecting this was conducted from the late 1950s to the late 1970s (Lourenço, Ramos-Morales, 

& Wallace, 2010). This, combined with a larger focus on biohydrogenation, has meant that the 

intricacies of and factors affecting lipolysis have not yet been fully identified. More recently; 

however, researchers have begun investigating ways of increasing long chain PUFA in animal 

products (i.e., milk and meat) due to the associated human health benefits (Vanhatalo et al., 2007; 

Jenkins et al., 2008; Lourenço et al., 2010). Consequently, there has been a relatively recent influx of 

reviews attempting to clarify what is known and areas for further research on lipolysis (see review by 

Lourenço et al. (2010)). 

The current consensus is that both rumen and plant derived lipases and esterases contribute to 

lipolysis. However, it is unknown if bacterial lipases have higher lipolysis activity (Jenkins, 1993; 

Bauman & Lock, 2006; Jenkins et al., 2008) or if plant lipases have higher lipase activity (Van Ranst 

et al., 2009; Lourenço et al., 2010; Alves et al., 2011). It does; however, appear that triacylglycerols 

are hydrolysed predominantly by rumen bacterial lipases; Anaerovibrio lipolytica is the most active 

in this area, while grasses generally contain their own phospholipases and galactolipases (Alves et 

al., 2011). Thus, it appears that a wide variety of plant and bacterial lipases are involved and that they 

lipolyse specific lipids (Jenkins, 1993; Lourenço et al., 2010; Buccioni et al., 2012).  

Despite the lack of knowledge of the specific lipases responsible for the lipolysis that occurs in the 

rumen, it is known that a variety of factors can affect the rate of lipolysis. These include factors which 

affect the growth and activity of rumen bacteria, such as low pH (Jenkins et al., 2008) and the presence 

of ionophores (Bauman & Lock, 2006). Lipolysis is also negatively affected by diets high in fat and 

the unsaturated FA produced following lipolysis. It is believed that biohydrogenation, the next step 

in lipid digestion, exists to reduce the number of unsaturated FA in the rumen to reduce their negative 

impact on lipolysis (Bauman & Lock, 2006; Buccioni et al., 2012). Despite the factors affecting 

lipolysis activity, the rate of lipolysis in the rumen is generally considered to be high (Jenkins, 1993; 

Bauman & Lock, 2006; Jenkins et al., 2008; Lourenço et al., 2010), with Bauman and Lock (2006) 

reporting a greater than 85% lipolysis rate. Due to the vast number of plant and bacterial lipases and 

esterases involved in lipolysis and their specificity to particular lipids, it does not appear that any 

particular lipid is hydrolysed more rapidly than others. Therefore, the lipid form in which the FA are 

supplied in the feed should not greatly affect the FA available for biohydrogenation; only the FA 

composition of the lipids in the feed should have an effect.  
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2.4.2 Biohydrogenation 

The lipolysis of lipids in feeds is necessary for biohydrogenation of the free FA produced to occur. 

Biohydrogenation converts the, mostly, PUFA released upon lipolysis to SFA, mainly C18:0 and 

C16:0 (Bauman et al., 2003). While lipolysis is; therefore, rate-limiting to biohydrogenation, 

biohydrogenation is also necessary in maintaining a favourable environment for lipolysis as it 

removes PUFA, which are known to decrease the rate of lipolysis (Bauman & Lock, 2006; Buccioni 

et al., 2012). Due to biohydrogenation causing changes to the FA contained in the lipids of feeds, it 

has received a larger and more consistent research focus than lipolysis. Researchers have focused on 

gaining an understanding of biohydrogenation in an attempt to use this understanding to alter its end 

products. Potentially, biohydrogenation may be altered to favour the production of n-3 FA and 

conserve PUFA, which have known human health benefits, and reduce SFA, which have a 

(potentially) negative impact on human health (Lourenço et al., 2010). Thus, a greater understanding 

of biohydrogenation has been achieved compared to lipolysis. 

When animals are grazing, C18:3n-3 is the main FA present after lipolysis and is, therefore, the main 

FA available for biohydrogenation. To the contrary, when animals are being fed supplements such as 

grains, the main FA available for biohydrogenation is C18:2n-6. Fatty acids from plants are nearly 

always in the cis formation, which is usually altered during the biohydrogenation process (Lourenço 

et al., 2010). Biohydrogenation is a step-wise reaction; therefore, many intermediates are formed 

before the PUFA are broken down to SFA. These intermediates can also become available for 

absorption if they pass onto the small intestine without further biohydrogenation (Chilliard et al., 

2007; Jenkins et al., 2008; Lourenço et al., 2010). New analytical techniques have allowed for the 

discovery of FA with a wide range of positional and geometric isomers (Bauman & Lock, 2006). 

Near complete biohydrogenation usually occurs rapidly, with rates depending on the source: 93% and 

85% (Chilliard et al., 2007) and, 85-95% and 75-95% (Bauman & Lock, 2006), for 18:3n-3 and 18:2n-

6, respectively. Little evidence of biohydrogenation intermediates can be found in the rumen contents; 

although, a large variety of intermediates have been identified and a good understanding of the 

pathway of biohydrogenation has been achieved (Chilliard et al., 2007). Although the structure of the 

majority of FA is changed during biohydrogenation, the total amount of FA available for absorption 

by the small intestine is similar to that in the diet (Lock, Harvatine, Drackley, & Bauman).  
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2.4.3 Absorption in the small intestine 

Due to the nearly complete hydrolysis of dietary FA in the rumen, only bile secretions and pancreatic 

juices, which are released before the jejunum, are required for conversion of FA into absorbable 

materials. Bile supplies salts and lecithin, while pancreatic juice provides enzymes to convert lecithin 

to lysolecithins (Bauman & Lock, 2006; Doreau, Meynadier, Fievez, & Ferlay, 2016). Lysolecithins 

and bile salts desorb FA from feed particles and bacteria. This allows micelle formation, which can 

be absorbed by the jejunum (Doreau et al., 2016). Within the intestinal epithelial cells the FA are re-

esterified into triglycerides and phospholipids, then packaged into chylomicrons for transport in 

lymph to the blood (Bauman & Lock, 2006). Chylomicrons transport dietary lipids from the intestines 

to other locations in the body.  

The processes described above mean that the clear majority of FA absorbed across the digestive tract 

of the ruminant, thus available to the animal, are short to medium-chain FA. Despite this, the ratio of 

n-6:n-3 in the diet has been reported to significantly alter that of plasma in several studies (Mantzioris 

et al., 1994; Abayasekara & Wathes, 1999; Barceló-Coblijn et al., 2008; Zachut et al., 2010; Gulliver, 

Friend, King, Robertson, et al., 2013; Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, 

& Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). The ratio of n-6:n-3 in plasma can have 

a major influence on the reproductive outcomes of ruminants, as n-6 and n-3 act as precursors for 

eicosanoids (Abayasekara & Wathes, 1999; Gulliver et al., 2012; Gulliver, Friend, King, Robertson, 

et al., 2013) 

2.5 Fatty Acid Metabolism in the Body and Production of Prostaglandins 

Omega-6 and n-3 FA in storage lipids act as precursors for prostaglandins, which play an important 

role in modulating the oestrous cycle and ovulation (Mattos, Staples, & Thatcher, 2000; Gulliver et 

al., 2012). This section will describe the site and mechanism of prostaglandin production, and how 

FA type and availability may influence prostaglandin production. Dietary changes in the 

concentrations and proportions of n-6 and n-3 essential FA affect the availability of precursors for 

the synthesis of eicosanoids, such as prostaglandins (Gulliver et al., 2012). This in turn may influence 

reproductive outcomes, such as offspring sex ratios.  

Excess FA in the body are stored within cellular phospholipid membranes in their esterified forms 

(Abayasekara & Wathes, 1999; Wathes et al., 2007). The n-3 FA preferentially bind to the 
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phospholipid membranes (Abayasekara & Wathes, 1999); meaning that in grazing ruminants, where 

the majority of FA intake is n-3, n-6 FA in phospholipid membranes will be substituted for n-3. The 

essential FA, C18:2n-6 and C18:3n-3, able to bypass digestion, be absorbed and transported to storage 

lipids, act as precursors for elongation and desaturation to C20:3n-6 (DGLA), C20:4n-6 (AA) and 

C20:5n-3 (EPA), which are the precursors to the series 1, 2 and 3 prostaglandins, respectively 

(Abayasekara & Wathes, 1999; Gulliver et al., 2012), see Figure 2-1. Therefore, the ratio of n-6:n-3 

in storage ultimately determines the amount of precursor available for each prostaglandin series. 

Animals lack the desaturases that convert n-6 and n-3 FA between FA families. Therefore, although 

FA structure is changed during elongation and desaturation, the initial ratio of n-6:n-3 available from 

storage lipid, which is determined by FA consumed, is retained throughout the process of conversion 

to prostaglandins (Abayasekara & Wathes, 1999). Thus the ratio of n-6:n-3 consumed and absorbed 

by the ruminant affects the type of prostaglandins produced within the body (Abayasekara & Wathes, 

1999; Mattos et al., 2000). Additionally, once FA are released from their esterified form, via the 

phospholipase enzyme, and are available as free FA, n-6 and n-3 FA compete for the same desaturases 

for conversion to precursors for prostaglandin synthesis. Delta-6-desturase (also known as FA 

desaturase-2) desaturases both C18:2n-6 and C18:3n-3; while Delta-5-desaturase (also FA 

destaturase-1) desaturases C20:3n-6 and C20:4n-3. Therefore, because the FA compete for the same 

enzymes, the ratio of n-6:n-3 released from storage dictates the ratio of n-6:n-3 available for 

conversion to prostaglandins (Mattos et al., 2000; Wathes et al., 2007; Gulliver et al., 2012; Gulliver, 

Friend, King, Robertson, et al., 2013), see Figure 2-1. The production of series 1, 2 and 3 

prostaglandins can also be altered by providing the respective precursors, C20:3n-6, C20:4n-6 or 

C20:5n-3, directly via the diet, thus removing the rate-limiting step of desaturation via Delta-6-

desaturase (Wathes et al., 2007); however, these FA must first escape rumen digestion and reach the 

site of prostaglandin synthesis. 
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Figure 2-1: Scheme to illustrate the generation of 1-, 2-, and 3-series prostaglandins (PGs) from dietary 

polyunsaturated fatty acids. Source: Wathes et al. (2007) p 192. 

 

2.6 Role of Prostaglandins in Reproduction and the Oestrous Cycle 

Although some are more biologically active than others, all prostaglandins have an important role to 

play in the regulation of body functions. Not only do prostaglandins play a significant role in 

reproduction, they also contribute to controlling blood clotting, kidney function and immune 

responses including inflammation, hormone secretion and cell signalling (Abayasekara & Wathes, 

1999; Christie, 2011). In the context of this review, importance is placed on the influence that 

prostaglandins have on reproductive outcomes. 

The prostaglandin group of chemicals is broadly divided into three series. Series 1 prostaglandins are 

considered less biologically active than series 2 prostaglandins (Abayasekara & Wathes, 1999) but it 

appears little other information is known about their activity. Series 3 prostaglandins are also 

considered less biologically active than series 2 prostaglandins; however, they do play an important 

role in mediating the inflammatory and vasoconstrictive effects of series 2 prostaglandins (Mattos et 

al., 2000; Gulliver, Friend, King, Robertson, et al., 2013). There are several methods by which this 

action may be achieved: 1) as prostaglandins share receptors regardless of the series, the higher 
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production rate of the n-3 derived, series 3 prostaglandins (as described previously) may mean that 

the series 3 prostaglandins outcompete the series 2 prostaglandins for receptors (Mattos et al., 2000; 

Wathes et al., 2007; Gulliver, Friend, King, Robertson, et al., 2013); 2) series 3 prostaglandins are 

believed to have a greater affinity for the prostaglandin receptors (Wathes et al., 2007); and 3) the 

presence of series 3 prostaglandins may reduce the sensitivity of receptors to series 2 prostaglandins. 

Apart from their inflammatory effects, series 2 prostaglandins, primarily prostaglandin-F2α (PGF2α), 

play an important role in reproduction. This includes inducing oestrus and ovulation via the 

involvement of PGF2α in the luteolysis of the corpus luteum (CL), embryo survival and mortality due 

to its inflammatory effects, and induction of parturition (Abayasekara & Wathes, 1999; Mattos et al., 

2000; Gulliver, Friend, King, Robertson, et al., 2013).  

The involvement of PGF2α in the oestrous cycle occurs in the longest phase of the oestrous cycle, the 

luteal phase. The first stage of the luteal phase, metoestrus, is characterised by the development of 

the CL in place of the ovulated follicle, this stage lasts between 2 and 5 d (in the ewe). The second 

stage of the luteal phase, dioestrus, is characterised by the presence of a CL, which secretes 

progesterone (P4) and oxytocin, and lasts 10 to 14 d (Bartlewski, Baby, & Giffin, 2011). Progesterone 

is the hormone responsible for pregnancy maintenance. When pregnancy does not occur, and P4 

concentration has been high for 10 to 12 d, the formation of oxytocin receptors in the uterine 

endometrium is no longer blocked by P4 (Bartlewski et al., 2011). Once a threshold level of oxytocin 

is detected, the uterine endometrium begins to secrete pulsatile PGF2α, which increases in frequency 

and amplitude. Once a critical threshold of PGF2α is reached, it causes luteolysis of the CL, which 

marks the end of the luteal phase and initiation of the next follicular phase (Mattos et al., 2000; 

Bartlewski et al., 2011). 

The first stage of the follicular phase, proestrus, is characterised by low P4 secretion, which allows 

for increased secretion of gonadotrophin releasing hormone (GnRH), which in turn stimulates the 

release of follicle stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior 

pituitary (Baird, Swanston, & McNeilly, 1981; Bartlewski et al., 2011). The release of FSH and LH 

initiates the recruitment and development of ovarian follicles, this stage lasts between 3 and 5 d. 

Ovarian follicles, in turn, secrete oestradiol-17β (E2), which at high levels causes oestrus behaviour 

in the female; this marks the beginning of the second stage of the oestrous cycle, oestrus (Senger, 

2005). Threshold levels of E2 also provide negative feedback to the anterior pituitary, which reduces 

the release of FSH. At this point, any non-dominant follicle(s) are destroyed, due to the absence of 
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FSH, and LH pulse frequency continues to rise. This LH surge causes the release of the oocyte from 

the dominant follicle and marks ovulation (Baird et al., 1981; Bartlewski et al., 2011). Thus, the 

secretion of PGF2α plays a critical role in initiating the most crucial part of the oestrous cycle, the 

follicular phase, which ultimately culminates in ovulation.  

As PGF2α is responsible for the initiation of the destruction of the CL, suppression of PGF2α must be 

achieved, via the release of  interferon tau (IFNτ) from the trophoblast, in order to support the 

maintenance of pregnancy (Senger, 2005). Given the importance of PGF2α to various aspects of 

reproduction, increased dietary supply of n-6 FA, the subsequent increase in PGF2α production may 

have a large part to play in changes to sex ratios, this will be discussed more extensively below. 

 

2.7 Evidence for Change in Sex Ratios due to Changes in Dietary n-6:n-3 

Ratios 

Given the significant role that n-6 and n-3 play in reproductive outcomes, researchers have begun 

investigating the possibility that the ratio of n-6:n-3 in the diet could have an impact on the sex ratio 

of offspring. This concept generally follows on from investigations into the GCH and the effect of 

high fat diets on reproduction. As previously described, researchers have obtained varying results 

regarding offspring sex ratios from the provision of high or low fat diets. In general, these results 

have been less closely attributed to a change in body condition but the change in the composition of 

the diet; hence investigation into the type of fat, and FA, offered in the diets. However, far less 

research into the effects of the ratio of n-6:n-3 on offspring sex ratio has been conducted compared 

to the comparison between high and low fat diets. 

The current, known research, conducted in ruminants on the effect of the ratio of n-6:n-3 provided in 

the diet on offspring sex ratio is listed in Table 2-3.. These authors have found that females fed a diet 

high in n-6 prior to conception had a significantly higher proportion of female offspring.  

 

Table 2-3: Summary of authors reporting a change in the proportion of female offspring from sheep 

associated with feeding a diet high in n-6. 

Author Significant change in sex ratio?   Proportion of females from n-6 diet 

Gulliver et al., 2013b Yes 0.58 
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Clayton et al., 2015a Yes 0.71 and 0.70 (2 experiments) 

Clayton et al., 2015b Yes 0.54 and 0.57 (2 experiments) 

Akbarinejad et al., 2012 No 0.39 

 

There appears to be some inconsistencies in the reporting of the effect of increased n-6 on the 

proportion of female offspring, particularly when compared to investigations into the provision of 

high versus low fat diets and the effect of body condition on sex ratios. Green et al. (2008) reported 

a higher proportion of male lambs while  Akbarinejad, Niasari-Naslaji, Mahmoudzadeh, and Mohajer 

(2012) reported no significant difference in offspring sex ratio when ewes were fed a diet high in n-

6 prior to mating. In the latter study there was; however, a significant difference in sex ratios between 

replicates. The rationale provided for this difference was that stress induced in replicate 1, due to 

blood sampling, was associated with increased glucose concentrations, which may have in turn been 

associated with an increased proportion of males. There is no evidence to suggest; however, that the 

effect of diet within each replicate was analysed, therefore, this cannot be confirmed. Additionally, 

there was no FA analysis reported for the mixed rations, with the FA content calculated from the oil 

added to the rations alone. The control, flaxseed and safflower diets all had barley included in the 

rations. Barley contains a high proportion of n-6 FA; therefore, this may have unexpectedly affected 

the outcome of the results; hence, it is difficult to relate these results directly with an increase in n-6 

in the diet. Green et al. (2008) reported using rumen protected PUFA supplementation in the 

experimental rations; however, dietary and plasma FA concentrations were not reported. 

Additionally, the control ration, containing a high proportion of cracked corn, may have also been 

high in n-6, making comparisons between the control and experimental rations difficult without 

knowing the FA composition of the rations. Furthermore, if the control diet was provided to ewes 

prior to the experimental treatment, it may have affected the results, reducing the change in plasma 

n-6 associated with increasing n-6 in the experimental ration. Therefore, it is difficult to conclude if 

the provision of rumen protected FA had an effect on plasma FA concentrations, or, if the changes in 

sex ratios reported were associated with the provision of n-6 FA; it is also difficult to compare the 

results of this study to those presented in Error! Reference source not found.. This highlights the 

importance of analysing feed and plasma FA concentrations in these types of studies.  

Studies have also been completed in monogastrics; however, due to the differences in absorption of 

carbohydrates in ruminants (FA) compared to monogastrics (glucose) (Ginane et al., 2015) the 

comparability of these studies to those in ruminants is unknown. One study in bitches found that 

feeding a diet high in n-3 resulted in a higher proportion of male pups (0.64) compared to the control 
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group, which was fed a SFA diet (Gharagozlou, Youssefi, & Akbarinejad, 2016). However, there was 

no n-6 treatment group to compare results with, and there was a large breed effect, with a significant 

difference in the proportion of male pups between the two breeds used in the study. A study in mice 

found a significantly higher proportion of females pups (0.61) when dams were fed a diet high in n-

6 compared to a diet high in n-6 (Fountain et al., 2008). Caution should also be taken when comparing 

these studies with those in ruminants as the diets of the mice, and possibly the bitches, prior to and 

those used during the studies as basal diets with the addition of the n-6 or n-3 FA are already high in 

n-6. This may reduce the likelihood of increasing the concentration of circulating n-6 during the study 

period, thus have an effect on the outcomes of these studies. 

Considering the reported findings, more investigation into the factors that may be causing the change 

in offspring sex ratios associated with changes to the concentrations of n-6:n-3 provided by the diet 

is needed. This includes an investigation on the mechanism for change in sex ratios.  

2.8 Mechanisms by which Changes in the Dietary ratio of n-6:n-3 Could Affect 

Offspring Sex Ratios 

There are several areas where a change in the concentration of n-6:n-3 in the diet could result in 

changes to reproductive processes, which in turn, could affect offspring sex ratio. However, without 

a causative mechanism for a change in sex ratio it is difficult to interpret results. Therefore, it is 

important to identify areas for a mechanism to occur to determine if dietary changes are in fact causing 

changes in sex ratios. Such changes may occur through variation to the timing of reproductive events 

(such as timing of oestrus and ovulation), changes to the interactions of X- and Y-bearing 

spermatozoa with the female reproductive tract and the oocyte, and changes to the survival of the 

developing embryo. 

2.8.1 Changes to timing of oestrus 

There are several studies suggesting that feeding a diet high in n-6 alters timing of oestrus (Robinson 

et al., 2002; Zachut et al., 2010; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et 

al., 2015). Ruminants generally graze diets with a high concentration of n-3 and, as described 

previously, n-3 is metabolised preferentially over n-6 to series 3 prostaglandins (Mattos et al., 2000; 

Wathes et al., 2007; Gulliver, Friend, King, Robertson, et al., 2013). Series 3 prostaglandins have a 

regulatory effect on the secretion of PGF2α, thus suppressing early luteolysis of the CL and regulating 
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the timing of oestrus and ovulation (Wathes et al., 2007). Therefore, feeding diets high in n-6 and 

increasing the production of PGF2α (Gulliver, Friend, King, Robertson, et al., 2013) can induce early 

onset of oestrus through early initiation of the destruction of the CL (Robinson et al., 2002; Wathes 

et al., 2007; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). Robinson 

et al. (2002) found the interval between LH peak and ovulation to be longer for ewes fed a high n-6 

diet than those fed high n-3. This increased interval may be due to the cohort of follicles entering the 

follicular phase being more immature in n-6 fed ewes due to the early destruction of the CL. This 

finding indicates that ewes fed a diet high in n-6 have a longer interval between the commencement 

of oestrus and ovulation; and therefore, would generally have a longer interval between mating and 

ovulation. This observation is consistent with studies reporting a higher proportion of female 

offspring when mating or AI occurs early in the oestrus period, thus creating a longer period between 

insemination and ovultion/fertilisation (Verme & Ozoga, 1981; Wehner et al., 1997; Gutierrez-Adan 

et al., 1999; Martinez et al., 2004). Although Robinson et al. (2002) did not breed the animals involved 

in the study, and therefore did not report an offspring sex ratio, similar studies which also reported 

an early onset of oestrus have reported a higher proportion of female offspring associated with feeding 

a diet high in n-6 (Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). This 

warrants an investigation, which encompasses all aspects of this theory in order to investigate whether 

a connection between feeding a diet high in n-6, a shorter time to oestrus, a longer interval between 

LH peak/oestrus and ovulation, and a higher proportion of female offspring exists. A higher 

proportion of female offspring resulting from a longer period between the commencement of oestrus 

and ovulation may be explained by differential rates of passage by X- and Y-bearing spermatozoa 

through the female reproductive tract. Rohde et al. (1973) reported that Y-bearing spermatozoa had 

a faster rate of passage through cervical mucus than X-bearing spermatozoa. Therefore, if the interval 

between insemination and fertilisation is longer, Y-bearing spermatozoa are likely to have reached 

the site of fertilisation, undergone capacitation and progressed to cell death before the oocyte is 

present for fertilisation; while X-bearing spermatozoa, which have a slower rate of passage, would 

be more likely to be available for fertilisation when the oocyte is present (Martinez et al., 2004). Thus, 

a higher proportion of female spermatozoa would be present at the time of fertilisation causing a 

higher proportion of female offspring. 
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2.8.2 Changes to hormonal concentrations 

Increased concentrations of PGF2α, associated with feeding a diet high in n-6, have also been related 

to higher production of P4. Zachut et al. (2010) found that there was a delay in the increase of plasma 

P4 after oestrus and a lower plasma P4 concentration on day 11 after oestrous synchronisation for 

cows fed a high n-3 diet. This was associated with a delay in the destruction of the former CL, and 

therefore a delay in the formation of the new CL, associated with the production of series 3 

prostaglandins in the high n-3 diet. Although oocytes were fertilised during this experiment, the sex 

ratio of the resulting fertilisations was not reported. Additionally, although P4 plays a critical role in 

pregnancy maintenance, there is no clear mechanism for the effect of changes in P4 on offspring sex 

ratios. Conversely, high glucose (Helle et al., 2008; Green et al., 2016) and testosterone (Grant et al., 

2008; Helle et al., 2008; Shargal et al., 2008) concentrations have been associated with a change in 

sex ratio towards male offspring; however, these hormonal changes have not been associated with 

variation in the dietary ratio of n-6:n-3.  

2.8.3 Variation in the selection of X or Y-bearing spermatozoa by the female tract 

Spermatozoa undergo many selective processes while in transit to the site of fertilisation, providing 

opportunities for selection of either male or female spermatozoa. Rohde et al. (1973) initially 

identified the cervix and cervical mucus as a key area for sex based selection of spermatozoa. Many 

studies thereafter have been based around the ability of the female reproductive tract to select “good” 

from “bad” spermatozoa (Linford, 1974; Scott, 2000; Suarez, 2006; Holt & Fazeli, 2010; Talevi & 

Gualtieri, 2010); this primarily occurs at the uterotubal junction. While there do not appear to be any 

reported findings that the female can select on the basis of the sex of the spermatozoa at the uterotubal 

junction, there is evidence that a complex selection process based on the individual properties of the 

spermatozoa does exist which is more extensive than just the selection of good from bad spermatozoa. 

This evidence is reviewed by Holt and Fazeli (2010). In a recent study, Almiñana et al. (2014) showed 

that females had a differential immune response when X- or Y-bearing sex-sorted spermatozoa were 

artificially inseminated into the oviduct of pigs. Importantly, this study showed that the female 

oviduct can differentiate between X- and Y-bearing spermatozoa, something that had previously been 

dismissed. This adds a potentially more specific possibility to the selection of spermatozoa by the 

female reproductive tract. While this differential immune response hasn’t yet been related to the 

consumption of n-6 or n-3 FA, it is likely that the presence of this selective process is related to an 

evolutionary benefit of being able to select the sex of offspring in response to environmental 
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conditions, as suggested by the GCH and hypotheses relating the timing of mating and abundance of 

males. The ratio of n-6:n-3 in the diet is altered by the type of feed available, for instance a low ratio 

of n-6:n-3 indicates that there is plenty of green feed available; therefore, conditions are good and 

allocation of resources towards a male offspring may be beneficial in spreading the genetics of the 

mother (Trivers & Willard, 1973; Cameron, 2004). On the other hand if the female is mated early in 

the oestrus period, it may mean that there are a high number of males present in the population, 

therefore, the production of female offspring would be beneficial to the overall population. The 

provision of a high n-6 diet, similar to a diet with low green matter, appears to lengthen the time 

between mating and ovulation, via increased prostaglandin production, which may mimic the 

conditions of these hypotheses. This provides evidence of an evolutionary need for females to exert 

some selective control over the sex of their progeny and potential mechanisms by which this could 

be achieved. 

Studies previous to that of Almiñana et al. (2014) have shown that an even greater spermatozoa 

selection process, to that applied on spermatozoa passage through the uterotubal junction, occurs in 

sperm reservoirs (Holt & Fazeli, 2010). Once spermatozoa reach the oviduct they must bind to the 

epithelium of the oviduct, in the formation of a spermatozoa reservoir, in order to undergo the final 

changes necessary to achieve fertilising capability (Holt & Fazeli, 2010). Polyunsaturated FA in the 

head of the spermatozoa play a crucial role in the binding of the spermatozoa to the site of the sperm 

reservoir (Wathes et al., 2007). Thus, changes in the FA composition of the female tract, as a result 

of dietary changes, may affect this binding process. Additionally, given that the study by Almiñana 

et al. (2014) has shown that the oviduct is capable of recognising X- from Y-bearing spermatozoa, it 

may be the case that this recognition occurs in the sperm reservoir. The sperm reservoir is also known 

to regulate the release of spermatozoa to ensure there are sufficient spermatozoa present when the 

oocyte reaches the site of fertilisation (Scott, 2000; Holt & Fazeli, 2010). Combining this evidence, 

it is possible that the oviduct, via the attachment of spermatozoa in the sperm reservoir, is able to 

select X- or Y-bearing spermatozoa to be released at the time of fertilisation. This selection may be 

based on changes in the dialogue between the sperm and the female tract which may be mediated by 

dietary changes, leading to variation in the FA composition of the female reproductive tract.  

There is also theoretical evidence that differential binding of X- and Y-bearing spermatozoa to the 

oocyte may be associated with variations to the maternal diet. There are several sources which provide 

evidence that changes in the maternal diet cause changes in the FA composition of the oocyte 
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(Wonnacott et al., 2010; Zachut et al., 2010). Therefore, similar to the theory regarding the differential 

binding of X- and Y-bearing spermatozoa to sperm reservoirs, changes in the FA composition of the 

oocyte, particularly the zona pellucida, may affect the ability of X- or Y-bearing spermatozoa to bind 

with and penetrate the oocyte. Thus, affecting the ability of either X- or Y-bearing spermatozoa to 

fertilise to oocyte and the resulting offspring sex ratio. 

2.8.4 Changes to embryonic mortality and survival 

Once fertilisation has been achieved, there are several areas where changes in dietary n-6:n-3 ratio 

may affect offspring sex ratios. These points of opportunity include, maturation of the pre-attachment 

embryo, attachment of the embryo to the endometrium, maternal recognition of pregnancy and 

embryonic death. There have been several studies which have suggested that embryo development 

and survival is altered according to various dietary elements. For example, high maternal glucose 

concentrations have been shown to favour the growth and development of male embryos, particularly 

in in vitro studies involving fertilisation and early embryo development (Green et al., 2016). Several 

studies have been conducted on the effects of n-6 or n-3 on embryos, however, results have been 

inconsistent. While it is possible that embryogenesis is affected by changes in the dietary ratios of n-

6:n-3, the mechanisms associated with such changes would also be associated with loss of maternal 

productivity. Once fertilisation has been achieved, any changes in offspring sex ratios are associated 

with loss of an embryo, which from an evolutionary perspective, is uneconomical. This, along with 

evidence from two previous studies, Clayton, Wilkins, and Friend (2015) and Clayton, Wilkins, 

Refshauge, et al. (2015), which showed that ewes fed a diet high in n-6 in the lead up to and 17 days 

after mating did not have a significantly different proportion of female lambs to ewes fed the same 

dietary ration in the lead up to mating only, indicates that a mechanism for the alteration of lamb sex 

ratios caused by changes in maternal intake of n-6 and n-3 FA is much more likely to occur prior to 

fertilisation. Therefore, future studies into this area should focus on mechanisms associated with 

modifying changes to the interaction of spermatozoa with the female tract and the oocyte, and changes 

in timing of oestrus and ovulation.  

2.9 Conclusions and Thesis Hypotheses 

The introduction of a commercially viable method of altering offspring sex ratios (e.g. for lambs and 

calves) without detriment to pregnancy rates would allow livestock producers to take advantage of 

sex-related and sex-specific characteristics of livestock. In turn, this could lead to advantages in 
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targeting specific market and production requirements, leading to increased production efficiency. If 

effective, the use of maternal feeding strategies to alter sex ratios is likely to be far more economical 

than employing current strategies of sex ratio manipulation, such as sex-sorted semen or embryos, 

due to the high input costs associated with these latter strategies. Previous studies, discussed above, 

showing an increase in female offspring associated with feeding of diets high in n-6 offer promising 

developments in this area; however, to employ such a feeding strategy effectively in an on-farm 

situation for the alteration of offspring sex ratios, the mechanism/s for the change in sex ratios must 

first be understood. There are several key areas where the provision of a high n-6 FA diet may cause 

changes to the reproductive process, which may support the development of one sex over another. 

Informed by the literature, these changes are most likely to occur prior to, or around, fertilisation and 

are less likely to be associated with embryo losses. The overall aim of the research presented in this 

thesis was to investigate specific areas where a mechanism for the alteration of lamb sex ratios, 

through feeding diets with variable n-6:n-3 FA ratios, may occur and provide evidence for future 

investigations. The specific hypotheses tested were as follows: 

1. Ewes fed a diet high in n-6 have a shorter time to the onset of oestrus, a longer time between 

the onset of oestrus and ovulation, and/or changes to the timing of fluctuations in reproductive 

hormones compared to ewes fed a diet high in n-3.  

2. Changes in lamb sex ratios and the timing of oestrus, previously described, are associated with 

an increase in the supply of dietary n-6 FA alone, and are not associated with other dietary 

variations. 
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CHAPTER 3 

3 TIMING OF REPRODUCTIVE EVENTS AROUND OESTRUS WHEN 

EWES ARE FED COMMERCIAL DIETS HIGH IN EITHER OMEGA-6 

OR OMEGA-3 FATTY ACIDS 

3.1 Introduction 

Feeding a diet high in n-6 (and low in n-3), compared to a diet high in n-3 (and low in n-6) FA around 

the time of mating has been associated with an increase in the proportion of female lambs in the 

resulting offspring (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; 

Clayton, Wilkins, Refshauge, et al., 2015). This feeding regimen has also been associated with a 

shorter time from oestrous synchronisation to behavioural oestrus for the second oestrus after 

synchronisation, or first “natural” oestrus after synchronisation, (Clayton, Wilkins, & Friend, 2015; 

Clayton, Wilkins, Refshauge, et al., 2015) and an increased prostaglandin response to an oxytocin 

challenge (Gulliver, Friend, King, Robertson, et al., 2013). If these findings are repeatable and a 

mechanism can be established to alter lamb sex ratios, there is potential to increase the profitability 

of sheep farming systems. For example, increasing the efficiency of breeding replacement ewes for 

first-cross systems, or, depending on the mechanism for the change in sex ratios, increasing the 

proportion of male lambs for prime lamb production systems.  

During the luteal phase of the oestrous cycle P4, released by the CL, supresses oestrus behaviour and 

increases in FSH and LH, which are associated with follicle maturation and ovulation, respectively. 

Prostaglandin F2α is responsible for luteolysis of the CL leading to the cascade of events that result in 

ovulation (Mattos et al., 2000; Senger, 2005). Increased PGF2α synthesis in ewes fed a diet high in n-

6 FA, reported by Gulliver et al. (2013a), may be responsible for the shorter time from oestrous 

synchronisation to behavioural oestrus observed in ewes fed diets high in n-6 FA, reported by 

Clayton, Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015). The mechanism 

for this occurrence may be associated with luteolysis of the CL earlier within dioestrus, induced by 

earlier release, and higher concentrations of PGF2α, compared to ewes fed high n-3 diets. Early 

reduction of plasma P4 concentration resulting from this earlier luteolysis, can allow for early display 
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of behavioural oestrus and mating in ewes. If luteolysis in n-6 fed ewes is occurring earlier in 

dioestrus, while follicles are at an earlier stage of development than normal, the response of these 

follicles to FSH and eventual ovulation may take longer; thus increasing the time between behavioural 

oestrus (and mating) and ovulation compared to ewes fed the n-3 diet. This theory is somewhat 

supported by evidence from Robinson et al. (2002), who found that cows fed a diet high in n-6 trended 

towards having a longer time between LH peak and ovulation compared to cows fed a high n-3 diet 

(P<0.05); however, the variation in time period was much greater in the n-6 compared to the n-3 

group (±4.57 compared to ±0.91h for the n-3 group). Several studies have reported an increase in the 

proportion of female offspring when AI is carried out earlier during oestrus (Verme & Ozoga, 1981; 

Gutierrez-Adan et al., 1999; Martinez et al., 2004), which increases the duration from insemination 

to ovulation. This evidence provides a theoretical link between feeding high n-6 FA, the observed 

shorter time to behavioural oestrus, a longer time from commencement of oestrus to ovulation, and 

an increased proportion of female lambs compared to ewes fed a high n-3 diet, as reported by Clayton, 

Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015). The aim of this study was 

to investigate this theory by using a similar feeding regimen to the previously mentioned studies, 

monitoring ewes to detect timing of behavioural oestrus, monitoring the concentrations of P4 and LH 

in plasma to characterise the timing of hormonal fluctuations during the follicular phase of the 

oestrous cycle and utilising ultrasonography of the ovaries to detect timing of ovulation.  

The diets used by Clayton, Wilkins, Refshauge, et al. (2015), (Clayton, Wilkins, & Friend, 2015) and 

(Gulliver, Friend, King, Wilkins, et al., 2013) differed in FA profiles; however, they differed in other 

dietary components as well. Therefore, it has not yet been determined if the reported observations of 

time of oestrus and lamb sex ratios from these studies were associated with changes in FA profiles 

alone or were due to differing dietary compositions. An additional aim of this study was to address 

this, by measuring FA intake, to further assist with identifying the mechanism behind lamb sex ratio 

alteration and help to refine the method currently used.  

Thus the aims of the current study were to: investigate if ewes fed a diet high in n-6 FA had a higher 

n-6 plasma FA proportion; determine if ewes fed a high n-6 diet had a shorter time to oestrus and if, 

subsequently, the relative timing of hormonal events and ovulation were altered.    
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The hypotheses of the current study were: 

1. Ewes fed a commercial diet high in n-6 (and low in n-3) FA will have an increased n-6 plasma 

FA concentration compared to ewes fed a diet high in n-3 (and low in n-6) FA. 

a. Ewes that have a higher intake of n-6 FA will have a higher proportion of n-6 plasma 

FA. 

2. Ewes fed a commercial diet high in n-6 (low in n-3) FA for six weeks prior to joining will 

have a shorter time from Controlled Internal Drug Release Device (CIDR) removal to the first 

sign of behavioural oestrus for the first natural oestrus (second oestrus after CIDR removal) 

than ewes fed a commercial diet high in n-3 (low in n-6) FA. 

3. Timing of hormonal events will differ when ewes are fed a commercial diet high in n-6 (and 

low in n-3) FA compared to ewes fed a commercial diet high in n-3 (and low in omega-6) FA. 

a. Time from CIDR removal to plasma LH peak (for the second oestrus after CIDR 

removal) will be longer for ewes fed a commercial diet high in n-6 (and low in n-3) 

FA compared to ewes fed a commercial diet high in n-3 (and low in n-6) FA 

b. Time from the first sign of behavioural oestrus (for the second oestrus after CIDR 

removal) to minimum plasma P4 concentration will be longer for ewes fed a 

commercial diet high in n-6 (and low in n-3) FA compared to ewes fed a commercial 

diet high in n-3 (and low in n-6) FA. 

4. Ewes fed a commercial diet high in n-6 (low in n-3) FA will have a significantly longer 

interval between the first sign of behavioural oestrus and ovulation (for the first natural oestrus 

after CIDR removal) than ewes fed a commercial diet high in n-3 (low in n-6) FA.  
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3.2 Materials and Methods: 

3.2.1 Animals: 

The use and care of animals in this study was approved by the Charles Sturt University Animal Care 

and Ethics Committee, protocol number 12/080.  

3.2.1.1 Ewes: 

Forty first-cross (Merino x Border Leicester) ewes were randomly selected from the NSW 

Department of Primary Industries (NSW DPI), Wagga Wagga Agricultural Institute (WWAI) 

commercial sheep flock. All ewes were three years of age with an average liveweight of 84.8 (±0.9) 

kg and fat score of 4.6 (±0.02) before the commencement of the study (see Section 3.2.4.1 for details 

of weighing and fat scoring procedures). Ewes had been used in similar research (Gulliver, Friend, 

King, Wilkins, et al., 2013), approximately two years prior to this study, and were primiparous or 

multiparous. These ewes had been maintained in a small flock of 80 animals, under commercial 

conditions on good pasture; therefore, all ewes in the flock had high body weights and fat scores. 

Thus, it was not the specific intent of to select animals with high fat scores, rather ewes with a 

moderate fat score (compared to the remainder of the flock) were selected. This study was conducted 

at the NSW DPI WWAI Animal Nutrition Unit, Animal House (35o02’57”S 147o19’45”E), which is 

located north of the township of Wagga Wagga, in Southern NSW. Ewes were housed in individual 

pens (1.2 x 1.2 m) for the duration of the experimental period, which commenced in October (late 

Spring) of 2012. Ewes were drenched (IVOMEC® Liquid for Sheep, Merial, Macquarie Park NSW), 

vaccinated (Glanvac® 6, Pfizer Animal Health, Sydney NSW), tagged with an individual ear tag and 

marked with an individual identification number, using tail paint spray on their back for clear 

identification, before entering the study.  

3.2.1.2 Wethers 

Five mature wethers (approximately 2 years of age and 70 kg liveweight) were randomly selected 

from the WWAI commercial sheep flock. Wethers were treated with testosterone enanthate (2 mL 

Ropel Liquid Testosterone, 70 mg/mL, Jurox, Rutherford NSW) via intramuscular injection to 

stimulate mating behaviour; this allowed for the determination of timing of oestrus in the ewes. A 

multiple dose testosterone treatment regimen was implemented, as described by Hart, Croker, 

Davidson, and D'Antuono (2004) (see Appendix 1). In brief, wethers were treated weekly for three 
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weeks leading up to the oestrous detection period and then once a fortnight after the third treatment 

(treatment occurred on experimental days -21, -14, -7 and 7).  

3.2.2 Experimental design 

Ewes were randomly allocated to one of two dietary treatments (n = 20 ewes per diet) and one of two 

blocks within dietary treatment (n = 20 ewes per block, n = 10 ewes per block within dietary 

treatment). Allocation was achieved using a stratified block randomisation procedure with ewes 

stratified to block within dietary treatment according to previous experimental ration, fat score and 

then liveweight. Ewes within dietary treatments and blocks were then randomly allocated to individual 

pens via an additional stratified block randomisation procedure to ensure even spread of ewes from each 

dietary treatment throughout the animal house to remove any potential effects of “pen”; ewe within pen 

was the experimental unit.  

The number of ewes required was determined using a retrospective analysis of outcome measures in 

three previous studies (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 

2015; Clayton, Wilkins, Refshauge, et al., 2015) and a power analysis program (Faul, Erdfelder, 

Lang, & Buchner, 2007). When a compromise analysis was performed, for the comparison of time to 

oestrus with the main effect of treatment using a non-paired t-test analysis, including a medium effect 

size (mean difference in time to oestrus = 0.6 d, SD = 0.9 d, effect size (d) = 0.667), alpha of 0.05 

and a sample size of 20 ewes per treatment, the power was calculated to be 0.8.  

Commencement of experimental feeding was delayed by 8 d between block 1 and block 2 to ensure 

the oestrus detection periods did not overlap between the two blocks. This allowed for uninterrupted 

data collection and oestrus detection over the oestrus detection periods for each block. Total 

experimental feeding time and timing of events (e.g. synchronisation of oestrus) relative to the 

commencement of experimental feeding was the same for the two blocks. A detailed timeline of 

events is provided in Figure 3-1. 
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Figure 3-1: Study timeline illustrating the starting times for block 1 and block 2 (block 2 starting 8 d after block 1), blood sample collection for fatty 

acid analysis and blood sample collection for hormonal analysis over the oestrus detection period (shaded blue).
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3.2.3 Dietary treatments and feeding  

Ewes were fed one of two experimental rations (n = 20 per dietary treatment) formulated 

to provide different concentrations of FA, either high n-3 and low n-6 (silage diet) or high 

n-6 and low n-3 (oats diet), as described in Table 3-1. These diets and the experimental 

design employed in this study were intended to replicate, as closely as possible, studies 

previously carried out by Gulliver, Friend, King, Wilkins, et al. (2013), Clayton, Wilkins, 

Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015) as a continuing 

investigation into their previous findings and the effects of varying dietary concentrations 

of n-3 and n-6 on lamb sex ratios. Throughout the study, ewes were fed their respective 

diets daily between 4:00 pm and 6:00 pm, except during the oestrus detection period when 

diets were fed between 6:00 pm and 8:00 pm. Dietary treatment rations were formulated 

to provide approximately equal intake of energy, protein and lipid content per day. 

Dietary treatments were fed at a level of 1.1 times energy maintenance requirements for 

dry, adult ewes based on ewe liveweight (SCA, 1990). Liveweight was measured 

fortnightly and the feed requirement of each individual ewe was calculated from this 

throughout the study. The DM and quality of the feedstuffs used in the rations was 

analysed at the beginning and approximately half way through the study. These analyses 

assisted in calculating feed required, particularly given the fluctuation in the DM content 

of the silage component of the rations as noted in Section 3.3.1. A commercial mineral 

mix (Mineral premix, AusFarm Nutrition Products) was added to both treatment diets, 

daily, at 10 g/head. For ewes fed the oat dietary treatment, the oats/cottonseed meal 

portion of the ration was fed separately to the silage portion to allow for collection of 

refusals separately so that consumption of FA and daily DM intake could be measured 

more accurately. Feed refusals were collected and weighed daily between 9:00 and 

11:00am. Water was available ad libitum throughout the study. 

Table 3-1: Composition of experimental dietary treatment rations, on a dry matter (DM) basis 

Dietary components 

(DM%) 
Silage diet (High n-3, low n-6) Oat diet (High n-6, low n-3) 

Cereal silage 99.0 21.4 

Oat grain - 70 

Cottonseed meal - 7.5 

Mineral premixA 1.0 1.1 

A Mineral premix (Ausfarm Nutrition Products) containing (DM basis) 36.5% NaCl, 21.9% Ca, 2.1% P, 0.10% K, 2.1% 

S, 3.1% Mg, 52.1 mg/kg Co and 1.04 mg/kg Cu fed at recommended rate of 10 g/head per day. 
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Due to the high proportion of grain used in the final ration for the oat diet, ewes were 

introduced to this experimental ration over a 10-d period at the beginning of the study. 

Introductory diets were calculated based on individual ewe weights, as per the example 

presented in Table 3-2. 

Table 3-2: Introductory rations for the oats dietary treatment, for a ewe weighing 76 kg. Total 

daily dry matter (DM) intake = 0.828 kg 

Days 
Proportion (%) of 

oats in DM intake 

Estimated DM intake (kg/head/d) 

Oats Cotton seed meal Silage 

1-3 20 0.203 0.020 0.791 

4-6 40 0.373 0.037 0.522 

7-9 60 0.517 0.052 0.293 

10 70 0.579 0.066 0.182 

 

3.2.4 Animal measurements and management 

3.2.4.1 Liveweight and fat score 

Ewes were weighed and fat scored upon entering the study, fortnightly for the duration 

of the study and at the end of study. Weighing and fat scoring was conducted in the 

morning prior to feeding. The liveweight of animals was measured to one decimal place 

using electronic scales (Ruddweigh 600®), which were calibrated with a known weight 

prior to weighing animals. The fat score of animals was assessed in the race, immediately 

prior to weighing, according to the NSW Department of Primary Industries protocol 

(White & Holst, 2006). This protocol categorised fat score on a scale of 1 to 5, with 1 

representing an animal in very poor condition and 5 representing an animal in over-fat 

condition. The assessor was not able to be blinded to experimental treatment due to ewes 

being marked for identification of timing of oestrus; however, assessments were made by 

one operator to minimise error.  

3.2.4.2 Blood collection 

Blood samples were collected from ewes via venipuncture of the jugular using an 8 mL 

plastic evacuated serum tube containing lithium heparin (Vacutainer™, Interleuvenlaan 

40, Terumo Corporation, Belgium). Following collection, all samples were immediately 

stored on ice. Blood samples were centrifuged within 3 h after collection, for the 

separation and collection of plasma. Samples were centrifuged at 1500 x g for 10 min and 

plasma decanted into 1.5 mL plastic sample tubes (Eppendorf® microtubes, Sigma-

Aldrich Pty. Ltd, Castle Hill NSW). Plasma samples were collected for both FA analysis, 

and LH and P4 radioimmunoassay (RIA) analysis. Samples for FA analysis were collected 
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immediately prior to the start of the study, fortnightly for the duration of the study and at 

the end of the study. Sample collection was conducted in the mornings prior to ewes being 

fed. Analysis of plasma FA concentration was considered appropriate in this study as 

previous studies have found strong correlations between plasma FA and uterine 

endometrial concentrations, representative of the local uterine FA concentrations (Childs 

et al., 2008). Although some additional information may have been gained from assessing 

FA concentrations at the local uterine site, the intrusive nature of the collection of these 

samples would have significantly compromised other reproductive aspects of this study. 

Samples for LH and P4 RIA analysis were collected approximately every 12 h for the 

duration of the oestrus detection period or until 72 h post oestrus. Samples were collected 

between 7:00 am and 8:00 am and 5:00 pm and 6:00 pm (prior to feeding) daily for this 

period as depicted in Figure 3-1.  

3.2.4.3 Oestrus synchronisation 

Synchronisation of oestrus in ewes was achieved using a CIDR (Eazi-Breed® Sheep and 

Goat Devices, Pfizer Australia Pty Ltd, West Ryde NSW) containing 0.3 g of P4. CIDRs 

were inserted intra-vaginally 10 d after the commencement of experimental feeding and 

were removed 14 d after insertion.  

3.2.4.4 Oestrus detection 

As the commencement of experimental feeding was delayed by 8 d between block 1 and 

block 2, the oestrus detection periods did not overlap between the two blocks. For the 

period of oestrus detection, ewes from the respective block were removed from individual 

pens, between 7:00 am and 9:00 am; during this period blood collection and scanning of 

ovaries was performed, see Sections 3.2.4.2 and 3.2.4.5. Once this had been completed 

for all ewes, ewes were placed in outdoor yards with testosterone-treated wethers at a 

ratio of 5:1 (20% teaser wethers). Ewes were split into groups of 10 based on pen number 

(odd or even pen numbers) and placed in one of two outdoor yards with two testosterone 

treated wethers: ewes were rotated through the yards daily (with wethers remaining in the 

same yard) to ensure there were minimal effects of both pen and wethers on timing of 

oestrus detection. Each morning, before being placed in yards with the ewes, wethers 

were fitted with crayon harnesses to assist with the detection of oestrus. Ewes were 

observed during the day (at approximately two hourly intervals after ewes were moved to 

the group pens) from outside the pens for standing oestrus (either by observing ewes 

standing for the teaser wether, or marks left by the crayons) and again more closely, in 

the race, for marks left by the crayons before being returned to their individual pens. Ewes 
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were returned to their individual pens overnight to eat between 6:00 pm and 8:00 pm. All 

ewes were removed from outdoor pens, with wethers, at the same time and then returned 

to individual pens once blood collection and ultrasounding of ovaries had been 

completed.  

The oestrus detection period was initiated 14 d after CIDR removal (experimental day 

14) for the respective blocks. This period was selected as it was estimated to coincide 

with day 12 of the oestrous cycle for the majority of ewes, allowing for monitoring of 

late-dioestrus and blood LH and P4 profiles. Oestrus detection ceased 48 h after the last 

ewe had stopped displaying signs of oestrus; however, blood collection was continued 

where necessary. Ewes that displayed signs of oestrus immediately after being introduced 

to the rams were considered as having shown the first sign of oestrus the night before 

(while rams and ewes were separated for ewes to consume their experimental rations). 

This strategy helped to account for the period that the ewes and rams were separated 

overnight in the timing of oestrus data. 

3.2.4.5 Transrectal ultrasound for detection of ovulation 

Transrectal real-time ultrasonography using an Ibex Pro Portable Ultrasound System with 

a 3.5 MHz, Sector probe (E. I. Medical, Loveland CO) was performed at approximately 

12 h intervals (between 7:00 and 9:00 am, and 5:00 and 7:00 pm) for the duration of the 

oestrus detection period, or until ovulation had been detected in individual ewes. Ewes 

were restrained in a standing position for ultrasound evaluation using a “VE Sheep 

Machine” (Vesa & Harrington Bros., 1980), allowing the ovarian structures to be 

identified and measured, with particular focus on follicle presence and size. 

 

Figure 3-2: Left: Ewes in individual pens in the animal house, showing ewe number 28 with 

separate bucket for feeding the oats portion of the diet. Also visible is the wooden feeding bin for 
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the silage portion of the treatment ration. Right: Ewe showing behavioural oestrus by standing 

for a teaser wether. 

A procedure similar to that described by Schrick et al. (1993) was used to locate, measure 

and record ovarian structures, as shown in Figure 3-3. Ovulation was determined where 

a large follicle (≥ 3 mm) was recorded in the same location on two or more consecutive 

ultrasound scannings before disappearing. Where ovarian observation did not occur, a not 

assessed (NA) value for ovulation timing was recorded for that ovary. Time of ovulation 

based on ultrasonography was recorded for 50 out of a possible 80 ovaries (62.5%), and 

for at least one ovary in 33 out of 40 ewes (82.5%). 

 
Figure 3-3: Image obtained during transrectal ultrasound evaluation of ewe ovaries, showing an 

ovarian outline and location of two antral follicles. 

 

3.2.5 Feed sample collection and preparation 

Samples of both feed offered and refused were collected daily during the study and stored 

at -20°C. Where ewes were fed the oats dietary treatment, separate samples of the silage 

and oats/cottonseed meal portions of the ration were taken to allow for estimation of DM 

consumption of the two dietary components. At the end of the experimental period, 

samples were bulked across weeks and sub-samples taken, which were then stored at -

20°C until further analysis.  

3.2.6 Laboratory analyses 

3.2.6.1 Feed sample preparation and analysis 

Duplicate sub-samples (approximately 100 g) of each bulked sample were dried in an 

oven at 80˚C for 24 h for the determination of DM and subsequent analysis of quality. 
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These samples were then ground and analysed, via wet chemistry, for crude fat via 

petroleum ether extract (EE) and crude protein (CP) which was calculated from analysis 

of total nitrogen using the Dumas combustion method (AFIA, 2014). Separate duplicate 

sub-samples were also dried at 60°C to allow for extraction and determination of FA, as 

detailed in Section 3.2.6.2.   

3.2.6.2 Fatty acid analysis 

Total FA were extracted from plasma and feed samples using the one-step method of 

Lepage and Roy (1986) with slight modifications, as described previously by Clayton et 

al. (2012). Individual FA methyl esters (FAME) were identified using an Agilent 7890A 

gas chromatograph (GC, Agilent Technologies, Santa Clara, California, USA) with dual 

BPX70 capillary columns (30 m × 0.25 mm i.d. and 0.25 m film thickness; SGE 

Analytical Science, Ringwood, Victoria, Australia) and dual flame ionisation detectors 

(FID), also as described previously (Clayton et al., 2012). Sample FAME peaks were 

identified and quantified in comparison to a standard mixture of genuine FAME (Nu Chek 

Prep, Elysian, MN USA; Supelco Bellefonte, PA and Sigma, St Louis, MO). Peaks were 

analysed using Agilent Chemstations Version B.01.03 and Microsoft Excel via a four 

point standard curve for each FAME, using C19:0 methyl ester as an internal standard for 

plasma FA and C13:0 methyl ester as an internal standard for feed samples.   

In further analyses, the column on which samples were analysed was found to have a 

significant effect on FA concentration when comparing sample repeats over the two 

columns. Additionally, in some samples, coelution of an unknown FA with the C19:0 

internal standard occurred. Adjustments to the integration of the FA were made to attempt 

to remove the coeluting FA; however this was unsuccessful, and column still had an effect 

on FA concentrations. Column was also added into the model used to assess FA 

concentrations as a random effect to try and account for this; however, the effect of 

column on FA concentration was too large to be accounted for by this. As a result, FA 

were converted to molar proportions of total identified FA prior to further analyses. The 

proportion of FA was not affected by column. The intra-assay coefficient of variation 

(CV) ranged from 0.13 to 4.17% for FA with a molar proportion of total FA greater than 

0.60%.  The inter-assay CV between columns ranged from 1.61 to 9.20%, and the inter-

assay CV for duplicate samples run on the same column ranged between 1.63 to 7.01% 

for FA with a molar proportion of total FA greater than 0.60%. As the molar proportion 

of some FA were very small (< 0.60%) the CV from these ranged up to 35.7%. 
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3.2.6.3 Lipid conversion factor  

As it was only possible to determine, via GCFID analysis, the proportion of FA in each 

of the feedstuffs used to formulate the experimental rations, lipid conversion factors 

(LCF) were used to estimate the concentration of FA in the feeds from the known fat 

content and FA proportions of each of the feed components. A LCF was calculated for 

each of the feed components using the expected proportions of lipid types within the total 

lipid of that feed component and the proportion of FA within each of those lipid types, 

taken from the literature, see Section 2.3.1, Table 2-1 and Table 2-2. The LCF was then 

applied to the known total lipid content of each of the feed components, determined via 

wet chemistry as described in Section 3.2.6.1, which estimates the proportion of FA 

within the lipid component of the feed stuff. This was then applied to the known 

proportion of each FA within the feedstuffs to calculate the concentration of each FA 

within the feed component. See example calculation of LCF and concentration of C16:0 

for silage, Figure 3-4.  

 

Figure 3-4: Calculation of lipid conversion factor (LCF) for silage, and calculation of 

concentration of C16:0 in silage from molar proportion of C16:0 in total silage FA and 

calculated LCF. NEFA; non-esterified fatty acids, EE; petroleum ether extract, DM; dry matter. 

 

Calculation of LCF: 

• Average proportion of lipid types in total lipid of silage (Van Ranst, Fievez, 

Vandewalle, De Riek, & Van Bockstaele, 2009): 

o 50% Triacylglycerols 

o 45% NEFA 

o 5% phospholipid 

• Proportion of FA in lipid types (Weihrauch, Posati, Anderson, & Exler, 1977): 

o Tricylglycerols – 95.6% 

o NEFA – 100% 

o Phospholipids – 70.7% 

• LCF for silage:  

(50 * 0.956) + (45 * 1.0) + (5 * 0.707) 

 = 96.335/100 

=096335 

 

Concentration of C16:0 in silage: 

• Total lipid in silage (EE) = 2.5% 

=25 g/kgDM 

• Molar proportion of C16:0 in total identified FA in silage = 21.25% 

=0.2125 

• LCF for silage = 0.963 

• Calculation of concentration of C16:0 

25 * 0.2125 * 0.963 

= 5.12 g of C16:0/kgDM 
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3.2.6.4 Plasma luteinising hormone concentrations  

Plasma LH concentration was measured in duplicate via double antibody RIA, based on 

the technique described by Martin, Tjondronegoro, and Blackberry (1994). Modifications 

to the Martin technique involved substitution of the antiserum R1, with antiserum 

provided by M. Blackberry (University of Western Australia), and ovine LH for standards 

and iodination (NIDDK-oLH-I-4 (AFP-8614B)), which was obtained from Dr Parlow 

(National Hormone and Peptide Program). The limit of detection (LoD) was 0.05 ng/mL. 

The intra-assay CV was estimated in each assay using six replicates of three control 

samples containing 0.36 (4.30%), 0.91 (1.53%) and 1.58 (3.70%) ng/mL. The inter-assay 

CVs were 4.50%, 5.30% and 3.90%, respectively.  

A subset of plasma samples from 20 ewes were selected for plasma LH analysis (block 

1, silage diet n = 3, oats diet n = 7; block 2, silage diet n = 4, oats diet n = 4). Ewes were 

chosen where a complete set of plasma samples were available for at least 24 h before 

oestrus and 48 h after, with additional selection of ewes that had the most accurate oestrus 

detection and ultrasound data available (for example, if a ewe had been observed in 

standing oestrus). Priority was placed on measuring LH in ewes where the complete set 

of blood samples were available to allow for a baseline to be established, providing a 

better chance of identifying the LH peak, and, the most detailed information had already 

been collected to allow for more sensitive time comparisons between time of oestrus and 

LH peak; therefore, the subset of ewes chosen were not able to be randomly stratified 

across block and diet. In this study, detection of an LH peak was considered where plasma 

LH concentration was three standard deviations above the mean basal LH concentration. 

This occurred in all but one ewe, ewe 14, which was removed from the analysis. 

3.2.6.5 Plasma progesterone concentrations 

Plasma P4 concentration was measured in duplicate using an Immunotech RIA 

Progesterone kit (Beckman Coulter Gladesville, NSW 2111, Australia). The LoD for 

these analyses was 0.1 ng/mL, and the intra-assay CV was 1.63% (1.15 ng/mL) and an 

inter-assay CV was 7.07%.  

The same subset of ewes and plasma samples were used for P4 analyses as those used for 

LH analyses (Section 3.2.6.4). In this study, the time of minimum P4 was considered to 

be where plasma P4 was at its lowest concentration before rising again after ovulation, 

due to the presence of a functional CL. Therefore, minimum P4 was defined as the 

occurrence of the lowest P4 concentration where it was followed by an increase in plasma 
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P4 above 1 ng/mL. Ewes 11 and 14 were removed as these criteria were not met. The 

plasma P4 concentrations of ewe 14 remained above 4.72 ng/mL for the duration of the 

oestrus period, while the plasma P4 concentration of ewe 11 did not return to above 1 

ng/mL during the blood sampling period. 

3.2.7 Data analyses 

Data were analysed using R Version 3.2.2, or later, (R Core Team, 2015), with results 

and relationships considered significant where P < 0.050. Changes in experimental ration 

intake, plasma FA proportions, liveweight and fat score over time were analysed by 

repeated measures analysis using the “lme” function in the “nlme” package; the REML 

(restricted maximum likelihood) estimation used ewe as the individual experimental unit. 

Dietary treatment, block and the interaction between diet and block were used as fixed 

effects in the models where significant; and ewe, day and baseline values (for example, 

initial weight) were used as random effects where significant. The significance of random 

effects was determined using the “anova” function in R and by reference to the Akaike 

Information Criterion (AIC). Timing of reproductive events (oestrus, LH peak, minimum 

P4 concentration and ovulation) were analysed using “lme” function in R, again with 

dietary treatment, block and the interaction between diet and block used as fixed effects 

in the models where significant; and ewe was used as a random effect where significant. 

Data were checked for normality and the assumptions associated with these analyses via 

assessment of normal Q-Q plots, histograms, residual plots, sequence plots and the 

Levene’s test using the following functions in R: “qqnorm”, “qqline”, “hist” and 

“leveneTest”.  

For any of these analyses, where block and/or the interaction between diet and block was 

significant, a secondary analysis for the effect of diet within block was performed; this 

was the case for 21 out of 43 FA analysed (particularly the ratio of n-6:n-3) and the timing 

of oestrus. Therefore, to maintain consistency between analyses and allow for comparison 

of dietary effects between dietary treatment groups within block, diet and block were 

maintained in the model where not significant, for all analyses of timing of reproductive 

events. Comparisons between treatment groups were made using Tukey’s pairwise 

comparisons. Relationships between plasma FA and the timing of reproductive events 

and between reproductive events were analysed using the “rcorr” function within the 

“Hmisc” package (Harrell Jr, 2015) via Pearson’s correlation coefficient. 



48 

 

3.3 Results 

3.3.1 Feed quality and intake 

The fat and CP composition of both dietary treatment rations did not vary over the course 

of the experiment. However, the DM percentage of the silage dietary treatment fluctuated 

over the course of the experiment, which was generally reflected in the DM content of 

the refusals. Feed offered was adjusted according to DM percentage at the beginning and 

approximately half way through the study; however, the results of the more 

comprehensive post-experimental feed analyses (results shown in Table 3-3) showed that 

there was greater fluctuation than anticipated or accounted for by these adjustments. The 

DM percentage of the oat dietary treatment was consistent over the experimental period. 

The mean dietary parameters, as calculated from the results of the post-experimental feed 

analysis, of the two dietary treatments are presented in Table 3-3. 

Table 3-3: Average (± SE) composition and intake of experimental rations 

 
Dietary treatment 

Silage (high n-3, low n-6) diet Oat (low n-3, high n-6) diet 

Dry matter (DM) content (%) of diet  40.8 (±0.2) 75.2 (±0.1) 

   

Chemical composition of diet  

Fat (% DM) 2.5 (±0.1) 5.3 (±0.1) 

Crude protein (% DM) 10.6 (±0.4) 9.3 (±0.4) 

Metabolisable energy (MJ/kg DM) 9.6 (±0.1) 11.8 (±0.1) 

   

Feed intake (per hd) 

DM (kg/dy) 0.92 (±0.2) 0.89 (±0.2) 

Metabolisable energy (MJ/d) 8.47 (±0.2) 10.38 (±0.2)* 

Crude protein (g/d) 93.5 (±1.8) 81.85 (±1.7)* 
Significant differences in intake composition between dietary treatments indicated by * (P<0.050). n-3; omega-3, n-6; 

omega-6 

 

Dry matter intake did not differ between dietary treatments (P = 0.372) or blocks (P = 

0.057); however, it did vary over the experimental period (P < 0.001). All interactions 

had significant effects on DM consumption (P < 0.001 for all interactions), except for the 

interaction between dietary treatment and block. Block and dietary treatment were 

retained in the model, despite not having an effect, to show the variation between and 

within treatment groups over the experimental period. Metabolisable energy consumption 

was higher for the oat treatment and was affected by experimental day (P < 0.001 and P 

< 0.001, respectively), but did not differ between blocks. All interactions involving day 

were significant (P < 0.001 for all interactions); the differences in ME consumption 

between diets and replicates varied over the experimental period. Crude protein 
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consumption was higher for the silage dietary treatment and was affected by experimental 

day (P < 0.001 and P < 0.001, respectively). There was no effect of block on CP 

consumption. Again, all interactions involving experimental day were significant (P < 

0.001 for all interactions). The differences in CP consumption between diets and 

replicates varied over the experimental period. 

 
Figure 3-5: Daily dry matter (DM) consumption of experimental rations (kg/head/d). Shaded 

areas indicate standard error of the mean. Significant differences in DM consumption between 

dietary treatment groups on the same experimental day are indicated by differing letters (P < 

0.050). Changes in DM consumption outside the 95% confidence interval of the mean DM 

consumption of each dietary treatment group are indicated by *. 

 

Most differences in DM consumption (P < 0.050) between dietary treatment groups 

occurred in the first 10 d of experimental feeding, as did changes in feed consumption 

outside of the 95% CI of the mean feed consumption for each group, as depicted in Figure 

3-5. Feed consumption then plateaued during the middle of experimental feeding before 

decreasing below the 95% CI for the two silage groups over the oestrus detection period. 

There was also a reduction (P < 0.050) in DM consumption around day 0 and day -8 for 

ewes in the silage treatment groups for blocks 1 and 2, respectively. These experimental 

days equate to the same date, therefore, the silage fed on this day was from the same 

source (or section). It is likely that the silage being fed on this day was spoilt (most likely 

due to aerobic fermentation), which accounts for the reduction in consumption for both 

blocks at the same time. 
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3.3.2 Liveweight and fat score 

As ewe liveweights and fat score were taken on different days for the two blocks, blocks 

were analysed seperately to determine the effect of dietary treatment and time, within 

block. 

Mean ewe liveweight was not affected by dietary treatment (P = 0.587 and P = 0.410, for 

blocks 1 and 2, respectively) or the interaction between dietary treatment and 

experimental day (P = 0.070 and P = 0.378 for blocks 1 and 2, respectively, see Figure 

3-6A). Ewe liveweight did; however, decrease over the experimental period in both 

blocks (P < 0.001, for both blocks). In block 1, liveweight decreased between 

experimental days -27 and -14, and again between experimental days 14 and 25 for both 

dietary treatment groups. In block 2, liveweight decreased between experimental days -

27 and -14 only. Although liveweight changed over the experimental period, there were 

no differences in liveweight between dietary treatments at the same time point. As there 

were no differences between dietary treatment groups at the same time point, liveweight 

was not considered as a significant factor for futher analysis.  

Mean ewe fat score was not affected by dietary treatment (P = 0.241 and P = 0.121, for 

blocks 1 and 2, respectively) or the interaction between dietary treatment and 

experimental day (P = 0.621 and P = 0.675, for blocks 1 and 2 respectively, see Figure 

3-6B). Fat score did not decrease over the experimental period for ewes in block 1 (P = 

0.237) but did decrease for ewes in block 2 (P = 0.021). However, fat score was only 

different between experimental days -35 and 25 (the pre and post trial fat score) for the 

silage diet in block 2 (P = 0.026), when comparing via Tukey’s pair-wise comparisons. 

There were no other differences in fat score either for the same treatment groups over the 

experimental period or between dietary treatment groups (within block) on the same 

experimental day. As there were no differences in fat score between dietary treatments at 

the same time point, fat score was not considered as a significant factor for further 

analysis.  
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Figure 3-6: A) Mean ewe liveweight (kg) over the experimental period. B) Mean ewe fat score 

over the experimental period. Shaded areas indicate standard error of the mean. 

 

3.3.3 Fatty acid composition of dietary treatments 

The five FA that made up the largest component of both experimental rations were the 

same: C16:0, C18:0, C18:1n-9, C18:3n-3 and C18:2n-6 (see Table 3-4), however, the 

proportions of these varied between the dietary rations. For the silage diet, C18:3n-3 and 

then C16:0 accounted for the largest molar proportion and concentration of the ration, 

while C18:1n-9 and then C18:2n-6 made up the largest molar proportion and 

concentration of the oat dietary ration. 

 

3.3.4 Plasma fatty acid composition 

The proportion of some plasma FA, and the ratio of n-6:n-3, were affected by block or 

the interactions between block and diet or time. Therefore, block was retained in all 

analyses and the mean plasma FA proportion reported for each treatment group within 

block to allow for completeness of Error! Reference source not found. to Error! 
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Reference source not found. and to allow for comparison between FA between dietary 

treatment groups.  

Total plasma SFA proportion did not differ between dietary treatment groups prior to the 

start of experimental (Experimental day -24, see Error! Reference source not found.). 

Total plasma SFA proportion was affected by diet, time and the interactions between diet 

and time, and diet, block and time. Individual plasma SFA were affected differently by 

diet. Because plasma SFA proportion changed over time for some treatment groups and 

not others, there were differences in plasma SFA proportion between treatment groups 

for the same sample collection time. 

Total plasma proportion of SFA decreased after the pre-feeding plasma sample for the 

oat treatment group in both blocks but increased in both the silage treatment groups. 

Plasma SFA proportion was also affected by the random effect of ewe (P = 0.015) but 

was not affected by SFA intake (g/d, which varied due to individual ewe DM 

consumption, P = 0.166). 

Total plasma MUFA proportion did not differ between dietary treatment groups prior to 

the start of experimental feeding (Experimental day -24), see Error! Reference source 

not found.. However, the plasma FA proportions of some individual MUFA varied 

between dietary treatments prior to the start of experimental feeding. Total plasma MUFA 

proportion was affected by diet, time, the interaction between diet and time, and the 

interaction between diet, block and time. Plasma MUFA proportion was not affected by 

intake of MUFA or the interaction between intake and diet; however, the effect of ewe 

was significant when included as a random effect (P = 0.020). Total plasma MUFA 

proportion increased after the pre-feeding plasma sample for both the silage treatment 

groups, but only increased in the oat group in block 2 between the final two plasma 

samples. As plasma MUFA proportion changed over time, there were differences in 

plasma MUFA proportions between treatment groups for the same sample collection 

time. Proportions of individual plasma MUFA were affected differently by diet, block, 

time and the interactions between these factors.  
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Table 3-4: Fatty acid concentration (g/kg DM) and molar proportion (molar percentage of total 

identified fatty acids) of the experimental rations. 

Fatty Acid 
Molar proportion (%) Concentration (g/kg DM)A 

Silage diet Oats diet Silage diet Oats diet 

C12:0 2.48 0.56 0.59 0.14 

C14:0 1.27 0.48 0.31 0.16 

C16:0 21.04 17.55 5.07 7.09 

C18:0 2.63 2.05 0.63 0.82 

C20:0 0.68 0.30 0.17 0.11 

C22:0 0.79 0.24 0.19 0.08 

C24:0 0.51 0.11 0.13 0.03 

Total SFA 28.90 21.19 6.96 8.40 
 

    
C16:1n-7 0.21 0.19 0.05 0.08 

C18:1n-7t 0.10 0.04 0.02 0.01 

C18:1n-9 15.50 30.95 3.73 13.54 

C18:1n-7 0.56 0.71 0.14 0.30 

C20:1n-9 0.35 0.55 0.08 0.23 

Total MUFA 16.72 32.44 4.03 14.17 
 

    
C18:3n-3 35.74 8.46 8.60 2.20 

Total n-3 35.74 8.46 8.60 2.20 
 

    
C18:2n-6 17.04 29.16 4.10 12.64 

C20:2n-6 0.09 0.03 0.02 0.01 

Total n-6 17.13 29.20 4.13 12.65 
 

    
Total PUFA 52.88 37.66 12.73 14.86 

Total FA 99.00 91.40 23.84 37.45 

n-6:n-3 0.48 3.45 0.48 5.76 
A Concentrations are estimates calculated from the fat content of the feeds and lipid conversion factor 

(LCF.) The fat content of the feed was analysed using petroleum either extract (EE), see section 3.2.6.1 for 

more detail. The LCF were calculated based on average lipid compositions from published data and average 

LCF from published data, see section 3.2.6.3 for more detail. FA; fatty acids; PUFA: polyunsaturated fatty 

acids, SFA; saturated fatty acids, MUFA; monounsaturated fatty acids; n-3; omega-3   
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Table 3-5: Mean (± SE) molar proportion of saturated fatty acids (SFA; from total identified fatty acid) in the plasma of ewes prior to feeding experimental diets (experimental 

day -24), after the commencement of experimental feeding (experimental day -14), at Controlled Internal Drug Release Device (CIDR) removal (experimental day 0) and at the 

conclusion of the first natural oestrus (experimental day 25). 

Group Day C12:0 C14:0 IsoC15:0 
Anteiso 
C15:0 

C15:0 C16:0 IsoC17:0 
Anteiso 
C17:0 

C17:0 C18:0 C20:0 C22:0 C23:0 C24:0 Total SFA 

Silage 

diet 

(block 1) 

n = 20 

-24 
0.22 

(±0.04) 

1.49 

(±0.08)ab 

0.43 
(±0.02) 

0.65 

(±0.03)a 

1.05 

(±0.05)a 

17.66 

(±0.33)a 

1.28 
(±0.04) 

1.22 
(±0.12) 

1.70 
(±0.04) 

18.74 

(±0.43)a 

0.16 
(±0.02) 

0.27 
(±0.01) 

0.96 

(±0.02)a 

0.41 

(±0.01)a 

46.24 
(±0.58) 

-14 
0.17 

(±0.04) 

1.25 

(±0.07)a
xy 

0.38 
(±0.02) 

0.35 

(±0.02)ab 

0.94 

(±0.04)ab 

18.68 

(±0.30)b 

0.87 

(±0.03)a 

1.45 

(±0.11)a 

1.29 
(±0.04) 

19.25 

(±0.40)b 

0.16 
(±0.01) 

0.30 
(±0.01) 

0.80 
(±0.02) 

0.38 

(±0.01)b 

46.25 

(±0.54)xy 

0 
0.44 

(±0.04)a
xy 

1.59 

(±0.08)b 

0.41 
(±0.02) 

0.43 

(±0.03)b 

1.02 

(±0.05)b 

18.50 

(±0.33)b 

1.00 
(±0.03) 

1.75 

(±0.12)a 

1.25 
(±0.04) 

19.00 

(±0.39)ab 

0.17 
(±0.01) 

0.25 
(±0.01) 

0.56 
(±0.03) 

0.33 

(±0.01)ab 

46.70 
(±0.56) 

25 
0.40 

(±0.04)a 

1.38 

(±0.08)ab 

0.31 

(±0.02)a 

0.35 

(±0.03)a 

0.80 

(±0.05)a
x 

19.36 

(±0.33)ab 

0.97 

(±0.04)b 

1.35 
(±0.12) 

1.30 

(±0.04)a 

19.36 

(±0.43)b 

0.18 
(±0.02) 

0.24 
(±0.01) 

0.53 
(±0.02) 

0.31 

(±0.01)b 

46.84 

(±0.58)x 

Oat diet 

(block 1) 

n = 20 

-24 
0.21 

(±0.04)a 

1.57 

(±0.08)a 

0.40 

(±0.02) a 

0.52 

(±0.03)a
x 

0.99 

(±0.05)a 

18.04 

(±0.32)a 

1.14 

(±0.04)x 

1.38 

(±0.12)a 

1.62 
(±0.04) 

18.46 
(±0.42) 

0.16 
(±0.01) 

0.24 

(±0.01)x 

0.88 

(±0.02)x 

0.38 

(±0.01)a
x 

45.99 

(±0.56)a 

-14 
0.16 

(±0.04)a 

1.03 

(±0.08)b
xz 

0.19 

(±0.02) x 

0.23 

(±0.03)x 

0.55 

(±0.05)x 

18.72 
(±0.33) 

0.62 

(±0.04)a
x 

0.46 

(±0.12)x 

0.91 

(±0.04)a
x 

22.96 

(±0.43)ab
x 

0.16 
(±0.02) 

0.24 

(±0.01)x 

0.66 

(±0.02)a
x 

0.29 

(±0.01)b
x 

47.19 

(±0.58)a
x 

0 
0.38 

(±0.05)b
xy 

0.75 

(±0.08)x 

0.22 

(±0.02)x 

0.26 

(±0.03)x 

0.53 

(±0.05)x 

17.93 
(±0.35) 

0.62 

(±0.04)x 

0.15 

(±0.12)x 

0.73 

(±0.04)b
x 

23.22 

(±0.41)a
x 

0.16 
(±0.02) 

0.20 

(±0.01)x 

0.46 

(±0.03)b
x 

0.25 

(±0.01)b
x 

45.85 

(±0.61)ab
y 

25 
0.31 

(±0.05)ab 

0.61 

(±0.08)x 

0.17 

(±0.02)x 

0.23 

(±0.03)x 

0.56 

(±0.05)y 

17.53 

(±0.35)b
x 

0.68 

(±0.04)b
x 

0.16 

(±0.13)x 

0.80 

(±0.04)a
x 

21.73 

(±0.45)b
x 

0.16 
(±0.02) 

0.24 

(±0.01)x 

0.50 

(±0.03)ab 

0.28 

(±0.01)ab 

43.96 

(±0.61)b
y 

Silage d 

iet (block 
2) 

n = 20 

-24 
0.17 

(±0.04) 

1.28 

(±0.08)a 

0.29 

(±0.02)x 

0.32 

(±0.02)a 

1.00 
(±0.05) 

20.08 

(±0.32)a 

0.80 
(±0.04) 

0.69 
(±0.12) 

1.30 
(±0.04) 

17.54 

(±0.47)a 

0.16 
(±0.02) 

0.26 
(±0.01) 

0.80 

(±0.02)a 

0.36 

(±0.01)a 

45.06 

(±0.58)a 

-14 
0.26 

(±0.04) 

1.47 

(±0.08)ab
y 

0.38 

(±0.02)a 

0.39 

(±0.02)ab 

0.91 
(±0.05) 

18.79 

(±0.31)b 

0.93 

(±0.04)a 

1.55 

(±0.12)a 

1.30 
(±0.04) 

19.48 

(±0.45)b 

0.14 
(±0.01) 

0.25 
(±0.01) 

0.60 
(±0.02) 

0.32 

(±0.01)b 

46.77 

(±0.56)ab
x 

0 
0.48 

(±0.04)a
x 

1.72 

(±0.08) b 

0.40 

(±0.02)a 

0.42 

(±0.02)b 

0.90 
(±0.05) 

18.69 

(±0.32)b 

0.97 
(±0.04) 

1.73 

(±0.12)a 

1.24 
(±0.04) 

19.07 

(±0.47)ab 

0.15 
(±0.01) 

0.25 
(±0.01) 

0.55 
(±0.02) 

0.33 

(±0.01)ab 

46.91 

(±0.58)b 

25 
0.46 

(±0.04)a 

1.22 

(±0.08)a 

0.29 
(±0.02) 

0.32 

(±0.02)a 

0.66 

(±0.05)a
xy 

19.71 

(±0.31)ab 

0.76 
(±0.04) 

0.92 

(±0.12)x 

1.05 

(±0.04)a 

19.20 

(±0.45)b 

0.14 
(±0.01) 

0.25 
(±0.01) 

0.54 
(±0.02) 

0.31 

(±0.01)b 

45.84 

(±0.56)ab
xy 

Oat diet 

(block 2) 

n = 20 

-24 
0.18 

(±0.04)a 

1.55 

(±0.08) a 

0.39 
(±0.02) 

0.39 

(±0.02)a
x 

1.13 

(±0.05)a 

20.03 

(±0.31)a 

0.88 

(±0.04)ab 

0.88 

(±0.12)a 

1.37 
(±0.04) 

17.91 
(±0.45) 

0.20 

(±0.01)a 

0.26 
(±0.01) 

0.75 
(±0.02) 

0.35 

(±0.01)a 

46.25 

(±0.56)a 

-14 
0.19 

(±0.04)a 

0.85 

(±0.08) z 

0.19 

(±0.02)a
x 

0.25 

(±0.02)x 

0.56 

(±0.05)x 

18.14 
(±0.32) 

0.71 

(±0.04)a
x 

0.44 

(±0.12)x 

0.87 

(±0.04)a
x 

21.28 

(±0.47)ab
x 

0.14 

(±0.02)b 

0.25 
(±0.01) 

0.60 

(±0.02)a 

0.30 

(±0.01)b 

44.75 

(±0.58)ab
y 

Oat diet 

(block 2) 

n = 20 

0 
0.31 

(±0.04)ab
y 

0.71 

(±0.07)x 

0.20 

(±0.02)ab
x 

0.27 

(±0.02)x 

0.51 

(±0.05)x 

18.07 
(±0.30) 

0.73 

(±0.04)x 

0.16 

(±0.11)x 

0.72 

(±0.04)b
x 

22.54 

(±0.41)a
x 

0.17 

(±0.01)ab 

0.26 
(±0.01) 

0.52 

(±0.02)b 

0.30 

(±0.01)b 

45.49 

(±0.59)ab
y 

25 
0.43 

(±0.04)b 

0.83 

(±0.08)x 

0.26 

(±0.02)b 

0.29 
(±0.02) 

0.52 

(±0.05)y 

18.25 

(±0.32)x 

0.75 

(±0.04)b 

0.43 

(±0.12)x 

0.89 

(±0.04)a
x 

19.88 

(±0.44)b 

0.14 

(±0.02)b 

0.26 
(±0.01) 

0.53 

(±0.02)ab 

0.32 

(±0.01)ab 

43.80 

(±0.59)b
y 

P-values D1 0.020 <0.001 <0.001 
B1=0.001, 
B2= 0.014 

<0.001 
B1=0.171, 
B2=0.014 

B1=<0.001, 
B2=0.010 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=0.001 

0.798 
B1=0.001, 
B2=0.673 

B1=0.364, 
B2=0.673 

B1=<0.001, 
B2=0. 371 

0.034 
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Group Day C12:0 C14:0 IsoC15:0 
Anteiso 
C15:0 

C15:0 C16:0 IsoC17:0 
Anteiso 
C17:0 

C17:0 C18:0 C20:0 C22:0 C23:0 C24:0 Total SFA 

B 0.137 0.675 0.205 NA 0.18 NA NA NA NA NA 0.318 NA NA NA 0.195 

T <0.001 <0.001 <0.001 
B1=<0.001, 
B2=0.075 

<0.001 
B1=0.019, 
B2=<0.001 

B1=<0.001, 
B2=0.033 

B1=<0.001, 
B2=0.019 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=<0.001 

0.219 
B1=<0.001, 
B2=0.729 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=<0.001 

0.007 

D*B 0.511 0.717 0.066 NA 0.098 NA NA NA NA NA 0.182 NA NA NA 0.622 

D*T 0.257 <0.001 <0.001 
B1=0.685, 
B2=<0.001 

<0.001 
B1=0.001, 
B2=0.154 

B1=0.002, 
B2=<0.001 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=<0.001 

B1=<0.001, 
B2=0.001 

0.459 
B1=<0.001, 
B2=0.383 

B1=0.055, 
B2=0.626 

B1=0.016, 
B2=0. 105 

0.001 

B*T 0.126 0.346 <0.001 NA 0.134 NA NA NA NA NA 0.089 NA NA NA 0.702 

D*B*T 0.483 0.001 0.017 NA 0.639 NA NA NA NA NA 0.693 NA NA NA 0.008 

Superscripted letters indicate changes (P < 0.050) in fatty acid proportion over time within treatment group. Subscripted letters indicate differences (P < 0.050) between treatment groups on the 

same experimental day. 1 P-values for the effect of diet (D), block (B) and time (T), and the interactions between these where block did not have an effect on the model. Where block was 

significant, a secondary analysis was conducted for the effect of diet within each block (block 1 = B1, block 2 = B2).  
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Table 3-6: Mean (± SE) proportion of monounsaturated fatty acids (MUFA; from total identified fatty acid) in the plasma of ewes prior to feeding experimental diets 

(experimental day -24), after the commencement of experimental feeding (experimental day -14), at Controlled Internal Drug Release Device (CIDR) removal (experimental 

day 0) and at the conclusion of the first natural oestrus (experimental day 23). 
Group Day C14.1n.5 C15.1n.5 C16.1n.7 C17.1n.7 C18.1n.9t C18.1n.9 C18.1n.7 C20.1n.9 C22.1n.9 C24.1n.9 MUFA 

Silage 
diet 

(block 1) 

n = 20 

-24 0.05 (±0.01)a 0.03 (±0.00)x 1.80 (±0.05)xy 0.24 (±0.01)ab 0.35 (±0.04) 18.68 (±0.63) 0.62 (±0.02)a 0.23 (±0.02)a 0.02 (±0.00)a 0.34 (±0.02)xy 22.36 (±0.67) 

-14 0.03 (±0.01)ab 0.04 (±0.00) 1.45 (±0.05)a
xy 0.19 (±0.01)ab 0.24 (±0.03) 20.16 (±0.58)xy 0.50 (±0.02) 0.13 (±0.02) 

0.04 

(±0.00)b
x 

0.56 (±0.02)a
x 23.34 (±0.62)xy 

0 0.06 (±0.01)c 0.06 (±0.00)a 1.62 (±0.05) 0.21 (±0.01)a 0.35 (±0.04) 23.35 (±0.61)a 0.45 (±0.02) 0.08 (±0.02) 0.03 (±0.00)ab 0.48 (±0.02)b 26.68 (±0.65)a 

25 0.05 (±0.01)bc 0.04 (±0.00) 1.67 (±0.05) 0.19 (±0.01)b 0.42 (±0.04) 24.73 (±0.63)a
x 0.47 (±0.02) 0.08 (±0.02) 0.02 (±0.00)a 0.45 (±0.02)b 28.13 (±0.67)a

x 

Oats diet 

(block 1) 

n = 20 

-24 0.04 (±0.01) 0.03 (±0.00)x 1.92 (±0.05)a
x 0.21 (±0.01)a

x 0.34 (±0.04) 18.87 (±0.61) 0.68 (±0.02) 0.22 (±0.02)a 0.02 (±0.00) 0.31 (±0.02)a
x 22.63 (±0.65) 

-14 0.03 (±0.01) 0.03 (±0.00) 1.24 (±0.05)z 0.12 (±0.01)x 0.39 (±0.04)x 18.06 (±0.63)x 0.57 (±0.02)a 0.13 (±0.02) 
0.03 

(±0.00)xy 
0.46 (±0.02)b

y 21.06 (±0.67)x 

0 0.04 (±0.01)x 0.04 (±0.00)a 1.27 (±0.06)x 0.12 (±0.01)x 0.29 (±0.04) 18.83 (±0.66)x 
0.54 

(±0.02)b
x 

0.06 (±0.02) 0.03 (±0.00) 0.32 (±0.03)ac
x 21.56 (±0.70)x 

25 0.03 (±0.01)a
x 0.04 (±0.00)a 1.20 (±0.06)x 0.14 (±0.01)x 0.36 (±0.04) 19.65 (±0.66)y 0.49 (±0.02)ab 0.07 (±0.02) 0.03 (±0.00) 0.39 (±0.03)bc 22.39 (±0.70)y 

Silage 
diet 

(block 2) 

n = 20 

-24 0.03 (±0.01)a 0.04 (±0.00)ab
xy 1.55 (±0.05)z 0.18 (±0.01)ab 0.27 (±0.04) 19.80 (±0.63)a 0.62 (±0.02)a 0.08 (±0.02)a

x 0.03 (±0.00) 0.41 (±0.02)a
y 23.01 (±0.67)a 

-14 0.05 (±0.01)ab 0.04 (±0.00)a 1.63 (±0.05)x 0.18 (±0.01)ab 0.27 (±0.04) 21.50 (±0.61)ab
y 0.53 (±0.02) 0.16 (±0.02)b 0.02 (±0.00)y 0.48 (±0.02)ab

xy 24.85 (±0.65)ab
y 

0 0.09 (±0.01)c 0.05 (±0.00)b 1.72 (±0.05) 0.21 (±0.01)a 0.30 (±0.04) 23.60 (±0.63)c 0.48 (±0.02) 0.11 (±0.02)ab 0.02 (±0.00) 0.50 (±0.02)b 27.08 (±0.67)c 

25 0.07 (±0.01)bc 0.04 (±0.00)a 1.56 (±0.05) 0.16 (±0.01)b 0.33 (±0.04) 23.33 (±0.61)bc
xz 0.49 (±0.02) 0.09 (±0.02)ab 0.02 (±0.00) 0.42 (±0.02)ab 26.52 (±0.65)bc

xz 

Oats diet 
(block 2) 

n = 20 

-24 0.03 (±0.01) 0.05 (±0.00)a
y 1.66 (±0.05)a

yz 0.20 (±0.01)a 0.36 (±0.04) 18.91 (±0.61) 0.62 (±0.02) 0.11 (±0.02)x 0.03 (±0.00) 0.36 (±0.02)xy 22.32 (±0.65) 

-14 0.04 (±0.01) 0.04 (±0.00)b 1.38 (±0.05)yz 0.13 (±0.01)x 0.27 (±0.04) 19.39 (±0.63)xy 0.55 (±0.02)a 0.14 (±0.02) 0.02 (±0.00)y 0.40 (±0.02)y 22.36 (±0.67)xy 

0 0.06 (±0.01) 0.05 (±0.00)ab 1.24 (±0.05)x 0.14 (±0.01)x 0.26 (±0.04) 18.19  (±0.60)x 0.44 (±0.02)b 0.10 (±0.02) 0.03 (±0.00) 0.42 (±0.02) 20.92 (±0.68)x 

25 0.10 (±0.01)a 0.04 (±0.00)ab 1.35 (±0.05)x 0.15 (±0.01) 0.32 (±0.04) 21.81 (±0.64)a
yz 0.49 (±0.02)ab 0.09 (±0.02) 0.02 (±0.00) 0.44 (±0.02) 24.82 (±0.68)a

yz 

P-values 1 

D 
B1=0.008, 
B2=0. 774 

0.266 <0.001 
B1=<0.001, 
B2=0. 007 

B1=0.690, 
B2=0. 803 

<0.001 
B1=0.008, 
B2=0. 838 

0.965 0.883 <0.001 <0.001 

B NA 0.089 0.658 NA NA 0.0218 NA 0.13 0.378 0.532 0.313 

T 
B1=0.001, 
B2=<0.001 

<0.001 <0.001 
B1=<0.001, 
B2=<0.001 

B1=0.138, 
B2=0.434 

<0.001 
B1=<0.001, 
B2=<0.001 

<0.001 0.024 <0.001 <0.001 

D*B NA 0.181 0.937 NA NA 0.789 NA 0.787 0.433 0.194 0.783 

D*T 
B1=0.198, 
B2=0. 077 

0.002 <0.001 
B1=0.002, 
B2=<0.001 

B1=0.012, 
B2=0.359 

<0.001 
B1=0.361, 
B2=0.359 

0.914 0.354 0.005 <0.001 

B*T NA <0.001 <0.001 NA NA 0.208 NA <0.001 <0.001 <0.001 0.218 

D*B*T NA 0.685 0.017 NA NA 0.008 NA 0.704 0.36 0.255 0.006 

Superscripted letters indicate changes (P < 0.050) in fatty acid proportion over time within treatment group. Subscripted letters indicate differences (P < 0.050) between treatment groups on the 

same experimental day. 1 P-values for the effect of diet (D), block (B) and time (T), and the interactions between these where block did not have an effect on the model. Where block was 

significant, a secondary analysis was conducted for the effect of diet within each block (block 1 = B1, block 2 = B2). 
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Table 3-7: Mean (± SE) proportion of omega-3 (n-3) fatty acids (from total identified fatty acid) in the plasma of ewes prior to feeding experimental diets (experimental 

day -24), after the commencement of experimental feeding (experimental day -14), at Controlled Internal Drug Release Device (CIDR) removal (experimental day 0) 

and at the conclusion of the first natural oestrus (experimental day 23). 
Group Day C18.3n.3 C20.3n.3 C20.5n.3 C22.5n.3 C22.6n.3 n-3 

Silage diet (block 1)  

n = 20 

-24 5.77 (±0.19) 0.04 (±0.00)a 1.58 (±0.11)xy 1.79 (±0.08) 0.88 (±0.07)a 10.07 (±0.31)ab 

-14 4.67 (±0.18) 0.05 (±0.00)bc 2.35 (±0.1)a 2.43 (±0.07)a 1.45 (±0.06)ab 10.94 (±0.29)a 

0 4.54 (±0.16) 0.05 (±0.00)ab 1.95 (±0.11)b 2.03 (±0.07)b 1.49 (±0.07)b 10.04 (±0.30)ab 

25 3.81 (±0.19)a 0.04 (±0.00)c 2.18 (±0.11)ab 1.83 (±0.08)c
x 1.47 (±0.07)ab 9.33 (±0.31)b

x 

Oats diet (block 1) 

n = 20 

-24 5.61 (±0.19) 0.04 (±0.00)a 1.57 (±0.11)a
x 1.72 (±0.08) 0.92 (±0.06) 9.86 (±0.30) 

-14 2.36 (±0.19)a
x 0.03 (±0.00)x 2.00 (±0.11)b 1.91 (±0.08)a

x 1.25 (±0.07)x 7.55 (±0.31)a
x 

0 1.36 (±0.17)b
x 0.03 (±0.00)x 1.30 (±0.11)ac

x 1.27 (±0.08)b
x 1.05 (±0.07)x 5.02 (±0.33)b

x 

25 1.54 (±0.20)a
x 0.03 (±0.00) 1.12 (±0.11)c

y 1.32 (±0.08)b
x 1.29 (±0.07) 5.30 (±0.33)b

y 

Silage diet (block 2) 

n = 20 

-24 4.22 (±0.22) 0.06 (±0.00)a 1.98 (±0.11)ab
y 2.73 (±0.08) 1.32 (±0.06)a 10.31 (±0.31) 

-14 4.54 (±0.21) 0.05 (±0.00)bc 2.09 (±0.11)a 2.37 (±0.08)a 1.45 (±0.06)ab 10.49 (±0.30) 

0 4.24 (±0.22) 0.05 (±0.01)ab 1.95 (±0.11)ab 2.11 (±0.08)b 1.61 (±0.06)b 9.96 (±0.31) 

25 3.24 (±0.21)a 0.04 (±0.00)c 1.68 (±0.11)b
z 1.72 (±0.08)c 1.43 (±0.06)ab 8.12 (±0.30)a

z 

Oats diet (block 2) 

n = 20 

-24 4.45 (±0.21) 0.06 (±0.00)a 1.91 (±0.11)xy 2.40 (±0.08)x 1.33 (±0.06) 10.15 (±0.30) 

-14 2.30 (±0.22)a
x 0.04 (±0.00)x 1.97 (±0.11) 1.84 (±0.08)a

x 1.28 (±0.06) 7.42 (±0.31)a
x 

0 1.48 (±0.20)b
x 0.04 (±0.00)x 1.52 (±0.10)a

x 1.45 (±0.07)b
x 1.29 (±0.06)x 5.77 (±0.29)b

x 

25 2.23 (±0.22)a
x 0.03 (±0.00) 1.29 (±0.11)a

yz 1.36 (±0.08)b
x 1.34 (±0.06) 6.27 (±0.32)b

y 

p-values 

D B1=<0.001, B2=<0. 001 B1=<0.001, B2=0. 017 <0.001 B1=<0.001, B2=<0. 001 B1=0.018, B2=0.013 <0.001 

B NA NA 0.781 NA NA 0.667 

T B1=<0.001, B2=<0.001 B1=0.171, B2=<0.001 <0.001 B1=<0.001, B2=<0.001 B1=<0.001, B2=0. 253 <0.001 

D*B NA NA 0.112 NA NA 0.064 

D*T B1=<0.001, B2=<0.001 B1=0.005, B2=0.020 <0.001 B1=<0.001, B2=0.056 B1=<0.001, B2=0.040 <0.001 

B*T NA NA <0.001 NA NA 0.285 

D*B*T NA NA 0.024 NA NA 0.029 

Superscripted letters indicate changes (P < 0.050) in fatty acid proportion over time within treatment group. Subscripted letters indicate differences (P < 0.050) between treatment 

groups on the same experimental day. 1 P-values for the effect of diet (D), block (B) and time (T), and the interactions between these where block did not have an effect on the model. 

Where block was significant, a secondary analysis was conducted for the effect of diet within each block (block 1 = B1, block 2 = B2)
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Table 3-8: Mean (± SE) proportion of omega-6 (n-6) fatty acids (from total identified fatty acid) in the plasma of ewes prior to feeding experimental diets (experimental 

day -24), after the commencement of experimental feeding (experimental day -14), at Controlled Internal Drug Release Device (CIDR) removal (experimental day 0) 

and at the conclusion of the first natural oestrus (experimental day 23). 
Group Day C18.2n.6t C18.2n.6 C18.3n.6 C20.2n.6 C20.3n.6 C20.4n.6 C22.4n.6 C22.5n.6 n-6 PUFA Ratio n-6:n-3 

Silage diet 

(block 1) 

n = 20 

-24 0.07 (±0.01)a 18.34 (±0.87) 0.56 (±0.03)a 0.08 (±0.01) 0.34 (±0.01)a 1.81 (±0.10) 0.09 (±0.01)xz 0.04 (±0.01)x 21.33 (±0.87) 31.40 (±0.86) 2.12 (±0.2)ab 

-14 0.04 (±0.00) 15.27 (±0.78)a 0.35 (±0.02)ab 0.05 (±0.01) 0.25 (±0.01) 3.42 (±0.10)a 0.09 (±0.00)x 0.03 (±0.01) 19.49 (±0.79) 30.40 (±0.79)xy 1.79 (±0.18)a 

0 0.03 (±0.01) 12.47 (±0.83)b 0.30 (±0.03)b 0.06 (±0.01) 0.22 (±0.01) 3.37 (±0.09)a 0.07 (±0.01)a 0.05 (±0.01) 16.57 (±0.84)a 26.62 (±0.83)a 1.65 (±0.10)a 

25 0.03 (±0.01) 11.83 (±0.87)b 0.31 (±0.03)b 0.08 (±0.01) 0.22 (±0.01) 3.12 (±0.10) 0.06 (±0.01)a 0.06 (±0.01) 15.7 (±0.87)a 25.03 (±0.86)a 2.81 (±0.25)b 

Oats diet 

(block 1) 

n = 20 

-24 0.07 (±0.00)a 18.64 (±0.83) 0.56 (±0.03)a 0.1 (±0.01)a 0.35 (±0.01) 1.75 (±0.10)a 0.08 (±0.01)x 0.04 (±0.01)xy 21.57 (±0.84) 31.37 (±0.83) 2.22 (±0.19) 

-14 0.03 (±0.01) 20.77 (±0.87)x 0.30 (±0.03)ab 0.04 (±0.01)b 0.26 (±0.01)a 2.69 (±0.10)ab
x 0.08 (±0.01)xy 0.02 (±0.01) 24.19 (±0.87)x 31.74 (±0.86)x 3.21 (±0.20)a

x 

0 0.03 (±0.01) 24.51 (±0.91)a
x 0.30 (±0.03)ab 0.04 (±0.01)b 0.20 (±0.02)b 2.46 (±0.10)b

x 0.05 (±0.01)a 0.02 (±0.01) 27.61 (±0.92)a
x 32.57 (±0.90)x 5.51 (±0.10)ab

x 

25 0.02 (±0.01) 25.02 (±0.91)a
x 0.30 (±0.03)b 0.05 (±0.01)ab 0.21 (±0.02)b 2.69 (±0.11)ab

x 0.06 (±0.01)a 0.03 (±0.01) 28.37 (±0.92)a
x 33.62 (±0.90)x 5.37 (±0.21)b

x 

Silage Diet 
(block 2) 

n = 20 

-24 0.04 (±0.00) 17.63 (±0.87)a 0.40 (±0.02)a 0.12 (±0.01)a 0.35 (±0.01)a 2.87 (±0.11) 0.12 (±0.01)y 0.09 (±0.01)a
yz 21.62 (±0.87)a 31.93 (±0.86)a 2.10 (±0.20)ab 

-14 0.05 (±0.00) 13.77 (±0.83)bc 0.35 (±0.02)ab 0.05 (±0.01) 0.25 (±0.01)b 3.39 (±0.11)a 0.09 (±0.01)a
x 0.03 (±0.01)b 17.9 (±0.84)bc 28.39 (±0.83)y 1.72 (±0.19)a 

0 0.04 (±0.00) 11.74 (±0.87)b 0.31 (±0.02)b 0.05 (±0.01) 0.05 (±0.01)bc 3.56 (±0.11)a 0.07 (±0.01)b 0.04 (±0.01)ab 16.04 (±0.87)b 26.00 (±0.86) 1.61 (±0.20)a 

25 0.02 (±0.00)a 15.96 (±0.83)ac
y 0.31 (±0.02)b 0.04 (±0.01) 0.20 (±0.01)c 2.99 (±0.11) 0.06 (±0.01)b 0.03 (±0.01)b 19.55 (±0.84)ac

y 27.63 (±0.83) 2.81 (±0.19)b 

Oats Diet 

(block 2) 

n = 20 

-24 0.04 (±0.00)a 17.55 (±0.83)a 0.37 (±0.02)a 0.13 (±0.01)a 0.39 (±0.01)a 2.57 (±0.11)a 0.10 (±0.01)a
z 0.11 (±0.01)a

z 21.26 (±0.84)a 31.43 (±0.83) 2.10 (±0.19) 

-14 0.02 (±0.00)x 21.92 (±0.87)x 0.34 (±0.02)ab 0.04 (±0.01) 0.25 (±0.01) 2.82 (±0.11)ab
x 0.06 (±0.01)y 0.03 (±0.01) 25.47 (±0.87)x 32.89 (±0.86)x 3.46 (±0.20)a

x 

0 0.02 (±0.00)x 24.33 (±0.81)x 0.31 (±0.02)ab 0.04 (±0.01) 0.22 (±0.01) 2.90 (±0.11)b
x 0.06 (±0.00) 0.02 (±0.01) 27.84 (±0.81)x 33.59 (±0.81)x 4.88 (±0.19)b

x 

25 0.02 (±0.00) 21.51 (±0.87)z 0.28 (±0.02)b 0.04 (±0.01) 0.21 (±0.01) 2.79 (±0.11)ab 0.06 (±0.01) 0.03 (±0.01) 25.05 (±0.88)x 31.41 (±0.87)x 4.35 (±0.20)ab
x 

p-values 

D 
B1=0.412, 
B2=0. 003 

0.744 
B1=0.648, 
B2=0. 003 

0.829 0.391 
B1=0.002, B2=0. 

002 
<0.001 0.399 <0.001 <0.001 

B1=<0.001, 
B2=<0. 001 

B NA 0.66 NA 0.818 0.738 NA 0.114 0.066 0.814 0.91 NA 

T 
B1=<0.001, 
B2=<0.001 

0.391 
B1=<0.001, 
B2=<0.001 

<0.001 <0.001 
B1=<0.001, 
B2=<0.001 

<0.001 <0.001 0.484 <0.001 
B1=<0.001, 
B2=<0.001 

D*B NA <0.001 NA 0.486 0.598 NA 0.653 0.281 0.506 0.893 NA 

D*T 
B1=0.840, 
B2=<0.001 

0.667 
B1=0.736, 
B2=<0.001 

0.511 0.206 
B1=0.018, 
B2=<0.018 

0.014 0.138 <0.001 <0.001 
B1=<0.001, 
B2=<0.001 

B*T NA <0.001 NA 0.027 0.043 NA <0.001 <0.001 0.92 0.769 NA 

D*B*T NA <0.001 NA 0.866 0.259 NA 0.344 0.87 <0.001 <0.001 NA 

Superscripted letters indicate changes (P < 0.050) in fatty acid proportion over time within treatment group. Subscripted letters indicate differences (P < 0.050) between treatment 

groups on the same experimental day. 1 P-values for the effect of diet (D), block (B) and time (T), and the interactions between these where block did not have an effect on the model. 

Where block was significant, a secondary analysis was conducted for the effect of diet within each block (block 1 = B1, block 2 = B2). PUFA; poly unsaturated fatty acids 
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Total n-3 plasma FA proportion did not differ between dietary treatment groups, prior to 

the start of experimental feeding (Experimental day -24), see Error! Reference source 

not found.. However, the plasma FA proportion of C20:5n-3 was higher in ewes in block 

2 than in block 1, while the proportion of C22:5n-3 was higher in ewes fed the silage diet 

than the oat diet in block 1, prior to the commencement of experimental feeding. Total 

plasma n-3 proportion was affected by diet, time and the interactions between diet and 

time, and diet, block and time. Individual plasma n-3 were affected differently by diet, 

block, time and the interactions between these factors; however, diet had an effect on all 

plasma n-3 proportions. Total plasma n-3 proportion decreased for all treatment groups 

but more so for the oat treatment groups than the silage treatment groups, as demonstrated 

by the differences between dietary treatment groups at the same sample collection time. 

The proportion of C18:3n-3 decreased for all treatment groups over the experimental 

period; however, ewes fed the oat dietary treatment had a lower proportion of C18:3n-3 

at each sample time after the commencement of experimental feeding than ewes fed the 

silage dietary treatment. The plasma proportion of C20:5n-3 was higher, after 

commencement of experimental feeding, for the silage treatment groups compared to the 

oat treatment groups, except for block 2 on experimental day 25 where there was no 

difference in plasma proportion of C20:5n-3. The plasma proportion of n-3 was also 

affected by the random effect of ewe (P = 0.002) but not dietary intake of n-3.  

Total n-6 plasma FA proportion did not differ between dietary treatment groups prior to 

the start of experimental feeding (Experimental day -24, see Error! Reference source 

not found.). However, the plasma FA proportions of C22:4n-6 and C22:5n-6 were higher 

in ewes in block 2. Total n-6 plasma FA proportion was affected by diet, the interaction 

between diet and time, and the interaction between diet, block and time; but was not 

affected by n-6 intake or the interaction between intake and diet. Individual n-6 plasma 

FA were affected differently by diet, block, time and the interactions between these 

factors. Total plasma n-6 proportion increased for both the oats treatment groups but 

decreased in both the silage treatment groups during experimental feeding. As a result, 

differences in plasma n-6 proportion occurred between dietary treatment groups at the 

same sample collection time. Plasma proportion of C18:2n-6 increased in ewes fed the 

oat dietary treatment and decreased in ewes fed the silage dietary treatment. The 

proportion of C20:4n-6 increased for both dietary treatments, however, the proportion of 

plasma C20:4n-6 was higher in ewes fed the silage dietary treatment than the oat dietary 

treatment.  
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The proportion of total plasma PUFA was the same between all dietary treatments prior 

to the start of experimental feeding (see Error! Reference source not found.). Total 

plasma PUFA proportion decreased in ewes fed the silage dietary treatment but remained 

consistent for ewes fed the oat dietary treatment. Therefore, there were differences 

between dietary treatment groups at the same plasma FA collection time. Total plasma 

PUFA was affected by diet, time and the interactions between diet and time, and diet, 

block and time and the random effect of ewe (P = 0.030), but was not affected by the 

intake of PUFA (P>0.050). 

The ratio of n-6:n-3 plasma FA was the same for all treatment groups prior to the start of 

experimental feeding (see Error! Reference source not found.). The plasma ratio of n-

6:n-3 was affected by block, therefore, the effect of diet and time on plasma n-6:n-3 

proportion was analysed within block. The ratio of n-6:n-3 was affected by diet, time and 

the interaction between diet and time for both blocks. The ratio of n-6:n-3 decreased in 

the silage treatment groups during the experimental period but increased again prior to 

the last plasma sample collection in block 2, see Figure 3-7. Conversely, the ratio of 

plasma n-6:n-3 increased for both the oat treatment groups and was higher than the silage 

treatment groups for each sample after the pre-feeding plasma FA sample. The plasma 

FA ratio of n-6:n-3 was also affected by the dietary ratio (intake) of n-6:n-3 consumed by 

the ewes (P < 0.001).  

Timing of reproductive events 

Time from CIDR removal to the first sign of behavioural oestrus (for the second oestrus, 

or first “natural” oestrus, after synchronisation) was not affected by dietary treatment, 

block, weight change over the whole experimental period or weight change after CIDR 

removal (P = 0.143, P = 0.464, P = 0.286 and P = 0.327, respectively). As weight changes 

had no effect on time of oestrus, neither were included in the final model. As time to 

oestrus was affected by the interaction between diet and block (P = 0.050), a secondary 

analysis for the effect of diet within block was performed. In the secondary analyses, time 

to oestrus was not affected by dietary treatment in either block 1 or block 2 (P = 0.704 

and P = 0.058, respectively) (see Figure 3-8 for details). 

As time of oestrus was affected differently by dietary treatment between blocks, the 

remaining analyses for the relationships between plasma FA and time of oestrus, and for 

the timing of other reproductive “events”, were conducted retaining the fixed effect of 
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block and the interaction between diet and block. This was done to maintain consistency 

between analyses and to allow for comparisons between dietary treatments within block.  

 

 

Figure 3-7: Mean plasma fatty acid ratio of the proportion of omega-6:omega-3 (n-6:n-3) over 

the experimental period. Shaded areas indicate the standard error of the mean. Significant 

differences within treatment groups over time are indicated by subscripted letters (a to b) and 

differences between treatment groups at the same time are indicated by superscript letters (x) 

 

Time from CIDR removal to the first sign of behavioural oestrus was negatively 

correlated with the proportion of total plasma SFA, in block 2, at experimental day 25, 

see Figure 3-9. Time to oestrus was not correlated with any other of the total plasma 

proportions of SFA, MUFA, n-3, n-6 or PUFA for any of the sample collection times. 

The ratio of n-6:n-3 in ewe plasma was also not  correlated with time to oestrus.  

Time from CIDR removal to plasma LH peak was not affected by dietary treatment, 

block, the interaction between dietary treatment and block, weight change over the 
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experimental period, or weight change from time of CIDR removal (P = 0.056, P = 0.682, 

P = 0.125, P = 0.671 and P = 0.950, respectively), see Figure 3-8. Weight change was 

removed from the final model, however, block and the interaction between diet and block 

was retained to maintain consistency between analyses with time of oestrus. Time to 

plasma LH peak was not longer for the oat dietary treatment group in block 2 when 

compared to the silage dietary treatment group in block 2 (P = 0.084) via Tukey’s pairwise 

comparison. The time between the onset of oestrus and peak LH concentration was also 

not affected (P > 0.05) by dietary treatment, block or the interaction between dietary 

treatment and block and was not different between treatment groups (P > 0.050), see 

Error! Reference source not found.. Time of LH peak was positively correlated with 

time of oestrus in block 2, see Error! Reference source not found..  

Time from CIDR removal to plasma LH peak was positively correlated with plasma 

proportion of C18:2n-6, total n-6 and total PUFA for ewes in block 2 where plasma was 

collected on experimental days -14 and 0, see Figure 3-10. Total MUFA was negatively 

correlated with time of LH peak for block 2 on experimental day -14. Total SFA was 

negatively correlated with time of LH peak on experimental day 0 in block 2 and 

experimental day 25 for both blocks. 

Time from CIDR removal to minimum plasma P4 concentration was not affected by 

dietary treatment, block or the interaction between dietary treatment and block (P = 0.237, 

P = 0.354 and P = 0.417, respectively). There were also no differences (P > 0.05) in time 

to minimum P4 concentration when treatment groups were compared via Tukey’s 

pairwise comparisons, refer to Figure 3-8. Time from oestrus to minimum P4 

concentration and time from plasma LH peak to minimum P4 was not affected by dietary 

treatment, block or the interaction between diet and block. There were also no differences 

between treatment groups (P > 0.050) when comparing via Tukey’s pairwise 

comparisons, see Error! Reference source not found.. Time of oestrus and time of 

minimum P4 concentration were positively correlated in block 2, see Error! Reference 

source not found.. Time of LH peak and time of minimum P4 were positively correlated 

in block 1. 
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Figure 3-8: Mean timing of reproductive events (experimental day) for each dietary treatment within the two blocks is represented by the square points 

with the Standard Error shown as error bars, where experimental day 0 is the time of Controlled Internal Drug Release Device (CIDR) removal and 

timing of reproductive events were recorded for the second oestrus after CIDR removal. Individual, raw data are represented by the circular, grey data 

points. LH; luteinising hormone, P4; progesterone 
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Figure 3-9: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to oestrus and plasma fatty acid proportions on Experimental Days 

-24 (pre-experimental feeding), -14 (9 d after the commencement of experimental feeding), 0 (at the time of CIDR removal) and 25 (immediately post second oestrus 

after CIDR pull). Significant correlations are indicated by *P < 0.050, **P < 0.010, positive correlations are indicated by red shading and negative correlations are 

indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA; saturated fatty acids, MUFA; monounsaturated fatty acids, n-3; 

omega-3, n-6; omega-6, PUFA; polyunsaturated fatty acids
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Table 3-9: Time between reproductive “events” (days). 

 Silage diet Oats diet P-valueA 

Block 1 Block 2 Block 1 Block 2 Diet Block Diet*block 

Oestrus to 

LH peak 
0.17 (±0.35) 0.38 (±0.30) 0.28 (±0.23) 0.75 (±0.30) 0.570 0.234 0.672 

Oestrus to 

min. P4 
1.17 (±0.60) 1.00 (±0.52) 1.36 (±0.39) 1.13 (±0.52) 0.696 0.690 0.950 

Oestrus to 

Ovulation 
1.15 (±0.23) 1.03 (±0.32) 1.01 (±0.25) 1.34 (±0.29) 0.867 0.678 0.427 

LH peak to 

min. P4 
1.00 (±0.67) 0.63 (±0.58) 1.07 (±0.44) 0.38 (±0.58) 0.955 0.333 0.785 

LH peak to 

Ovulation 
1.00 (±0.39) 0.37 (±0.39) 1.15 (±0.25) 0.67 (±0.31) 0.867 0.678 0.427 

Min P4 to 

Ovulation 
-0.12 (±0.29) 0.13 (±0.86) 0.15 (±0.49) 0.5 (±0.68) 0.695 0.648 0.937 

ATime of oestrus was not a significant factor in any of the models for the above comparisons (P > 0.050). LH; 

luteinising hormone, P4; progesterone 

Time to minimum P4 concentration was not correlated (P > 0.05) with any of the total 

plasma proportions of SFA, MUFA, n-3, n-6 or PUFA for any of the sample collection 

times, see Error! Reference source not found.. The ratio of n-6:n-3 in ewe plasma was 

also not correlated with time to minimum P4. However, timing of minimum plasma P4 

and the plasma proportion of C20:3n-3, in block 2 when plasma sample was taken on 

experimental day -14, were negatively correlated. 

Time of ovulation was not affected by diet, block, the interaction between diet and block 

or ewe weight change over the entire experimental period (P = 0.725, P = 0.741, P = 0.191 

and P = 0.254, respectively) (see Figure 3-8). There were also no differences (P > 0.050) 

in time of ovulation when treatment groups were compared via Tukey’s pairwise 

comparisons. Time to ovulation was affected by ewe weight change after CIDR removal 

(P = 0.040). Time from oestrus to ovulation, time from plasma LH peak to ovulation and 

time between minimum plasma P4 concentration and ovulation were not affected by 

dietary treatment, block or the interaction between diet and block; there were also no 

differences between treatment groups (P > 0.050) when comparing via Tukey’s pairwise 

comparisons (see Error! Reference source not found.). Time of oestrus and time of 

ovulation were positively correlated in block 1 and block 2, see Error! Reference source 

not found.. Time of plasma LH peak and ovulation were positively correlated in block 2, 

and time of ovulation and time of minimum plasma P4 were not correlated in either block. 
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Figure 3-10: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to plasma LH peak and plasm fatty acid proportions on Experimental 

Days -24 (pre-experimental feeding), -14 (9 days after the commencement of experimental feeding), 0 (at the time of CIDR removal) and 25 (immediately post second 

oestrus after CIDR pull). Significant correlations are indicated by *P < 0.050, **P < 0.010, positive correlations are indicated by red shading and negative correlations 

are indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA; saturated fatty acids, MUFA; monounsaturated fatty acids, n-6; 

omega-6, n-3; omega-3, PUFA, polyunsaturated fatty acids 
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Figure 3-11: Correlation matrix showing the correlation between the timing of all combinations of reproductive events, including: time (shown as experimental day) 

from Controlled Internal Drug Release Device (CIDR) pull to first sign of behavioural oestrus, plasma luteinising hormone (LH) peak, minimum plasma P4 

concentration and ovulation (for the second oestrus after CIDR pull). The diagonal shows the variable name, correlation coefficients are displayed above the 

diagonal (significant correlations are indicated by *P < 0.050, **P < 0.010 and ***P < 0.001) and scatter plots of the distribution of the raw data are shown below 

the diagonal. For example, the correlation coefficient for timing of oestrus and ovulation is shown in the top right panel of each matrix, while the scatter plot for the 

same two variables is shown in the bottom left panel of each matrix.
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Time from CIDR removal to ovulation was positively correlated with the plasma ratio of 

n-6:n-3 plasma FA in block 2 where plasma samples were collected on experimental days 

-24 and -14, see Figure 3-13. Also, in block 2, on experimental day -14 and 23, the total 

proportion of PUFA in plasma was positively correlated with time to ovulation; while 

MUFA had a negative correlation when plasma was collected on experimental day -14. 

Time to ovulation was also negatively correlated with total plasma SFA on experimental 

day 25 in block 2. Additionally, in block 2, time to ovulation was negatively correlated 

plasma proportion of C18:3n-3 and C22:6n-3 on experimental day 0; C18:3n-6 on 

experimental day 25; and positively correlated with plasma proportion of C20:3n-6 on 

experimental day -14. 
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Figure 3-122: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to plasma progesterone (P4) peak and plasm fatty acid proportions 

on Experimental Days -24 (pre-experimental feeding), -14 (9 days after the commencement of experimental feeding), 0 (at the time of CIDR removal) and 25 

(immediately post second oestrus after CIDR pull). Significant correlations are indicated by *P<0.05, **P<0.01, positive correlations are indicated by red shading and 

negative correlations are indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA; saturated fatty acids, MUFA; 

monounsaturated fatty acids, n-6; omega-6, n-3; omega-3, PUFA, polyunsaturated fatty acids
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Figure 3-13: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to ovulation and plasm fatty acid proportions, on Experimental 

Days -24 (pre-experimental feeding), -14 (9 days after the commencement of experimental feeding), 0 (at the time of CIDR removal) and 25 (immediately post second 

oestrus after CIDR pull). Significant correlations are indicated by *P<0.05, **P<0.01, positive correlations are indicated by red shading and negative correlations are 

indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA; saturated fatty acids, MUFA; monounsaturated fatty acids, n-6; 

omega-6, n-3; omega-3, PUFA, polyunsaturated fatty acids
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3.4 Discussion 

The results support the hypothesis that ewes fed an oat based diet (high n-6 and low n-3) 

have an increased plasma FA proportion of n-6 compared to ewes fed a silage based diet 

(low n-6 and high n-3). However, the results did not support the hypothesis that ewes fed 

an oat based diet had a shorter time from CIDR removal to first sign of behavioural 

oestrus compared to ewes fed a silage based diet. Therefore, the results do not align with 

those of Clayton, Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend 

(2015), with no differences in timing of oestrus being reported between the two treatment 

groups. In addition, there was no difference was observed in the timing of hormonal 

events between diets, nor was there any difference in time between oestrus and hormonal 

events between diets. Timing of ovulation and time from oestrus to ovulation also did not 

differ between dietary treatment groups. Thus, the results do not support the hypothesis 

that feeding a diet high in n-6 increases the time between oestrus and ovulation or changes 

the timing of hormonal events. 

As anticipated, the proportion of n-6 in plasma increased when ewes were fed the oat 

based diet. Dietary and plasma ratios of n-6:n-3 also reflected those of previous studies 

using similar experimental rations, see Error! Reference source not found.. In all of 

these studies, the plasma ratio of n-6:n-3 increased when ewes were fed the oat based diet, 

but did not increase to the same ratio as in the diet. This indicates that although dietary 

FA influences plasma FA, and some dietary FA is able to bypass digestive processes and 

be absorbed, some changes occur to dietary FA in the process of digestion and absorption, 

as shown by Lourenço et al. (2010). Despite the evident changes that occur to dietary FA 

before absorption and use within the body, ewes that consumed a higher ratio of n-6:n-3 

also had a higher plasma n-6:n-3 ratio. These results, along with the results of the analyses 

indicating that total plasma SFA, MUFA, n-3, n-6 and PUFA proportions were not 

correlated directly with the total intake of the corresponding FA group, show that 

although feeding a diet high in n-6 increased the proportion of n-6 in plasma, there was a 

limit as to how much the plasma FA could be altered. This provides evidence that the 

ratio of n-6:n-3 consumed is most significant for altering plasma FA proportions. 

Ewes had a higher plasma proportion of total n-6 and PUFA, and a lower proportion of 

total n-3, MUFA and SFA, when fed the oats based diet compared to the silage diet. When 

comparing these findings with the plasma FA proportions extrapolated from the 

concentrations reported previously the FA proportions of the groups were comparable 
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(Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015). Variations in dietary FA between years can be expected 

as the FA compositions of dietary components (including silage and oats used in this 

study) vary due to differences in growing conditions (see Section 2.3); despite this, 

consistencies can be seen (Table 3-10). Although reliable plasma FA concentrations were 

not available from the study reported in the current chapter, comparison with plasma FA 

proportions from previous studies, reporting changes in plasma FA concentrations with 

the use of similar dietary treatments, shows that the dietary treatments had the anticipated 

effect of altering plasma FA. Therefore, it was reasonable to expect to find similar 

treatment group differences in timing of oestrus compared those reported by Clayton, 

Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015). 

 

Table 3-10: Comparison of dietary and plasma omega-6:omega-3 (n-6:n-3) ratios from studies 

using similar dietary treatments 

 Dietary n-6:n-3 Plasma n-6:n-3 

 
Low n-6/silage 

diet 

High n-6/oat 

diet 

Low n-6/silage 

diet 

High n-6/oat 

diet 

Table 3-4 and Error! Reference source 

not found. 
0.48 6.23 1.61 - 2.81 3.21 – 5.51 

Clayton, Wilkins, Refshauge, et al. 

(2015) 
0.31 5.23 1.42 – 1.62 3.72 - 4.19 

Clayton, Wilkins, and Friend (2015) 0.41 – 0.54 7.44 – 10.73 1.60 – 1.64 3.58 – 4.00 

Gulliver, Friend, King, Wilkins, et al. 

(2013) 
0.93 13.03 2.72 8.61 

 

The findings of the current study, however, contradict those  of Clayton, Wilkins, 

Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015), and the hypothesis that 

ewes fed a diet high in n-6 would have a shorter time to behavioural oestrus compared to 

ewes fed the high n-3 silage diet. Gulliver et al. (2013b) fed a similar ration to that used 

in the current study and in Clayton, Wilkins, Refshauge, et al. (2015) and Clayton, 

Wilkins, and Friend (2015), but did not report a shorter time to oestrus for the high n-6 

diet, although the timing of oestrus in this study showed a similar trend to Clayton, 

Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015), and was close 

to significance (P = 0.087). Despite not recording a different timing of oestrus, Gulliver, 

Friend, King, Wilkins, et al. (2013) did report a higher proportion of female lambs. These 

findings indicate that the correlation between feeding a high n-6 diet and timing of 
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oestrus, and further, the alteration of timing of oestrus as a potential mechanism for 

change in lamb sex ratio, may not be as strongly linked as previously anticipated. As 

demonstrated by Gulliver, Friend, King, Robertson, et al. (2013), feeding a diet high in 

n-6 increased plasma PGF2α. Therefore, if a higher plasma FA proportion of n-6 was 

responsible for causing a shorter time from CIDR removal to oestrus it would likely be 

via increased plasma PGF2α; which causes the destruction of the CL. Hence, it could be 

expected that plasma n-6 proportion would be negatively correlated with timing of 

oestrus. This was not the case in this study, with no relationship found between plasma 

n-6 proportion, C18:2n-6 or C20:4n-6 (the precursors of PGF2α) and timing of oestrus (see 

Figure 3-9). 

The lack of correlation between total plasma proportion of n-6 and/or C20:4n-6, and 

timing of oestrus may be due to the change in the proportion of these FA around the time 

of oestrus, rather than the absolute proportions of these FA. Caldari-Torres, Rodriguez-

Sallaberry, Greene, and Badinga (2006) found that n-3 FA inhibit the production of 

PGF2α, which is hypothesised to be either via the preferential binding of n-3s (particularly 

C20:5n-3) in membrane phospholipids over n-6s (particularly C20:4n-6) thus reducing 

the availability of C20:4n-6 for synthesis of PGF2α; competition from C20:5n-3 for the 

enzyme, prostaglandin endoperoxide synthase, which is involved in the conversion of 

C20:4n-6 to PGF2α; or a combination of the two. They also found that increasing the ratio 

of n-6:n-3 eventually overrode the inhibition of n-3 on PGF2α production. Therefore, 

when interpreting the results from the study reported in this chapter, the ratio of plasma 

n-6:n-3, and the concentration of C20:4n-6, may be more important than the proportion 

of n-6 or C20:4n-6 alone. As with total plasma n-6, the plasma ratio of n-6:n-3 was higher 

in ewes fed the oat based diet compared to the silage diet, and, as with plasma n-6 and 

C20:4n-6, the ratio of n-6:n-3 was not correlated with a shorter time to oestrus. However, 

in block 1 both diets showed a consistent plasma ratio of n-6:n-3 between CIDR removal 

and the end of the oestrus detection period; while for the same period in block 2, the silage 

diet showed an increase in the ratio of n-6:n-3 while the oat based diet showed a non-

significant decrease in the ratio of n-6:n-3. This unexpected change in the ratio of n-6:n-

3 in block 2, over a period in which the production of PGF2α is critical to the control of 

timing of oestrus, combined with the findings and theories of Caldari-Torres et al. (2006) 

may help to explain the non-significantly shorter time to oestrus for the silage dietary 

treatment group in this block. This increase in the ratio on n-6:n-3 may have been enough 

to disrupt the inhibition of n-3 on PGF2α synthesis, either by increasing the availability of 
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C20:4n-6 in membrane lipid and/or to prostaglandin endoperoxide synthase, at a time 

critical to the destruction of the CL, thus inducing a shorter time of oestrus in the silage 

dietary treatment group for block 2 compared to the oat treatment group. This theory also 

helps explain the similar timing of oestrus between diets in block 1, with both dietary 

treatment groups showing a plateau in the change of the ratio of n-6:n-3, therefore, 

potentially no disruption on the inhibition of n-3 on PGF2α synthesis. This does not, 

however, account for the changes in n-6:n-3 ratio outside of what was expected from the 

dietary treatments observed in block 2. For this there does not appear to be a clear 

explanation, particularly considering there was no difference in feed intake between 

treatment groups between CIDR removal and end of oestrus. These findings support the 

need to investigate if the changes in timing of oestrus reported by Clayton, Wilkins, 

Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015), and the changes in 

lamb sex ratios reported by Gulliver et al. (2013b) and Clayton, Wilkins, Refshauge, et 

al. (2015) and Clayton, Wilkins, and Friend (2015), were associated with increased 

plasma n-6 FA, or other dietary parameters associated with the two largely differing diets 

used in these studies.  

Although the ewes in both dietary treatment groups were fed at 1.1 times maintenance 

energy requirements and offered the same amount of ME, the ewes lost weight over the 

experimental period and ME intake was different between dietary treatments. This weight 

loss may have been associated with the high initial weight of the ewes; with ewes having 

an average weight of 84.8 (±0.9) and fat score of 4.6 (±0.02) upon entering the study. 

Before entering the study, the ewes were grazed on a very high plane of nutrition; several 

researchers have provided evidence to suggest that maintenance requirements are 

increased for animals on high planes of nutrition (usually being fed for production) and 

that this requirement may be carried over for several weeks after the feed is changed (see 

review, CSIRO (2007)). Thus, the subsequent higher maintenance requirement of the 

ewes was not accounted for by the model used to calculate maintenance energy 

requirements in this study. The weight loss associated with this may have also been 

associated with loss of internal fat stores around the organs, rather than subcutaneous fat. 

This may help to explain weight loss in the ewes, which was not associated with a 

reduction in fat score. Despite weight losses and differences in ME intake, there were no 

differences in ewe weights between treatment groups at the same time point over the 

experimental period. There were also no differences in fat scores between treatment 

groups over the experimental period. An alternative explanation for this scenario is that 
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the weight loss observed in the ewes was due to reduced muscle mass rather than a 

reduction in fat reserves, which is consistent with the reduction in activity the ewes 

experienced upon entering the animal house compared to grazing prior to induction into 

the study. This theory accounts for the reduction in weight but not fat score observed, as 

well as the reduction in weight even though ewes were provided with 1.1 times their 

maintenance energy requirements. This secondary explanation also appears more likely 

given the increase in plasma n-6 concentration observed in ewes fed the high n-6 dietary 

treatment despite their high weight and fat score of the ewes in this study. It would be 

expected that if ewes were losing weight due to their energy requirements not being met 

that metabolisation of fat stores would be occurring. Thus, existing FA would be released 

from storage, this in turn would affect the concentration of FA in plasma. As ewes were 

grazed on pasture prior to the experiment and given the preferential binding of n-3 to 

storage lipids, it may be expected that an increased proportion of n-6 would not be 

observed due to release of n-3 from storage lipids. This, however, was not the case, with 

an increase in the proportion of n-6 occurring in the plasma of ewes fed a diet high in n-

6. This does, however, indicate that the high proportion of n-6 present in ewe plasma was 

derived directly from the dietary source and not metabolised from storage lipids. This in 

turn may have affected the type of FA available and the pathway of conversion of FA to 

prostaglandins (Wathes et al., 2007). This may also account for the lack of change in 

timing of oestrous despite the change in plasma n-6 associated with high dietary n-6.  

Ewe weight loss over the experimental period or after CIDR removal, when the new 

follicle is developing, may have had a cofounding effect in this study. Ewe weight change 

after CIDR removal had an effect on time of ovulation; however, both ewe weight change 

over the experimental period and after CIDR removal did not have an effect on the timing 

of any other reproductive parameters. As described in Section 2.2.3, maternal weight 

change has long been associated with changes in sex ratios; however, large variations on 

the type of effect exist and no mechanism has been described to link the two. This is also 

true for the timing of reproductive events, including time of ovulation. Therefore, 

although an effect was described, the relevance of this is limited, unless a mechanism 

correlating weight change to a change in the timing of ovulation can be described. 

There was no evidence that a shorter time of oestrus was associated with an increase in 

the time between oestrus and ovulation, or the hormonal fluctuations of plasma LH and 

P4 concentrations associated with ovulation. It is difficult to determine if this was due to 

a non-effect of the dietary treatment, the small sample sizes or the accuracy of the 



76 

 

determination of timing of peak LH concentration, in particular. Generally, blood samples 

are taken frequently when aiming to determine the concentration and time of LH peak, 

with large variations in protocols from every 12 min (Seekallu, Toosi, & Rawlings, 2009) 

to 3 (Zachut, Arieli, & Moallem, 2011) or 4 h (Oldham, Martin, & Knight, 1979; Fabre-

Nys & Martin, 1991), with a trend towards 3 hourly intervals. These protocols typically 

aim to determine the peak concentration of LH during the LH surge. This was not the aim 

in this study, therefore a much longer interval was considered appropriate as detection of 

the tail of the peak would allow for an estimate of the timing of the peak within a 12-h 

window. This would allow for comparisons with timing of oestrus (which was also 

reported in 12-h intervals) and less interruption of oestrus detection, with detection of 

timing of oestrus the primary aim of this study. This protocol does come with risks; 

however, with an increased likelihood of missing the LH surge altogether. Goding et al. 

(1969) estimated that the LH surge has an average length of 10 h and that a protocol with 

samples being taken at 24-h intervals had a 50% chance of missing the LH surge 

completely. This was the case for one ewe using the protocol in the current experiment; 

however, part of the LH peak was detected for all other ewes allowing for an accurate 

estimate of timing of LH peak within the 12-h window reported. This also allowed the 

primary aim of oestrus detection to be carried out, with minimal disruption as compared 

to the more intensive sampling methods. Therefore, this protocol was considered an 

appropriate compromise between gaining enough information about timing of hormonal 

changes to compare to timing of oestrus and allowing for accurate detection of timing of 

oestrus – without an accurate time of oestrus, the comparisons would have been 

unavailing. The aim of determining the time of LH peak and minimum P4 concentrations 

was to provide evidence for or against the further investigation (a pilot investigation as 

such) of the theory that increased dietary n-6 would increase the interval between oestrus 

and ovulation – thus having an effect on the timing of the hormonal concentrations 

associated with these reproductive events. The outcomes do not suggest that further 

investigations are warranted; however, the method used to detect timing of LH peak and 

minimum P4 concentration were compromised, therefore this must be taken into account 

when considering the outcomes of this study. Improvements in technology, which could 

allow remote and regular monitoring of reproductive hormones in line with continual 

oestrus detection, would allow for this hypothesis to be tested more effectively.  
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3.5 Conclusion 

Plasma FA proportion of n-6 was increased in ewes by feeding an oat based diet high in 

n-6s. The treatment group receiving the oat based, high n-6, diet did not display a shorter 

timing of oestrus, compared to the silage based, high n-3, diet and there was no correlation 

between plasma n-6 proportion and timing of oestrus. Despite this, the results provided 

some evidence to support the theory that changes to the ratio of n-6:n-3 around the timing 

of mating may influence the timing of oestrus, and further to this, that changes to the ratio 

of n-6:n-3 may be more important than the absolute proportion of plasma n-6. These 

findings also provided evidence that changes to reproductive parameters associated with 

these diets are more likely associated with the FA composition of the diets than ME 

supply or weight and/or fat score changes. Further investigations, using diets with 

consistent composition and ME, whilst varying in the ratio of n-6:n-3, are needed to 

investigate a mechanism for changes in offspring sex ratios associated with changes to 

maternal intake of n-6.  
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CHAPTER 4 

4 EFFECT OF FEEDING STANDARDISED DIETS, VARYING 

IN OMEGA-6 AND OMEGA-3 FATTY ACIDS, ON 

REPRODUCTIVE OUTCOMES 

4.1 Introduction 

The results reported in Chapter 3 were inconclusive, therefore there is a need to establish 

whether the changes in sex ratios reported by Clayton, Wilkins, and Friend (2015); 

Clayton, Wilkins, Refshauge, et al. (2015) and Gulliver, Friend, King, Wilkins, et al. 

(2013) are associated with changes in dietary FA alone is highlighted. The plasma n-6 

and n-3 FA changes reported in Chapter 3 were similar to that reported by Clayton, 

Wilkins, and Friend (2015); Clayton, Wilkins, Refshauge, et al. (2015) and Gulliver, 

Friend, King, Wilkins, et al. (2013); however, no consistent change in time from CIDR 

removal to the onset of oestrus due to dietary treatment was found. The diets used in the 

previous chapter and by Clayton, Wilkins, and Friend (2015); Clayton, Wilkins, 

Refshauge, et al. (2015) and Gulliver, Friend, King, Wilkins, et al. (2013) varied in 

several components, not only the composition of FA. In Chapter 3, there were no 

differences in weight change and fat score between diets despite decreased liveweights 

over the experimental period, and total energy supplied to the ewes was also similar across 

the treatment groups; however, variable ewe DM intake greatly restricted the ability to 

maintain consistency of ME intake between treatments. Given that many theories for 

maternal alteration of sex ratios revolve around nutrition and energy consumption, it is 

essential to establish if the results of Clayton, Wilkins, and Friend (2015); Clayton, 

Wilkins, Refshauge, et al. (2015) and Gulliver, Friend, King, Wilkins, et al. (2013) were 

associated solely with changes in plasma FA caused by dietary FA supply.  

 

The GCH developed by Trivers and Willard (1973) is centred on the theory that mothers 

would benefit from being able to exert some control over offspring sex ratios according 

to food availability and; therefore, their own condition. According to this theory, mothers 

in good condition, presuming that their offspring would hence be in good condition, 

would benefit from being able to produce more male offspring, which have a higher 

lifetime reproductive potential. Many researchers have attempted to investigate this 
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theory, with little consistency in results, hence researchers have begun looking more 

closely at the composition of feed, rather than the condition of the mother (Cameron, 

2004). In the studies by Rosenfeld et al. (2003) and Alexenko et al. (2007) mice were fed 

either very high fat or low fat diets, with the same total caloric intake. Mice fed the high 

fat diets had a higher proportion of male pups. These findings suggest that the proportion 

of fat in the diet may be important for alteration of sex ratios; however, the FA 

composition of the diets was not examined, therefore it cannot be determined if this was 

a contributing factor to the observed changes in sex ratio.  

 

The theories of the current thesis and findings of Clayton, Wilkins, and Friend (2015); 

Clayton, Wilkins, Refshauge, et al. (2015) and Gulliver, Friend, King, Wilkins, et al. 

(2013) attributed changes in sex ratios to variation in dietary n-6:n-3 FA, despite the diets 

employed in these studies differing in fat proportion. Although the aim of the study 

reported in Chapter 3 and those of Clayton, Wilkins, and Friend (2015); Clayton, Wilkins, 

Refshauge, et al. (2015) and Gulliver, Friend, King, Wilkins, et al. (2013), to provide 

diets similar to those used in commercial application, has merit, this does not allow for 

certainty in attributing observed dietary differences to the ratio of n-6:n-3 in the diet alone. 

The aim of the research was thus to attempt to address this by employing the use of a very 

low fat “standardised” basal ration with added oil so that the largest difference between 

the diets is the composition of the FA supplied. Thus, any reproductive changes observed 

could be directly related to changes in n-6 and n-3 provision, rather than the possibility 

of differential or confounding effects of differing dietary fat contents or other parameters. 

The central aim was to determine if feeding a standardised diet, high in n-6 FA, resulted 

in changes to reproductive outcomes, including shorter timing of oestrus and changes to 

the timing of hormonal events, which have been associated with changes to lamb sex 

ratios. 

 

In the study reported in Chapter 3, oestrus detection was conducted using testosterone-

treated wethers with crayon harnesses; therefore, the ewes did not lamb. This created 

difficulty in drawing conclusions about the implications of the findings on the mechanism 

behind the alteration of lamb sex ratios, particularly due to the inconsistent findings. By 

mating the ewes (with rams) this allows for the effects of dietary treatment to be followed 

through until lambing and direct links to be formed between any findings and changes to 

lamb sex ratios, despite not having large enough experimental numbers to test for 

differences in lamb sex ratios. This is particularly important as the study by Gulliver, 
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Friend, King, Wilkins, et al. (2013), which reported an increase in female lambs when 

ewes were fed high n-6 FA diet, did not report a differences in the timing of oestrus 

between the dietary treatment groups.  

 

The aims of were to:  

1) investigate if ewes fed a diet high in n-6 FA had a proportionally higher n-6 

plasma FA proportion compared to ewes fed either a diet high in n-3 or SFA;  

2) determine if ewes fed a high n-6 diet had a shorter time to oestrus and if, 

subsequently, the timing of hormonal events were altered compared to ewes fed a 

diet high in n-3 or SFA.  

The hypotheses tested were: 

1. Ewes fed a standardised diet high in n-6 (and low in n-3) FA will have an 

increased n-6 plasma FA proportion compared to ewes fed a diet high in n-3 (and 

low in n-6) FA or a diet high in SFA. 

2. Ewes fed a standardised diet high in n-6 (low in n-3) FA will have a shorter time 

from CIDR removal to first sign of behavioural oestrus for the first natural oestrus 

(second oestrus after CIDR removal) than ewes fed a diet high in n-3 (low in n-6) 

FA or ewes fed a diet high in SFA. 

3. The timing of hormonal events will differ when ewes are fed a standardised diet 

high in n-6 (and low in n-3) FA compared to ewes fed a diet high in n-3 (and low 

in omge-6) FA or a diet high in SFA. 

a. Time from CIDR removal to plasma LH peak (for the second oestrus after 

CIDR removal) will be shorter for ewes fed a standardised diet high in n-

6 (and low in n-3) FA compared to ewes fed a diet high in n-3 (and low in 

n-6) FA or ewes fed a diet high in SFA. 

b. Time from the first sign of behavioural oestrus (for the second oestrus after 

CIDR removal) to minimum plasma P4 concentration will be longer for 

ewes fed a standardised diet high in n-6 (and low in n-3) FA compared to 

ewes fed a diet high in n-3 (and low in n-6) FA or a diet high in SFA. 

4. Ewes fed a standardised diet high in n-6 (low in n-3) FA will have a significantly 

longer time period from the first sign of behavioural oestrus to ovulation (for the 

first natural oestrus after CIDR removal) than ewes fed a diet high in n-3 (low in 

n-6) FA or a diet high in SFA. 
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4.2 Materials and Methods 

4.2.1 Animals 

The use and care of animals in this study was approved by the Charles Sturt University 

Animal Care and Ethics Committee, protocol number 13/021.  

4.2.1.1 Ewes 

Sixty first cross (Merino x Border Leicester) ewes were randomly selected from the NSW 

DPI WWAI commercial sheep flock. All ewes were 4 years of age with an average 

liveweight of 80.4 (± 0.8) kg and fat score of 4.6 (± 0.02). Most ewes had been used in 

similar research (see Chapter 3), approximately 6 months before this study, and all were 

multiparous. These ewes had been maintained in a small flock of 80 animals, under 

commercial conditions on good pasture; therefore, all ewes in the flock had high body 

weights and fat scores. Thus, it was not the specific intent of the current study to select 

animals with high fat scores, rather ewes with a moderate fat score (compared to the 

remainder of the flock) were selected. This study was conducted at the NSW DPI WWAI 

at Wagga Wagga. Ewes were housed in individual pens (1.2 x 1.2 m) in the NSW DPI 

WAAI Animal Nutrition Unit, Animal House (35o02’57”S 147o19’45”E) for the duration 

of the experimental period, which commenced in late May (late autumn) of 2013. Ewes 

were drenched (IVOMEC® Liquid for Sheep, Merial, Macquarie Park NSW), vaccinated 

(Glanvac® 6, Pfizer Animal Health, Sydney NSW) and marked with an individual 

identification number, using tail paint spray on their back for clear identification, before 

entering the study.  

4.2.1.2 Rams 

Four mature Dorset rams (approximately 3-6 years of age and 90 kg liveweight) were 

randomly selected from the WWAI commercial sheep flock. Two of the four rams were 

used for joining and two were kept close by as spares. All rams were maintained on a 

ration of lucerne hay supplemented with oats.  

 

4.2.2 Experimental design 

Ewes were randomly allocated to one of three dietary treatments (n = 20 ewes per diet) 

and one of two blocks within dietary treatment (n = 20 ewes per diet, n = 10 ewes per 

block within dietary treatment). Allocation was achieved using a stratified block 

randomisation procedure with ewes stratified to block within dietary treatment according 
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to previous experimental ration, fat score and then liveweight. Ewes within dietary 

treatments and blocks were then randomly allocated to individual pens via an additional 

stratified block randomisation procedure, to ensure an even spread of ewes from each dietary 

treatment throughout the animal house to remove any potential effects of pen. Ewe within 

pen acted as the experimental unit.  

The number of ewes required and the timing of starting dates for each block were the 

same as the study in Chapter 3, section 3.2.2. The power of analysis was expected to be 

lower than 0.8, as was calculated for timing of oestrus, for the difference in proportion of 

female lambs between treatment groups. Although this was low, the central aim of this 

study was focused on the effect of diet on timing of oestrus with sex ratios as a secondary, 

pilot investigation. Additionally, the capacity of the animal house limited the number of 

ewes that could be included in this study. Therefore, it was deemed worthy to include the 

data on the lamb sex ratios to give a good indication as to the effect of n-6 or n-3 on the 

proportion of female lambs. It is intended that this information would guide the direction 

of future research.  

 

4.2.3 Dietary treatments 

The experimental rations used were designed to determine if the previous findings of 

Gulliver, Friend, King, Wilkins, et al. (2013) and Clayton, Wilkins, and Friend (2015); 

Clayton, Wilkins, Refshauge, et al. (2015) were due to a change in diet or a change in 

dietary FA alone. Therefore, three experimental rations were used. All experimental 

rations were based on a low-fat wheat straw diet, with additives (including casein and 

urea, see Table 4 2 for full list of dietary components) to supply adequate protein and 

nitrogen for the maintenance of a dry ewe at joining. The key difference between the 

rations was the type of oil added to the ration. Oils were added in the same quantities to 

each ration to avoid any differences in the fat content between the rations; as previous 

studies have suggested that increased energy or fat content of a diet may be associated 

with changes in sex ratios (Rosenfeld et al., 2003). Linseed oil (Linseed oil, Cootamundra 

Oilseeds, Cootamundra, NSW) was added to ration one to form a high n-3 (low n-6) 

treatment diet; high linoleic acid sunflower oil (RBD Linoleic Sunflower oil, 

Cootamundra Oilseeds, Cootamundra, NSW) was added to ration two to form a high n-6 

(low n-3) treatment diet; and palm oil (Palm oil, Cootamundra Oilseeds, Cootamundra, 

NSW) was added to ration three to form a high SFA treatment diet.  
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All components of each individual experimental ration were added to a feed mixer, then 

each ration was mixed for approximately 3 h to ensure even distribution of the respective 

oils throughout the feed. Once the rations were mixed, they were compressed and cubed 

(2.5 cm x 2.5 cm cubes), similar to the pelletisation process. Cubing the mixed feed was 

to reduce variation in FA intake due to sorting behaviour of ewes during feeding by 

ensuring that ewes can only consume a cube with a complete mix of the ration; rather 

than ewes sorting through the feed to consume feed that has a higher or lower oil, and 

therefore FA, composition.  

The high n-3 and high n-6 rations were designed to emulate the FA proportions of the 

rations presented in Chapter 3 of this thesis and of Gulliver, Friend, King, Wilkins, et al. 

(2013) and Clayton, Wilkins, and Friend (2015); Clayton, Wilkins, Refshauge, et al. 

(2015). The high SFA ration was designed to act as a neutral ration with neither high, nor 

low (n-3 or n-6 FA) proportions. The high n-3 ration acts as the control ration, with similar 

n-3 proportions to that of a commercial, pasture-based diet.  

Ewes were fed their respective diets daily (between 4:00 pm and 6:00 pm outside of the 

oestrus detection period, and between 8:00 pm and 10:00 pm during the oestrus detection 

periods) throughout the study. Previous studies (Clayton, Friend, & Wilkins, 2015; 

Clayton, Wilkins, & Friend, 2015) showed no difference in feeding ewes experimental 

rations (high n-3 compared to high n-6) either until the conclusion of oestrus detection or 

until 17 days after oestrus detection on lamb sex ratios; therefore, ewes were only fed 

experimental rations until the conclusion of the oestrus detection period. Dietary 

treatments were formulated to ensure equal intake of all dietary elements, except for the 

variation in the proportions of FA provided (see Table 4-2). Dietary treatments were fed 

at a level of 1.1 times maintenance energy requirements for dry, adult ewes based on 

liveweight. The liveweight of the ewes was measured fortnightly and the feed requirement 

of individual ewes was calculated and adjusted accordingly. Feed refusals were collected 

and weighed daily (between 9:00 am and 11:00 am) in order to estimate daily DM intake. 

Water was available ad libitum.  

 

4.2.4 Animal measurements and management 

4.2.4.1 Liveweight and Fat Score: 

See Chapter 3, section 3.2.4.1 for details. 
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4.2.4.2 Blood collection 

See Chapter 3, section 3.2.4.2 for details. 

4.2.4.3 Oestrous synchronisation 

See Chapter 3, section 3.2.4.3 for details. 

4.2.4.4 Oestrus detection and joining: 

The commencement of experimental feeding was delayed by 8 d between block 1 and 

block 2 so that the oestrus detection periods did not overlap between the two blocks. For 

the period of oestrus detection, ewes from the respective block were removed between 

5:30 am and 7:30 am from their pens, to allow for blood collection and scanning of 

ovaries. Once this had been completed for all ewes, they were placed in outdoor yards 

with rams at a ratio of 10:1. Ewes from each block were split into groups of 10 based on 

pen number (odd or even pen numbers) and placed in one of two outdoor yards with one 

of the two rams. Ewes were rotated through the yards daily (with rams remaining in the 

same yard) to ensure there were minimal effects of both pen and ram on the outcomes of 

timing of oestrus and joining. Each morning, before being placed in yards with the ewes, 

rams were fitted with crayon harnesses to assist with oestrus detection. Ewes were 

observed during the day (at approximately 2 h from introduction into outdoor pens) from 

outside the yards for standing oestrus (either by observing the ewe standing for the ram 

or crayon marks), and again more closely, in the race, for marks left by the crayons before 

being returned to their individual pens between 7:30 pm and 9:30 pm. All ewes were 

removed from the outdoor pens, with the rams, at the same time and then returned to 

individual pens once blood collection and ultrasounding of ovaries had been completed. 

Ewes were returned to their individual pens overnight to consume their respective 

experimental rations.  

 

The oestrus detection period was initiated 17 d after CIDR removal (experimental day 

17) for block 1 and 16 d after CIDR removal (experimental day 16) for block 2. The 

difference in timing of the initiation of the oestrus detection periods between the blocks 

(and compared to the study reported in Chapter 3) occurred due to an error in calculating 

the required start time of the oestrus detection period and was taken into consideration 

when interpreting the results. Oestrus detection was ceased 48 h after the last ewe had 

stopped displaying signs of oestrus. 
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The ewes spent longer with the rams to increase the likelihood of accurate oestrus 

detection. For the study reported in Chapter 3, ewes spent a considerable amount of time 

during the oestrus detection period in individual pens as a result of the blood collection 

and ovary scanning protocol. In that study, sample collection and scanning were 

performed on a 12 h basis, with the sampling time running into the time ewes spent in 

outdoor pens with the rams. In the current study, sample collection and ovary scanning 

was performed leading up to or after the 12 h interval so that ewes were allocated more 

time with the rams. Ewes that displayed signs of oestrus immediately being introduced to 

the rams were considered as having shown the first sign of oestrus the night before (while 

rams and ewes were separated for ewes to consume their experimental rations). This 

strategy helped to account for the period that the ewes and rams were separated overnight 

in the timing of oestrus data. All ewes, except ewe number 9 (fed the high n-3 ration in 

block 1), were detected in heat over the oestrus detection period; therefore, for oestrus 

detection n=10 for the high n-6 and SFA diets in block 1 and n=9 for the high n-3 diet in 

block 1, while n=10 for all three treatment groups in block 2.   

4.2.4.5 Detection of ovulation 

Due to unexpected injury to the ultrasound technician, and lack of availability of a 

replacement, the majority of ovulation data, particularly for block 2, could not be 

recorded. Therefore, data from the ultrasounding of ovaries was not analysed. 

Additionally, this incidentally increased the amount of time that ewes in block 2, 

particularly, spent with the rams by approximately 1 hr each day.  

4.2.4.6 Ewe management during pregnancy 

Upon the completion of the oestrus detection period and experimental feeding, ewes were 

removed from the animal house and grazed as one flock until three weeks before the 

expected commencement of lambing. During this time, all ewes grazed a commercial, 

mixed pasture and were treated as part of the WWAI commercial flock.  

4.2.4.7 Ewe management during lambing and identification of lamb sex: 

Ewes were separated into their treatment groups three weeks prior to the earliest expected 

lambing date and allocated to a lambing paddock, as shown in Table 4-1. This allowed 

for any orphaned or dead lambs to be attributed to a dietary treatment group, however in 

this study, all lambs born had their dam accurately identified. Ewes also had their 

individual identification number branded on their side, using tail paint spray, to allow for 

their identification from a distance. Once ewes were moved to their lambing paddocks, 
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they were monitored twice daily to identify new lambs. Monitoring began at 7:30 am and 

4:00 pm and finished once all new lambs had been identified and marked. Upon the 

identification of a new lamb, the dam was identified, and number recorded. The lamb was 

then caught, sex determined, marked and released back to the dam as quickly as possible. 

Table 4-1: Allocation of treatment groups to paddocks for lambing. 

Paddock Treatment group block 1 Treatment group block 2 

1 High saturated fatty acids High n-3 

2 High n-3 High n-6 

3 High n-6 High saturated fatty acids 

n-3; omega-3, n-6; omega-6 

4.2.5 Feed sample collection and preparation 

Samples of both feed offered and refused were collected daily during the study and stored 

at -20°C. At the end of the experimental period, samples were bulked across weeks and 

sub-samples taken, which were then stored at -20°C until further analysis.  

 

4.2.6 Laboratory analyses  

4.2.6.1 Feed sample preparation and analysis 

Duplicate sub-samples (approximately 100 g) of each bulked sample were dried in an 

oven at 80˚C for 24 h for the determination of DM content and subsequent analysis of 

quality. These samples were then ground and analysed for crude fat via petroleum EE,  

and CP calculated from analysis of total nitrogen using the Dumas combustion method 

(AFIA, 2014). Samples were also analysed via near infrared reflectance (NIR) 

spectroscopy for neutral detergent fibre (NDF) and acid detergent fibre (ADF) contents. 

All NIR analyses were carried out using a Bruker multipurpose NIR analyser (MPA, 

Bruker Optik GmbH, Ettlingen, Germany) and OPUS software (version 5.1[l1] ) using 

calibrations developed by the NSW DPI Feed Quality Service, as described by Packer, 

Clayton, and Cusack (2011). A by-product standard was determined as the most 

appropriate standard to be used for these analyses. Separate duplicate sub-samples were 

also dried at 60°C to allow for extraction and determination of FA (see Chapter 3.2.6.2 

for details).   

4.2.6.2 Fatty acid analysis 

See Chapter 3, section 3.2.6.2. 
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4.2.6.3 Lipid conversion factor 

See Chapter 3, section 3.2.6.3. A LCF of 0.956 was used for all dietary treatments based 

on the vast majority of lipid in the diets originating triacylglycerols in the oils added to 

the diets (Weihrauch et al., 1977).  

4.2.6.4 Plasma luteinising hormone concentration 

A subset of plasma samples from 30 ewes were selected for plasma LH analysis (block 

1, n-3 diet n = 9, n-6 diet n = 9 and SFA diet = 12; block 2, n-3 diet n = 2, n-6 diet n = 3 

and SFA diet n = 3), using the same methodology as described in Chapter 3.2.6.4. More 

ewes in block 1 were selected for this analysis as it was originally thought that the data 

from the ultrasound examination of ovaries would be able to be used for additional 

analysis; however, as described in section 4.2.4.5, this was not the case. Detection of LH 

peak concentrations occurred in all ewes in the subset except one, ewe number 51, which 

was removed from the analysis. 

4.2.6.5 Plasma progesterone concentration 

See Chapter 3.2.6.5. The same subset of ewes was used for plasma P4 analysis as were 

used for plasma LH analysis (see section 4.2.6.4). Minimum P4 concentration was 

detected in all ewes in the subset. 

 

4.2.7 Data analyses 

Data were analysed using R Version 3.2.2, or later, (R Core Team, 2015), with results 

and relationships considered significant where P < 0.05. Changes in experimental ration 

intake, plasma FA proportions, liveweight and fat score over time were analysed by 

repeated measures analysis using the “lme” function in the “nlme” package; the REML 

(restricted maximum likelihood) estimation used ewe as the individual experimental unit. 

Dietary treatment, block and the interaction between diet and block were used as fixed 

effects in the models where significant; and ewe, day and baseline values (for example, 

initial weight) were used as random effects where significant. The significance of random 

effects was determined using the “anova” function in R and by reference to the Akaike 

Information Criterion (AIC). Timing of reproductive events (oestrus, LH peak and 

minimum P4 concentration) were analysed using “lme” function in R, again with dietary 

treatment, block and the interaction between diet and block used as fixed effects in the 

models where significant; and ewe was used as a random effect where significant. Data 
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were checked for normality and the assumptions associated with these analyses via 

assessment of normal Q-Q plots, histograms, residual plots, sequence plots and the 

Levene’s test using the following functions in R: “qqnorm”, “qqline”, “hist” and 

“leveneTest”. 

Where block and/or the interaction between diet and block was significant, a secondary 

analysis for the effect of diet within block was performed; this was the case for 10 out of 

43 FA analysed (particularly proportion of total n-3) and ewe DM consumption, fat score, 

the timing of oestrus and time of minimum P4 concentration. Therefore, to maintain 

consistency between analyses and allow for comparison of dietary effects between dietary 

treatment groups within block, diet and block were maintained in the model where not 

significant, for all analyses of timing of reproductive events. Comparisons between 

treatment groups were made using Tukey’s pairwise comparisons.  

Relationships between plasma FA concentration and the timing of reproductive events 

and between reproductive events were analysed using the “rcorr” function within the 

“Hmisc” package (Harrell Jr, 2015) via Pearson’s correlation coefficient.  

Differences in lamb sex ratios between groups were analysed via a binomial generalised 

linear mixed-effects model, using the “glmer” function in R; for this analysis, ewe was 

considered the experimental unit so that twin lambs could be factored into the analysis. 

When comparing lamb sex ratios for each group to the population mean a Pearson’s Chi 

Squared test using the “chisq,test” function in R was employed.  

 

 

4.3 Results 

4.3.1 Feed quality and intake 

The quality of the experimental diets did not differ over the course of the experimental 

period, mean quality parameters of the diets are presented in Table 4-2. While CP, NDF 

and ADF contents varied between the dietary treatments, the ME and EE content of the 

diets were similar; variation of ME and EE between dietary treatments was less than 1% 

and 2% of the total chemical composition of the diets, respectively. 
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Table 4-2: Components and chemical composition of dietary treatments fed to ewes during 

experimental period. 

Dietary components  

(% wet weight) 

Dietary treatment 

n-3 diet n-6 diet SFA diet 

Wheat straw 75.38 73.82 74.48 

Lucerne hay 9.62 11.04 10.88 

Molasses 5.95 5.86 5.73 

Urea 2.00 2.05 2.00 

Mineral premixA 1.43 1.47 1.43 

Casein 0.95 0.98 0.91 

Oil 4.67 (linseed) 4.79 (sunflower) 4.58 (palm) 

Dry matter (DM) content (%) of 

total diet 
86.00 87.80 87.40 

    

Chemical composition     

Ether extract (% DM) 3.30 2.60 3.20 

Crude protein (% DM) 9.60 8.44 10.30 

Neutral detergent fibre (% DM) 61.00 64.00 59.00 

Acid detergent fibre (% DM) 38.00 40.00 40.00 

Metabolisable energy (MJ/kg DM) 8.93 8.33 8.63 
A Mineral premix (Ausfarm Nutrition Products) containing (DM basis) 36.5% NaCl, 21.9% Ca, 2.1% P, 0.10% K, 2.1% 

S, 3.1% Mg, 52.1 mg/kg Co and 1.04 mg/kg Cu fed at recommended rate of 10 g/head/d. 

 SFA: saturated fatty acids, n-3; omega-3, n-6; omega-6 

The average daily DM consumption for ewes was affected by dietary treatment (P = 

0.044), experimental day (P < 0.001, with consumption for all treatment groups reduced 

during the oestrus detection period), the interaction between dietary treatment and block 

(P = 0.039), the interaction between dietary treatment and experimental day (P < 0.001) 

and the interaction between dietary treatment, block and experimental day (P=0.001). 

However, average daily consumption was not affected (P > 0.050) by block alone. As the 

interaction between dietary treatment and block was significant, a secondary analysis was 

performed for the differences between dietary treatments within each block.  

The average daily DM consumption for block 1 was affected by dietary treatment, 

experimental day and the interaction between diet and experimental day (P = 0.008, P < 

0.001 and P < 0.001, respectively). The average DM consumption over the experimental 

period for the SFA dietary treatment group (1.25 kg DM/d) was higher than that of the n-

6 dietary treatment group (1.00 kg DM/d), but not higher than the n-3 dietary treatment 

group (1.05 kg DM/d). There was also no difference in average DM consumption between 

the n-3 and n-6 dietary treatment groups (P = 0.805). The average daily DM consumption 

was also higher (P < 0.050) for the SFA dietary treatment group than the n-3 or n-6 dietary 

treatment groups for a number of individual experimental days, especially at the 

beginning of the experimental period and during the oestrus detection period. Dry matter 
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consumption for the n-6 dietary treatment group was lower (P < 0.050) on a number of 

experimental days in the middle of the experimental period, see Figure 4-1. The average 

daily DM consumption for ewes in block 1 also decreased (P < 0.050) after experimental 

day 17 (during the oestrus detection period) for all dietary treatment groups.  

 
Figure 4-1: Daily consumption of Experimental Rations (kgDM/head/day). Shaded areas indicate 

standard error of the mean. Significant differences in DM consumption between dietary treatment 

groups within the same block on the same date are indicated by * (p < 0.050). Changes in dry 

matter (DM) consumption outside the 95% confidence interval of the overall mean DM 

consumption of each dietary treatment group are indicated by *. N-3; omega-3, n-6; omega-6, 

SFA; saturated fatty acids 

The average daily DM consumption for block 2 was not affected by diet (P = 0.724), 

however, was affected by experimental day and the interaction between diet and 

experimental day (P < 0.001 and P < 0.001, respectively). In block 2, the average DM 

consumption was higher for the n-6 dietary treatment group than the n-3 or SFA dietary 

treatment groups on a number of individual experimental days during the middle of the 

experimental period (P < 0.050). However, the mean daily DM consumption over the 

course of the experimental period did not differ (P > 0.050) between any of the dietary 

treatment groups, with the mean daily DM consumption for the n-3, n-6 and SFA dietary 

treatment groups being 1.11, 1.18 and 1.05 kg DM/d, respectively.  The average daily 

DM consumption for ewes in block 2 decreased (P < 0.050) after experimental day 17 

(during the oestrus detection period) for all dietary treatment groups, see Figure 4-1.  
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Fatty acid proportions in feed varied between experimental diets (see Table 4-3). The 

ratio of n-6:n-3 was over six times greater for the n-6 diet than the n-3 diet, but only 2.5 

times greater for the n-6 diet than the SFA diet. The ratio of n-6:n-3 was also almost 2.5 

greater for the SFA diet than the n-3 diet, although the proportion of total n-6 FA was 

similar for the two diets, the proportion of n-3 in the SFA diet was much lower than for 

the n-3 diet. 

 

4.3.2 Liveweight and Fat Scores 

Ewe liveweight decreased over the experimental period (P < 0.001), (see Figure 4-2A) 

and was affected by the interactions between experimental day and dietary treatment; 

experimental day and block; and experimental day, dietary treatment and block (P < 0.001 

for all interactions). However, ewe liveweight was not affected by dietary treatment, 

block or the interaction between dietary treatment and block (P = 0.437, P = 0.609 and P 

= 0.598, respectively). Ewe liveweight was not different between dietary treatment groups 

at the same time, however, ewe liveweight varied within dietary treatment groups over 

time (P < 0.050).  

Ewe fat score was not affected by dietary treatment, however was affected by block and 

time (see Figure 4-2B). As fat score was affected by block, a secondary analysis was 

performed for the effects of diet and time within block. For block 1, fat score was not  

affected by diet (P = 0.666) or the interaction between diet and time (P = 0.314), but 

increased from the start to the end of the experimental period (P < 0.001). Although there 

were differences for each diet between the initial fat score and the final fat score (P < 

0.001, P=0.004 and P=0.007 for the n-3, n-6 and SFA diets in block 1, respectively), there 

were no differences between dietary treatment groups on the same experimental days. For 

block 2, fat score was not affected by diet (P = 1.000) or the interaction between diet and 

time (P = 0.378), however, fat score did increase over time (P < 0.001). Although the n-

6 and SFA dietary treatment groups had different fat scores between the start and the end 

of the experiment (P = 0.002 and P = 0.018, n-3 diet did not have different fat scores, P = 

0.143), there were no differences between dietary treatment groups on the same 

experimental day. 
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Table 4-3:  Molar proportion (proportion of total identified fatty acids) and calculated 

concentration (g fatty acid/kg DM feed) of fatty acids in experimental diets 

 
Proportion  

(% of total identified Fatty acid) 
Calculated concentration in feed (g/kg DM)A 

Fatty Acid n-3 diet n-6 diet SFA diet n-3 diet n-6 diet SFA diet 

C12:0 0.80 0.68 0.90 0.25 0.17 0.28 

C14:0 1.71 1.81 1.95 0.54 0.45 0.60 

C16:0 34.05 33.76 49.18 10.74 8.39 15.05 

C18:0 13.04 8.28 5.08 4.11 2.06 1.55 

C20:0 0.93 0.90 0.64 0.29 0.22 0.20 

C22:0 0.99 1.60 0.50 0.31 0.40 0.15 

C24:0 0.71 0.79 0.49 0.22 0.20 0.15 

Total SFA 52.22 47.82 58.74 16.47 11.89 17.97 

       

C16:1n-7 0.26 0.29 0.24 0.08 0.07 0.07 

C18:1n-7t 0.00 0.00 0.05 0.00 0.00 0.02 

C18:1n-7 1.39 1.32 0.67 0.44 0.33 0.20 

C18:1n-9 36.38 40.38 32.30 11.48 10.04 9.88 

C20:1n-9 0.28 0.27 0.23 0.09 0.07 0.07 

Total MUFA 38.32 42.26 33.49 12.09 10.50 10.25 

       

C18:3n-3 4.35 1.24 2.04 1.37 0.31 0.62 

Total n-3 4.35 1.24 2.04 1.37 0.31 0.62 

       

C18:2n-6 5.11 8.68 5.73 1.61 2.16 1.75 

C20:2n-6 0.00 0.00 0.00 0.00 0.00 0.00 

Total n-6 5.11 8.68 5.73 1.61 2.16 1.75 

       

Total PUFA 9.46 9.92 7.77 2.98 2.47 2.38 

Total FA 100 100 100 31.55 24.86 30.59 

Ratio n-6:n-3 1.18 7.13 2.82 1.17 7.00 2.81 
A Concentrations are estimates calculated from the fat content of the feeds and lipid conversion factor (LCF). The fat 

content of the feed was analysed using Petroleum Ether Extract, see Section 4.2.6.1 for more detail. The LCF were 

calculated based on average lipid compositions from published data and average LCF from published data, see Section 

4.2.6.3 for more detail. DM; dry matter, SFA: saturated fatty acids, MUFA; monounsaturated fatty acids, n-3; omega-

3, n-6; omega-6, PUFA; poly unsaturated fatty acids, FA; fatty acids 

 

4.3.3 Plasma fatty acid composition 

The proportion of some plasma FA, including total n-3, were affected by block or the 

interactions between block and diet or time. Therefore, block was retained in all analyses 

and the mean plasma FA proportion reported for each dietary treatment group within 

block to allow for completeness of Error! Reference source not found. through to 

Error! Reference source not found. and to allow for comparison between FA between 

blocks. 
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Figure 4-2: A) Mean liveweight of ewes, initial pre-feeding liveweights (experimental day -24) 

and weights of ewes fed dietary treatments. B) Mean fat score of ewes pre (experimental day -24) 

and post (experimental day 23) experimental feeding. Significant changes (P < 0.050) in mean 

liveweight or fat score for each dietary treatment over time are indicated by differing letters. 

Shaded areas represent the standard error of the mean for each dietary treatment group. 
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Table 4-4: Mean (± SE) proportion of saturated fatty acids (SFA; from total identified fatty acids) in the plasma of ewes prior to feeding experimental diets 

(experimental day -24), post Controlled Internal Drug Release Device (CIDR) removal (experimental day 4), prior to the onset of oestrus (experimental day 18) and 

at the conclusion of the first natural oestrus after CIDR pull (experimental day 23). 

Group Day C12:0 C14:0 IsoC15:0 
Anteiso 

C15:0 
C15:0 C16:0 IsoC17:0 

Anteiso 

C17:0 
C17:0 C18:0 C20:0 C22:0 C23:0 C24:0 Total SFA 

n-3 diet 

(block 1) 

n = 20 

-24 
0.37 

(±0.03)
a 1.15 (±0.05)x

a 
0.32 

(±0.02)xy 

0.36 

(±0.02)x
a 

0.78 

(±0.03)w 

19.03 
(±0.33) 

0.89 

(±0.02)
a 

0.72 
(±0.02) 

1.50 
(±0.03) 

19.42 

(±0.43)
ab 

0.13 

(±0.01)x
a 

0.26 

(±0.01)
a 

0.77 

(±0.02)
a 

0.32 

(±0.01)xy
a 

46 (±0.52)a 

4 
0.24 

(±0.02)
bc 

0.88 (±0.04)xy 
0.23 

(±0.01)
a 

0.31 

(±0.02)x
b 

0.58 

(±0.02)
a 

16.91 

(±0.27)
a 

0.79 

(±0.02)x 

0.23 

(±0.02)
a 

1.07 

(±0.03)x
a 

19.05 

(±0.38)x
a 

0.11 
(±0.00) 

0.24 

(±0.01)xz
a 

0.57 

(±0.02)xy 

0.27 
(±0.01) 41.48 (±0.45)x 

18 
0.15 

(±0.03)
b 

0.96 (±0.05)xy 
0.21 

(±0.02)
ab 

0.31 

(±0.02)
ab 

0.65 

(±0.03)
b 

17.25 

(±0.33)
a 

0.80 

(±0.03)x 

0.23 

(±0.02)xy
b 

1.15 

(±0.03)x
b 

20.06 

(±0.44)x
b 

0.10 
(±0.01) 

0.21 
(±0.01) 

0.52 
(±0.02) 

0.26 
(±0.01) 42.87 (±0.53)xy 

23 
0.34 

(±0.03)
ac 

0.82 (±0.05) 
0.19 

(±0.02)
b 

0.25 

(±0.02)
c 

0.55 

(±0.03)
a 

17.67 

(±0.33)
a 

0.76 
(±0.02) 

0.20 

(±0.02)
ab 

1.09 

(±0.03)xy
ab 

19.39 

(±0.43)x
ab 

0.10 
(±0.01) 

0.25 

(±0.01)x
a 

0.56 
(±0.02) 

0.28 
(±0.01) 

42.44 (±0.52) 

n-6 diet 
(block 1) 

n = 20 

-24 
0.37 

(±0.03)
a 

1.12 (±0.04)xy 
0.32 

(±0.01)x 

0.35 

(±0.02)x 

0.74 

(±0.03)wy
a 

18.8 
(±0.31) 

0.84 

(±0.02)
a 

0.56 

(±0.02)
a 

1.47 
(±0.03) 

18.91 

(±0.41)
ac 

0.13 

(±0.01)xz
a 

0.26 

(±0.01)
a 

0.78 

(±0.02)
a 

0.32 

(±0.01)x
a 

44.96 (±0.49)a 

4 
0.23 

(±0.02)
bc 

0.75 (±0.04)x
a 

0.21 

(±0.01)
a 

0.25 

(±0.02)xy
a 

0.57 
(±0.02) 

16.81 

(±0.27)
a 

0.72 

(±0.02)x 

0.16 
(±0.02) 

1.03 

(±0.03)xy
a 

20.33 

(±0.37)x
b 

0.10 
(±0.00) 

0.30 

(±0.01)y 

0.52 

(±0.02)x 

0.29 
(±0.01) 42.29 (±0.45)x 

18 
0.26 

(±0.03)ac 
0.85 (±0.05)x

a 
0.19 

(±0.02)
ab 

0.27 

(±0.02)
a 

0.69 

(±0.03)
a 

16.96 

(±0.34)
a 

0.74 

(±0.03)x 

0.19 

(±0.02)x 

1.03 

(±0.03)xy
ab 

19.73 

(±0.44)x
ab 

0.10 
(±0.01) 

0.29 

(±0.01)y 

0.50 
(±0.02) 

0.28 
(±0.01) 42.09 (±0.53)x 

23 
0.23 

(±0.03)
bc 

0.83 (±0.04)
a 

0.16 

(±0.01)
b 

0.21 

(±0.02)
b 

0.52 
(±0.03) 

18.58 
(±0.32) 

0.71 
(±0.02) 

0.16 
(±0.02) 

1.12 

(±0.03)x
b 

18.37 

(±0.42)xyz
c 

0.10 
(±0.01) 

0.30 

(±0.01)y 

0.55 
(±0.02) 

0.29 
(±0.01) 

42.13 (±0.51) 

SFA diet 

(block 1) 

n = 20 

-24 
0.36 

(±0.03)
a 

1.13 (±0.05)xy
a 

0.31 

(±0.02)xy 

0.32 

(±0.02)xy
a 

0.72 

(±0.03)wz 

18.8 
(±0.33) 

0.84 

(±0.02)
a 

0.50 

(±0.02)
a 

1.50 

(±0.03)
a 

19.29 

(±0.43)
a 

0.13 

(±0.01)xz
a 

0.26 

(±0.01)
a 

0.81 

(±0.02)
a 

0.31 

(±0.01)xy
a 

45.27 (±0.52)a 

4 
0.27 

(±0.02)
ac 

1.00 (±0.04)y
b 

0.23 

(±0.01)
a 

0.27 

(±0.02)xy
bc 

0.54 

(±0.02)
a 

21.54 

(±0.27)y
a 

0.63 

(±0.02)y 

0.22 
(±0.02) 

0.93 

(±0.03)y 

17.77 

(±0.38)y 

0.11 
(±0.00) 

0.22 

(±0.01)wx
b 

0.56 

(±0.02)xy 

0.26 
(±0.01) 

44.54 

(±0.46)y
ab 

18 
0.20 

(±0.03)
bc 

1.09 (±0.05)y
ab 

0.22 

(±0.02)
ab 

0.29 

(±0.02)
ab 

0.63 

(±0.03)
b 

21.7 

(±0.33)y
a 

0.65 

(±0.02)y 

0.22 

(±0.02)xy 

1.01 

(±0.03)y 

17.39 

(±0.43)y 

0.11 
(±0.01) 

0.22 

(±0.01)
b 

0.55 
(±0.02) 

0.26 
(±0.01) 

44.54 

(±0.52)y
ab 

23 
0.23 

(±0.03)
bc 

0.88 (±0.04)
c 

0.18 

(±0.01)
b 

0.23 

(±0.02)
c 

0.52 

(±0.03)
a 

21.02 

(±0.32)y
a 

0.63 

(±0.02)x 

0.22 
(±0.02) 

0.97 

(±0.03)y 

17.56 

(±0.43)yz 

0.11 
(±0.01) 

0.23 

(±0.01)
ab 

0.6 
(±0.02) 

0.27 
(±0.01) 43.65 (±0.51)b 

n-3 diet 

(block 2) 

n = 20 

-24 
0.25 

(±0.03)
a 

1.01 (±0.04)xy 
0.26 

(±0.01)xy
a 

0.30 

(±0.02)xy 

0.67 

(±0.03)xyz
a 

18.68 

(±0.32)
a 

0.70 
(±0.02) 

0.61 
(±0.02) 

1.34 

(±0.03)y
a 

19.65 
(±0.43) 

0.11 

(±0.01)y 

0.24 
(±0.01) 

0.76 

(±0.02)
a 

0.30 

(±0.01)xy 
44.88 (±0.51)a 

4 
0.22 

(±0.03)
ab 

0.83 (±0.04)xy
a 

0.21 

(±0.01)
b 

0.25 

(±0.02)xy
a 

0.55 

(±0.02)
b 

16.74 

(±0.29)
b 

0.74 

(±0.02)x 

0.23 

(±0.02)
a 

1.10 

(±0.03)xy 

20.03 

(±0.4)x 

0.10 
(±0.00) 

0.25 

(±0.01)z 

0.59 

(±0.02)y 

0.29 
(±0.01) 42.13 (±0.48)xz 

18 
0.13 

(±0.03)
b 

0.97 (±0.04)xy 
0.23 

(±0.01)
ab 

0.30 
(±0.02) 

0.62 

(±0.03)ac 

17.36 

(±0.32)
b 

0.73 

(±0.02)x 

0.31 

(±0.02)y
b 

1.08 

(±0.03)xy 

20.33 

(±0.43)x 

0.11 
(±0.01) 

0.21 

(±0.01)
a 

0.56 
(±0.02) 

0.28 
(±0.01) 43.2 (±0.51)xy 
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Group Day C12:0 C14:0 IsoC15:0 
Anteiso 

C15:0 
C15:0 C16:0 IsoC17:0 

Anteiso 

C17:0 
C17:0 C18:0 C20:0 C22:0 C23:0 C24:0 Total SFA 

 23 
0.24 

(±0.04)
ab 

0.75 (±0.05)
a 

0.19 

(±0.02)
b 

0.23 

(±0.02)
a 

0.55 

(±0.03)
bc 

17.73 

(±0.38)
ab 

0.75 
(±0.03) 

0.24 

(±0.03)
ab 

1.09 

(±0.04)xy 

19.71 

(±0.49)x 

0.11 
(±0.01) 

0.25 
(±0.01) 

0.58 
(±0.02) 

0.28 
(±0.01) 

42.68 (±0.59) 

n-6 diet 
(block 2) 

n = 20 

-24 
0.28 

(±0.03)
a 

1.05 (±0.05)xy 
0.27 

(±0.02)xy 

0.28 

(±0.02)xy
a 

0.65 

(±0.03)xyz 

18.38 

(±0.33)
a 

0.72 

(±0.02)
a 

0.59 

(±0.02)
a 

1.27 

(±0.03)y
a 

19.48 

(±0.43)
a 

0.11 

(±0.01)yz 

0.25 
(±0.01) 

0.78 

(±0.02)
a 

0.31 

(±0.01)xy
a 

44.43 (±0.52)a 

4 
0.18 

(±0.03)
b 

0.83 (±0.04)x
ab 

0.18 

(±0.01)
a 

0.24 

(±0.02)y
bc 

0.57 

(±0.02)
a 

16.88 

(±0.29)
b 

0.70 

(±0.02)xy
ab 

0.17 
(±0.02) 

1.05 

(±0.03)xy 

20.52 

(±0.39)x
b 

0.10 
(±0.00) 

0.28 

(±0.01)y
a 

0.52 

(±0.02)x 

0.28 

(±0.01)
b 

42.51 (±0.47)xz 

18 
0.40 

(±0.03)y
c 

0.91 (±0.05)xy
a 

0.22 

(±0.02)
b 

0.27 

(±0.02)
ab 

0.64 
(±0.03) 

17.24 

(±0.33)
bc 

0.66 

(±0.02)xy
b 

0.20 

(±0.02)x 

0.98 

(±0.03)y 

20.28 

(±0.43)x
ab 

0.11 
(±0.01) 

0.29 

(±0.01)y
ab 

0.51 
(±0.02) 

0.29 

(±0.01)
ab 

43.02 (±0.52)xy 

23 
0.19 

(±0.04)
ab 

0.76 (±0.05)
b 

0.16 

(±0.02)
a 

0.2 

(±0.02)
c 

0.51 

(±0.03)
a 

18.17 

(±0.36)
ac 

0.69 

(±0.03)
ab 

0.15 
(±0.03) 

1.00 

(±0.04)xy 

19.14 

(±0.47)xz
a 

0.12 
(±0.01) 

0.30 

(±0.01)y
b 

0.56 
(±0.02) 

0.30 

(±0.01)
ab 

42.24 (±0.57) 

SFA diet 

(block 2) 

n = 20 

-24 
0.24 

(±0.03)
ab 

0.95 (±0.05)y
ab 

0.26 

(±0.02)y
a 

0.27 

(±0.02)y
ab 

0.61 

(±0.03)xz
a 

18.9 
(±0.33) 

0.70 

(±0.02)
a 

0.49 
(±0.02) 

1.27 

(±0.03)y
a 

19.34 

(±0.43)
a 

0.11 

(±0.01)yz 

0.24 
(±0.01) 

0.74 

(±0.02)
a 

0.28 

(±0.01)y 
44.4 (±0.52) 

4 
0.18 

(±0.03)
ab 

0.87 (±0.04)xy
a 

0.17 

(±0.01)
b 

0.23 

(±0.02)y
a 

0.51 

(±0.03)
b 

21.23 

(±0.3)y
a 

0.66 

(±0.02)y
ab 

0.19 

(±0.02)
a 

1.00 

(±0.03)xy 

17.48 

(±0.4)y 

0.10 
(±0.00) 

0.23 

(±0.01)zw 

0.58 

(±0.02)xy 

0.27 
(±0.01) 43.72 (±0.48)yz 

18 
0.15 

(±0.03)
a 

1.02 (±0.05)xy
b 

0.23 

(±0.02)
ac 

0.29 

(±0.02)
b 

0.62 

(±0.03)
ac 

22.35 

(±0.34)y
b 

0.64 

(±0.03)y
b 

0.27 

(±0.02)xy
b 

0.96 

(±0.03)y 

17.26 

(±0.45)y 

0.12 
(±0.01) 

0.23 
(±0.01) 

0.56 
(±0.02) 

0.26 
(±0.01) 44.96 (±0.54)y 

23 
0.29 

(±0.04)
b 

0.89 (±0.05)
ab 

0.20 

(±0.02)
bc 

0.25 

(±0.02)
ab 

0.55 

(±0.03)
abc 

21.45 

(±0.36)y
ab 

0.67 

(±0.03)
ab 

0.21 

(±0.03)
ab 

1.00 

(±0.04)xy 

17.30 

(±0.47)z 

0.12 
(±0.01) 

0.24 
(±0.01) 

0.59 
(±0.02) 

0.28 
(±0.01) 

44.01 (±0.57) 

P-values 

D1 B1=0.989, 

B2=0.063 
0.040 0.529 0.227 0.213 0.000 

B1=0.001, 

B2=0.059 
0.002 0.001 0.000 0.609 0.000 0.163 0.004 0.002 

B NA 0.169 0.132 0.060 0.113 0.765 NA 0.345 0.061 0.233 0.494 0.428 0.546 0.480 0.875 

T 
B1=0.000, 

B2=0.010 
0.000 0.000 0.000 0.000 0.000 

B1=0.000, 

B2=0.092 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

D*B NA 0.287 0.926 0.750 0.954 0.918 NA 0.898 0.596 0.562 0.766 0.666 0.599 0.546 0.745 

D*T 
B1=0.052, 
B2=0.000 

0.000 0.023 0.019 0.100 0.000 
B1=0.021, 
B2=0.030 

0.000 0.004 0.000 0.625 0.000 0.001 0.890 0.000 

B*T NA 0.004 0.000 0.000 0.000 0.226 NA 0.004 0.000 0.996 0.000 0.106 0.029 0.000 0.006 

D*B*T NA 0.105 0.560 0.355 0.700 0.615 NA 0.002 0.122 0.556 0.770 0.186 0.156 0.422 0.384 

Superscript letters indicate significant differences (P < 0.050) between experimental days for the same dietary treatment group (changes over time). Subscript letters indicate significant 

differences (P < 0.050) between diets on the same experimental day. 1 P-values for the effect of diet (D), block (B) and Time (T) and the interactions between diet and block (D*B), 

diet and Time (D*T), block and Time (B*T) and, diet, block and Time (D*B*T), where block did not have a significant effect on the model. Where block was significant, a secondary 

analysis was conducted for the differences between dietary treatments within each block (block 1 = B1, block2 = B2).   
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Table 4-5: Mean (± SE) proportion of monounsaturated fatty acids (MUFA; from total identified fatty acids) in the plasma of ewes prior to feeding experimental diets 

(experimental day -24), post Controlled Internal Drug Release Device (CIDR) removal (experimental day 4), prior to the onset of oestrus (experimental day 18) and 

at the conclusion of the first natural oestrus after CIDR pull (experimental day 23). 

Group Day C14.1n.5 C15.1n.5 C16.1n.7 C17.1n.7 C18.1n.9t C18.1n.9 C18.1n.7 C20.1n.9 C22.1n.9 C24.1n.9 MUFA 

n-3 diet (block 1) 

n = 20 

-24 0.04 (±0) 0.05 (±0) 1.54 (±0.06) 0.2 (±0.01) 0.22 (±0.02) 21.24 (±0.6) 0.64 (±0.02)x 0.11 (±0) 0.04 (±0)xy
a 0.29 (±0.01)xy 24.37 (±0.64) 

4 0.02 (±0)ab 0.03 (±0) 1.53 (±0.05) 0.13 (±0.01)a 0.39 (±0.02) 27.14 (±0.53)x 0.46 (±0.02) 0.07 (±0)a 0.02 (±0) 0.3 (±0.01)x 30.1 (±0.58)x
a 

18 0.01 (±0)a 0.04 (±0)x 1.58 (±0.06) 0.14 (±0.01)ab 0.41 (±0.02) 28.48 (±0.6)x 0.48 (±0.02)xy 0.05 (±0)b 0.01 (±0) 0.27 (±0.01) 31.47 (±0.65)x
b 

23 0.03 (±0)b 0.04 (±0) 1.47 (±0.06) 0.16 (±0.01)b 0.36 (±0.02) 26.26 (±0.6)x 0.46 (±0.02) 0.05 (±0)b 0.02 (±0) 0.3 (±0.01) 29.13 (±0.64)x
a 

n-6 diet (block 1) 

n = 20 

-24 0.04 (±0)a 0.05 (±0) 1.5 (±0.05)a 0.18 (±0.01) 0.21 (±0.02) 21.03 (±0.56) 0.6 (±0.02)xz 0.09 (±0)x 0.05 (±0)x
a 0.28 (±0.01)xy 24.04 (±0.61) 

4 0.02 (±0)b 0.04 (±0) 1.3 (±0.05)x 0.12 (±0.01)a 0.37 (±0.02) 23.47 (±0.52)y 0.41 (±0.02) 0.08 (±0) 0.02 (±0) 0.25 (±0.01)xy 26.08 (±0.57)y
a 

18 0.02 (±0)bc 0.03 (±0)xy 1.33 (±0.06)x 0.14 (±0.01)ab 0.4 (±0.02) 25.13 (±0.6)y 0.41 (±0.02)x 0.04 (±0.01)a 0.01 (±0) 0.24 (±0.01) 27.76 (±0.65)y
b 

23 0.03 (±0)ac 0.04 (±0) 1.37 (±0.06) 0.15 (±0.01)b 0.33 (±0.02) 24.55 (±0.58)xy 0.43 (±0.02) 0.04 (±0)a 0.01 (±0) 0.28 (±0.01) 
27.24 

(±0.62)xy
ab 

SFA diet (block 1) 

n = 20 

-24 0.04 (±0)a 0.05 (±0) 1.53 (±0.06)ab 0.19 (±0.01) 0.22 (±0.02) 21.15 (±0.6) 0.61 (±0.02)xz 0.11 (±0) 0.04 (±0)y
a 0.3 (±0.01)x 24.22 (±0.64) 

4 0.02 (±0) 0.03 (±0) 1.53 (±0.05)a 0.12 (±0.01)a 0.36 (±0.02) 24.82 (±0.53)yz 0.48 (±0.02) 0.08 (±0)a 0.02 (±0) 0.27 (±0.01) 
27.72 

(±0.58)xy
a 

18 0.02 (±0) 0.03 (±0)y 1.61 (±0.06)a 0.14 (±0.01)ab 0.39 (±0.02) 26.28 (±0.6)xy 0.49 (±0.02)xy 0.05 (±0)b 0.02 (±0) 0.27 (±0.01) 29.3 (±0.64)xy
b 

23 0.02 (±0) 0.04 (±0) 1.42 (±0.06)b 0.14 (±0.01)b 0.33 (±0.02) 24.66 (±0.59)xy 0.48 (±0.02) 0.05 (±0)b 0.01 (±0) 0.29 (±0.01) 
27.43 

(±0.63)xy
a 

n-3 diet (block 2) 

n = 20 

-24 0.03 (±0)a 0.04 (±0) 1.29 (±0.06)a 0.14 (±0.01)a 0.2 (±0.02) 20.89 (±0.59) 0.55 (±0.02)yz 0.07 (±0)ab 0.05 (±0)a 0.24 (±0.01)y 23.5 (±0.63)a 

4 0.02 (±0) 0.04 (±0) 1.37 (±0.05)xy
ab 0.14 (±0.01)a 0.39 (±0.02) 26.15 (±0.55)xz 0.43 (±0.02) 0.07 (±0)a 0.02 (±0) 0.29 (±0.01)xy 28.9 (±0.6)xy 

18 0.01 (±0)x 0.03 (±0)xy 1.38 (±0.06)b 0.14 (±0.01)ab 0.43 (±0.02) 26.16 (±0.59)xy 0.45 (±0.02)xy 0.05 (±0)ab 0.03 (±0) 0.26 (±0.01) 28.95 (±0.63)xy 

23 0.02 (±0) 0.04 (±0) 1.43 (±0.06)b 0.17 (±0.01)x
b 0.41 (±0.03) 25.66 (±0.67)xy 0.45 (±0.02) 0.05 (±0.01)b 0.03 (±0.01) 0.28 (±0.02) 28.53 (±0.72) 

n-6 diet (block 2) 

n = 20 

-24 0.03 (±0)a 0.05 (±0) 1.29 (±0.06) 0.13 (±0.01) 0.2 (±0.02) 20.22 (±0.6) 0.55 (±0.02)yz 0.06 (±0)ab 0.05 (±0)a 0.23 (±0.01)y 22.82 (±0.64)a 

4 0.02 (±0)b 0.04 (±0) 1.28 (±0.05)x 0.13 (±0.01) 0.35 (±0.02) 24.05 (±0.55)yz 0.42 (±0.02) 0.07 (±0)a 0.02 (±0) 0.25 (±0.01)y 26.62 (±0.59)y 

18 0.03 (±0)ab 0.04 (±0)xy 1.31 (±0.06) 0.13 (±0.01) 0.42 (±0.02) 24.12 (±0.6)y 0.43 (±0.02)xy 0.05 (±0)b 0.02 (±0) 0.25 (±0.01) 26.8 (±0.64)y 

23 0.02 (±0)b 0.04 (±0) 1.29 (±0.06) 0.12 (±0.01)y 0.36 (±0.02) 23.52 (±0.64)y 0.44 (±0.02) 0.05 (±0.01)b 0.02 (±0) 0.27 (±0.01) 26.12 (±0.69)y 

SFA diet (block 2) 

n = 20 

-24 0.03 (±0)a 0.04 (±0) 1.35 (±0.06)a 0.13 (±0.01) 0.2 (±0.02) 21.59 (±0.6) 0.5 (±0.02)y 0.06 (±0)ab 0.04 (±0)a 0.23 (±0.01)y 24.19 (±0.64)a 

4 0.02 (±0)b 0.03 (±0) 1.47 (±0.05)y 0.13 (±0.01) 0.33 (±0.02) 24.79 (±0.56)yz 0.47 (±0.02) 0.07 (±0)a 0.02 (±0)bc 0.29 (±0.01)xy 27.63 (±0.6)xy 

18 0.03 (±0)ab 0.03 (±0)xy 1.54 (±0.06)x 0.12 (±0.01) 0.39 (±0.02) 24.64 (±0.61)y 0.5 (±0.02)y 0.05 (±0.01)b 0.01 (±0)b 0.26 (±0.01) 27.59 (±0.66)y 

23 0.03 (±0)b 0.04 (±0) 1.48 (±0.06)x 0.15 (±0.01)xy 0.35 (±0.02) 24.38 (±0.64)xy 0.5 (±0.02) 0.05 (±0.01)b 0.04 (±0)ac 0.3 (±0.01) 27.32 (±0.69)xy 
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  C14.1n.5 C15.1n.5 C16.1n.7 C17.1n.7 C18.1n.9t C18.1n.9 C18.1n.7 C20.1n.9 C22.1n.9 C24.1n.9 MUFA 

p-values 

D 
B1=0.400, 
B2=0.221 

0.018 
B1=0.140, 
B2=0.016 

B1=0.404, 
B2=0.306 

0.237 0.000 0.053 
B1=0.410, 
B2=0.789 

B1=0.261, 
B2=0.500 

0.054 0.000 

B NA 0.682 NA NA 0.970 0.109 0.128 NA NA 0.089 0.069 

T 
B1=0.000, 

B2=0.000 
0.000 

B1=0.000, 

B2=0.000 

B1=0.000, 

B2=0.171 
0.000 0.000 0.000 

B1=0.000, 

B2=0.000 

B1=0.000, 

B2=0.000 
0.000 0.000 

D*B NA 0.764 NA NA 0.909 0.648 0.542 NA NA 0.733 0.613 

D*T 
B1=0.157, 

B2=0.043 
0.417 

B1=0.000, 

B2=0.005 

B1=0.817, 

B2=0.037 
0.337 0.000 0.000 

B1=0.001, 

B2=0.864 

B1=0.207, 

B2=0.158 
0.010 0.000 

B*T NA 0.054 NA NA 0.032 0.001 0.000 NA NA 0.000 0.005 

D*B*T NA 0.268 NA NA 0.981 0.192 0.255 NA NA 0.278 0.176 

Superscript letters indicate significant differences (P < 0.050) between experimental days for the same dietary treatment group (changes over time). Subscript letters indicate significant 

differences (P < 0.050) between diets on the same experimental day. 1 P-values for the effect of diet (D), block (B) and Time (T) and the interactions between diet and block (D*B), 

diet and Time (D*T), block and Time (B*T) and, diet, block and Time (D*B*T), where block did not have a significant effect on the model. Where block was significant, a secondary 

analysis was conducted for the differences between dietary treatments within each block (block 1 = B1, block2 = B2)..  
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Table 4-6: Mean (± SE) proportion of polyunsaturated omega-3 (n-3) fatty acids (from total identified fatty acids) in the plasma of ewes prior to feeding experimental 

diets (experimental day -24), post Controlled Internal Drug Release Device (CIDR) removal (experimental day 4), prior to the onset of oestrus (experimental day 18) 

and at the conclusion of the first natural oestrus after CIDR pull (experimental day 23). 

Group Day C18.3n.3 C20.3n.3 C20.5n.3 C22.5n.3 C22.6n.3 n-3 

n-3 diet (block 1) 

n = 20 

-24 4.69 (±0.20)a 0.06 (±0.00)x
a 1.93 (±0.11) 1.96 (±0.07)xy 1.35 (±0.08) 9.99 (±0.27) 

4 5.2 (±0.17)bc 0.03 (±0.00)x 2.08 (±0.10)x 1.55 (±0.06)a 1.38 (±0.07) 10.25 (±0.23) 

18 5.11 (±0.20)ac 0.04 (±0.00) 1.87 (±0.11) 1.3 (±0.07) 1.1 (±0.08)a 9.41 (±0.27)a 

23 4.77 (±0.20)a 0.04 (±0.00) 2.3 (±0.11)x
a 1.68 (±0.07)a 1.34 (±0.08) 10.12 (±0.27) 

n-6 diet (block 1) 

n = 20 

-24 4.88 (±0.18)a 0.05 (±0.00)xz
a 2.03 (±0.10)a 2.02 (±0.06)x 1.58 (±0.07)a 10.57 (±0.25) 

4 2.21 (±0.17)x 0.03 (±0.00)x 1.77 (±0.10)xy
bc 1.46 (±0.06)ab 1.45 (±0.07)ab 6.93 (±0.22)x

a 

18 1.99 (±0.20)x 0.03 (±0.00) 1.64 (±0.11)b 1.35 (±0.07)a 1.32 (±0.08)b 6.34 (±0.27)x 

23 2.25 (±0.19)x 0.03 (±0.00) 1.94 (±0.11)xy
ac 1.6 (±0.07)b 1.39 (±0.07)b 7.22 (±0.26)x

a 

SFA diet (block 1) 

n = 20 

-24 4.97 (±0.20)a 0.06 (±0.00)x
a 2.02 (±0.11) 1.99 (±0.07)xy 1.55 (±0.08)a 10.59 (±0.27) 

4 3.34 (±0.17)y 0.03 (±0.00)x 1.74 (±0.10)xy
a 1.45 (±0.06)a 1.36 (±0.07)b 7.91 (±0.23)y

a 

18 3.33 (±0.20)y 0.04 (±0.00) 1.55 (±0.11)a 1.29 (±0.07)b 1.17 (±0.08) 7.37 (±0.27)y
b 

23 3.35 (±0.19)y 0.03 (±0.00) 1.99 (±0.11)xy 1.63 (±0.07)c 1.42 (±0.07)ab 8.42 (±0.26)y
c 

n-3 diet (block 2) 

n = 20 

-24 6.39 (±0.19)a 0.04 (±0.00)yz 1.91 (±0.11) 1.73 (±0.07)y
a 1.42 (±0.07)ab 11.49 (±0.26)a 

4 5.44 (±0.18)x
b 0.04 (±0.00)y 1.98 (±0.10)x 1.52 (±0.06)bc 1.55 (±0.07)a 10.53 (±0.24) 

18 5.47 (±0.19)x
b 0.03 (±0.00) 1.93 (±0.11) 1.39 (±0.07)b 1.29 (±0.07)b 10.11 (±0.26)x 

23 4.83 (±0.22)x
c 0.04 (±0.00) 2.34 (±0.12)x

a 1.6 (±0.08)ac 1.4 (±0.08)ab 10.22 (±0.31) 

n-6 diet (block 2) 

n = 20 

-24 6.53 (±0.20)a 0.04 (±0.00)yz 2.02 (±0.11)a 1.83 (±0.07)xy 1.53 (±0.08)ab 11.95 (±0.27)a 

4 2.38 (±0.18)y 0.04 (±0.00)xy 1.4 (±0.10)y
b 1.47 (±0.06)ab 1.59 (±0.07)a 6.87 (±0.24)x 

18 2.29 (±0.20)y 0.03 (±0.00) 1.58 (±0.11)bc 1.35 (±0.07)a 1.39 (±0.08)b 6.64 (±0.27) 

23 2.51 (±0.21) 0.04 (±0.00) 1.79 (±0.12)y
ac 1.64 (±0.07)b 1.56 (±0.08)ab 7.54 (±0.29) 

SFA diet (block 2) 

n = 20 

-24 6.09 (±0.20)a 0.04 (±0.00)y 2.06 (±0.11) 1.81 (±0.07)xy
a 1.43 (±0.08)ab 11.42 (±0.27)x

a 

4 3.26 (±0.18)z 0.04 (±0.00)xy 1.77 (±0.10)xy
a 1.55 (±0.06)b 1.47 (±0.07)a 8.08 (±0.24)y 

18 3.28 (±0.20)z 0.03 (±0.00) 1.67 (±0.11)a 1.37 (±0.07) 1.25 (±0.08)b 7.61 (±0.28) 

23 3.20 (±0.21) 0.03 (±0.00) 2.12 (±0.12)xy 1.65 (±0.07)ab 1.47 (±0.08)a 8.48 (±0.29) 
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  C18.3n.3 C20.3n.3 C20.5n.3 C22.5n.3 C22.6n.3 n-3 

p-values 

D 
B1=0.000, 

B2=0.000 
0.039 0.015 0.977 0.133 

B1=0.000, 

B2=0.000 

B NA 0.629 0.401 0.483 0.133 NA 

T 
B1=0.000, 
B2=0.000 

0.000 0.000 0.000 0.000 
B1=0.000, 

B2=0.000 

D*B NA 0.462 0.385 0.739 0.796 NA 

D*T 
B1=0.000, 
B2=0.000 

0.912 0.000 0.258 0.083 
B1=0.000, 

B2=0.000 

B*T NA 0.000 0.024 0.000 0.005 NA 

D*B*T NA 0.165 0.531 0.776 0.666 NA 

Superscript letters indicate significant differences (P < 0.050) between experimental days for the same dietary treatment group (changes over time). Subscript letters indicate significant 

differences (P < 0.050) between diets on the same experimental day.1 P-values for the effect of diet (D), block (B) and Time (T) and the interactions between diet and block (D*B), 

diet and Time (D*T), block and Time (B*T) and, diet, block and Time (D*B*T), where block did not have a significant effect on the model. Where block was significant, a secondary 

analysis was conducted for the differences between dietary treatments within each block (block 1 = B1, block2 = B2).  
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Table 4-7: Mean proportion (± SE) of polyunsaturated omega-6 (n-6) fatty acids (PUFA; from total identified fatty acids) in the plasma of ewes prior to feeding 

experimental diets (experimental day -24), post Controlled Internal Drug Release Device (CIDR) removal (experimental day 4), prior to the onset of oestrus 

(experimental day 18) and at the conclusion of the first natural oestrus after CIDR pull (experimental day 23). 

Group Day C18.2n.6t C18.2n.6 C18.3n.6 C20.2n.6 C20.3n.6 C20.4n.6 C22.4n.6 C22.5n.6 n-6 PUFA ratio 

n-3 diet 

(block 1) 

n = 20 

-24 0.06 (±0.00)a 15.66 (±0.52) 0.4 (±0.03)a 0.26 (±0.02)a 0.24 (±0.01)x
a 2.88 (±0.14)a 0.08 (±0.00)x 0.04 (±0.00)xy

a 19.64 (±0.56)a 29.62 (±0.67)x 1.97 (±0.12) 

4 0.07 (±0.00)x
a 14.17 (±0.45)a 0.3 (±0.03)x 0.09 (±0.01) 0.18 (±0.01) 3.29 (±0.13)xy

b 0.04 (±0.00)xy
a 0.03 (±0.00) 18.18 (±0.49)x

b 28.43 (±0.58)xz 1.78 (±0.1) 

18 0.05 (±0.00)x
b 12.89 (±0.52)x

b 0.28 (±0.03)x 0.04 (±0.02) 0.18 (±0.01) 2.72 (±0.14)xy
a 0.05 (±0.00)ab 0.02 (±0.00) 16.24 (±0.57)x 25.65 (±0.68)x

a 1.73 (±0.12) 

23 0.06 (±0.00)ab 14.32 (±0.52)x
a 0.31 (±0.03)x 0.04 (±0.02) 0.2 (±0.01) 3.28 (±0.14)xy

b 0.06 (±0.00)b 0.02 (±0.00) 18.3 (±0.56)ab 28.42 (±0.67)x 1.81 (±0.12) 

n-6 diet 
(block 1) 

n = 20 

-24 0.07 (±0.00)a 16.16 (±0.48) 0.45 (±0.03) 0.16 (±0.01) 0.23 (±0.01)x
a 3.22 (±0.13)a 0.09 (±0) .00x 0.05 (±0.00)x

a 20.44 (±0.53) 31.01 (±0.63)xy 1.94 (±0.11) 

4 0.03 (±0.00) 20.19 (±0.45)x
a 0.45 (±0.03)y 0.09 (±0.01)x 0.21 (±0.01)b 3.67 (±0.12)x

b 0.04 (±0.00)x 0.03 (±0.00) 24.72 (±0.49)y
a 31.65 (±0.58)y 3.61 (±0.1)x

a 

18 0.03 (±0.00)xz 19.91 (±0.52)ab 0.44 (±0.03)y 0.04 (±0.02)a 0.23 (±0.01)ab 3.09 (±0.14)xy
a 0.06 (±0.00)a 0.03 (±0.00) 23.83 (±0.57)ab 30.16 (±0.69)y 3.83 (±0.12)x

a 

23 0.03 (±0.00)x 18.85 (±0.5)b 0.45 (±0.03)y 0.04 (±0.01)a 0.21 (±0.01)ab 3.77 (±0.14)x
b 0.06 (±0.00)a 0.03 (±0.00) 23.44 (±0.55)x

b 30.66 (±0.65)xy 3.28 (±0.11)x
b 

SFA diet 

(block 1) 

n = 20 

-24 0.06 (±0.00)a 15.98 (±0.52) 0.35 (±0.03)a 0.24 (±0.02) 0.24 (±0.01)x
a 2.93 (±0.14)ab 0.07 (±0.00)xy 0.04 (±0.00)xy

a 19.92 (±0.56)ab 30.51 (±0.67)xy
a 1.89 (±0.12)a 

4 0.03 (±0.00)y 16.19 (±0.46)y 0.32 (±0.03)x
b 0.09 (±0.01) 0.19 (±0.01)b 2.94 (±0.13)y

a 0.04 (±0.00)xy
a 0.03 (±0.00) 19.83 (±0.5)xz

ab 27.74 (±0.58)x
b 2.52 (±0.1)y 

18 0.02 (±0.00)yz 15.52 (±0.52)y 0.3 (±0.03)x
b 0.04 (±0.02)a 0.2 (±0.01)bc 2.63 (±0.14)x

b 0.06 (±0.00) 0.03 (±0.00) 18.8 (±0.56)y
a 26.16 (±0.67)x 2.57 (±0.12)y 

23 0.03 (±0.00)y 16.64 (±0.51)y 0.32 (±0.03)x
ab 0.04 (±0.01)a 0.23 (±0.01)ac 3.16 (±0.14)y

a 0.06 (±0.00) 0.03 (±0.00) 20.5 (±0.55)b 28.92 (±0.66)xy
ab 2.44 (±0.11)y 

n-3 diet 

(block 2) 

n = 20 

-24 0.06 (±0.00) 16.45 (±0.51)a 0.37 (±0.03)a 0.07 (±0.01)ab 0.18 (±0.01)y 2.89 (±0.14)a 0.06 (±0.00)yz
a 0.04 (±0.00)x

a 20.13 (±0.55)a 31.62 (±0.66)xy
a 1.77 (±0.11) 

4 0.06 (±0.00)x 14.29 (±0.47)y 0.29 (±0.03)x
bc 0.1 (±0.01)a 0.17 (±0.01) 3.44 (±0.13)xy

b 0.05 (±0.00)xy
b 0.03 (±0.00) 18.44 (±0.52)x

b 28.97 (±0.61)xz 1.75 (±0.11) 

18 0.05 (±0.00)x
a 14.09 (±0.51)xy 0.26 (±0.03)x

b 0.04 (±0.01)b 0.19 (±0.01) 3.03 (±0.14)xy
a 0.05 (±0.00)b 0.03 (±0.00) 17.73 (±0.55)xy

b 27.84 (±0.66)xy 1.77 (±0.11) 

23 0.06 (±0.01) 14.39 (±0.58)xy 0.33 (±0.03)xy
ac 0.04 (±0.02)b 0.18 (±0.02) 3.49 (±0.16)xy

b 0.06 (±0.00)ab 0.03 (±0.00) 18.58 (±0.64)ab 28.8 (±0.77)xy 1.84 (±0.13) 

n-6 diet 
(block 2) 

n = 20 

-24 0.06 (±0.00)a 17.02 (±0.52)a 0.38 (±0.03)a 0.08 (±0.02)ab 0.2 (±0.01)xy
a 2.94 (±0.14)a 0.08 (±0.00) xz 0.04 (±0.00)xy 20.8 (±0.56)a 32.75 (±0.67)y

a 1.74 (±0.12) 

4 0.03 (±0.00)y 19.71 (±0.47)x 0.35 (±0.03)xy
ab 0.1 (±0.01)a 0.21 (±0.01)ab 3.5 (±0.13)x

bc 0.05 (±0.00)xy
a 0.04 (±0.00) 23.99 (±0.51)yz 30.86 (±0.61)yz

b 3.6 (±0.11)x
a 

18 0.03 (±0.00)xz 19.56 (±0.52) 0.34 (±0.03)xy
b 0.04 (±0.02)b 0.23 (±0.01)b 3.26 (±0.14)y

ac 0.05 (±0.00)ab 0.03 (±0.00) 23.55 (±0.56)z 30.19 (±0.67)y
b 3.59 (±0.12)x

a 

23 0.02 (±0.01)x 19.58 (±0.56) 0.34 (±0.03)xy
ab 0.04 (±0.02)b 0.22 (±0.01)ab 3.79 (±0.15)x

b 0.06 (±0.00)b 0.03 (±0.00) 24.08 (±0.61)x 31.61 (±0.73)y
ab 3.27 (±0.12)x

b 

SFA diet 

(block 2) 

n = 20 

-24 0.06 (±0)a 16.25 (±0.52) 0.38 (±0.03)a 0.08 (±0.02)ab 0.16 (±0.01)y
a 2.97 (±0.14)a 0.06 (±0.00)y 0.03 (±0.00)y 19.99 (±0.56) 31.41 (±0.67)xy

a 1.76 (±0.12)a 

4 0.03 (±0) 16.48 (±0.48) 0.33 (±0.03)xy
b 0.1 (±0.01)a 0.18 (±0.01)ab 3.34 (±0.13)xy

b 0.06 (±0.00)y 0.03 (±0.00) 20.57 (±0.52)z 28.65 (±0.62)xz 2.55 (±0.11)y 

18 0.03 (±0)yz 16.19 (±0.53)y 0.32 (±0.03)xy
b 0.04 (±0.02)b 0.21 (±0.01)b 2.97 (±0.15)xy

a 0.06 (±0.00) 0.03 (±0.00) 19.85 (±0.58)y 27.46 (±0.69)xy 2.6 (±0.12)y 

23 0.03 (±0.01)y 15.9 (±0.56)xy 0.36 (±0.03)xy
ab 0.03 (±0.02)b 0.21 (±0.01)b 3.59 (±0.15)y

b 0.06 (±0.00) 0.03 (±0.00) 20.2 (±0.61) 28.68 (±0.73)xy 2.41 (±0.12)y 

p-values D 0.000 0.000 0.008 
B1=0.174, 

B2=0.971 
0.042 0.008 0.146 0.199 0.000 0.000 0.000 

B 0.513 0.374 0.266 NA 0.132 0.329 0.620 0.809 0.386 0.085 0.644 
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 C18.2n.6t C18.2n.6 C18.3n.6 C20.2n.6 C20.3n.6 C20.4n.6 C22.4n.6 C22.5n.6 n_6 PUFA ratio 

T 0.000 0.001 0.000 
B1=0.000, 

B2=0.000 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 

p-values 

D*B 0.888 0.854 0.134 NA 0.678 0.1876 0.779 0.550 0.746 0.738 0.948 

D*T 0.000 0.000 0.000 
B1=0.009, 
B2=0.999 

0.002 0.081 0.000 0.003 0.000 0.002 0.000 

B*T 0.300 0.158 0.674 NA 0.000 0.008 0.000 0.000 0.361 0.020 0.106 

D*B*T 0.397 0.105 0.272 NA 0.425 0.754 0.514 0.144 0.139 0.130 0.702 

Superscript letters indicate significant differences (P < 0.050) between experimental days for the same dietary treatment group (changes over time). Subscript letters indicate significant 

differences (P < 0.050) between diets on the same experimental day. 1 P-values for the effect of diet (D), block (B) and Time (T) and the interactions between diet and block (D*B), 

diet and Time (D*T), block and Time (B*T) and, diet, block and Time (D*B*T), where block did not have a significant effect on the model. Where block was significant, a secondary 

analysis was conducted for the differences between dietary treatments within each block (block 1 = B1, block2 = B2) 
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Total plasma SFA proportion did not differ between dietary treatment groups prior to the 

start of experimental feeding (Experimental day -24) (see Error! Reference source not 

found.). Total plasma SFA proportion was affected by diet, time and the interactions 

between diet and time, and diet and block. Individual plasma SFA were affected 

differently by diet. Because plasma SFA proportion changed over time for some treatment 

groups and not others, there were differences in plasma SFA proportion between 

treatment groups for the same sample collection time. As well as dietary treatment, intake 

of total SFA (g/d, which varied due to individual ewe DM consumption) also had an effect 

on plasma SFA proportion (P = 0.049).  

Total plasma MUFA proportion did not differ between dietary treatment groups prior to 

the start of experimental feeding (Experimental day -24), see Error! Reference source 

not found.. Total plasma MUFA proportion was affected by diet, time, the interaction 

between diet and time, and the interaction between block and time. Plasma MUFA 

proportion was not affected (P > 0.050) by intake of MUFA or the interaction between 

intake and diet. Total plasma MUFA proportion increased over time for each dietary 

treatment group. However, the change between each sample varied between treatment 

groups, and there were differences between dietary treatment groups at the same sample 

time. Proportions of individual plasma MUFA were affected differently by diet.  

Total plasma n-3 PUFA proportion was affected by block; therefore, a secondary analysis 

was conducted for the effects of diet and time within block (see Error! Reference source 

not found.). Total plasma n-3 FA proportion did not differ between dietary treatment 

groups, within block, prior to the start of experimental feeding (Experimental day -24). 

Total plasma n-3 proportion was affected by diet, time and the interaction between diet 

and time in blocks 1 and 2. The plasma FA proportion of C18:3n-3 and C20:5n-3 were 

affected by diet; C18:3n-3 contributed the greatest proportion of total n-3 and was also 

affected by block, with block 2 having a higher plasma n-3 proportion prior to the start of 

experimental feeding. All individual n-3 plasma FA proportions were affected by time. 

Total plasma n-3 proportion decreased over time for each dietary treatment group, except 

for the n-3 diet block 1. The proportion of plasma n-3 varied between treatment groups, 

with the n-3 dietary treatment groups having a much smaller decrease in n-3 plasma FA 

proportion than the other dietary treatment groups. Therefore, there were also differences 

between dietary treatment groups at the same sample time. Although dietary treatment 

had the greatest effect on total plasma n-3 proportion, dietary intake of n-3 and the 
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interaction between diet and intake of n-3 also had effects on plasma n-3 proportion (P < 

0.001 and P = 0.008, respectively).  

Total n-6 plasma FA proportion did not differ between dietary treatment groups prior to 

the start of experimental feeding (Experimental day -24), see Error! Reference source 

not found.. Total plasma n-6 proportion was affected by diet, time and the interaction 

between diet and time; but was not affected (P > 0.050) by n-6 intake or the interaction 

between intake and diet. The plasma proportions of C20:4n-6 and C18:2n-6 were affected 

by diet. Total plasma n-6 proportion did not change between the pre-feeding and final 

plasma FA samples for the SFA dietary treatment. Total plasma n-6 proportion decreased 

over time for the n-3 dietary treatment and increased over time for the n-6 dietary 

treatment. 

Total plasma PUFA varied between dietary treatments prior to the start of experimental 

feeding and was affected by diet, time, the interactions between diet and time, and block 

and time (see Error! Reference source not found.). As total PUFA increased for the n-

6 dietary treatment and fluctuated for the n-3 and SFA dietary treatments, there were also 

differences between dietary treatment groups at the same sampling time.  

The plasma FA ratio of n-6:n-3 did not differ between dietary treatments prior to the start 

of experimental feeding (Experimental day -24), but was affected by diet, time and the 

interaction between diet and time (see Error! Reference source not found.). The ratio 

of n-6:n-3 increased over the experimental feeding period for the n-6 and SFA dietary 

treatments, but not the n-3 dietary treatment. After the commencement of feeding of 

experimental rations, the n-6 dietary treatment had higher plasma n-6:n-3 ratios than the 

other two dietary treatments; while the SFA dietary treatment groups also had a higher n-

6:n-3 plasma FA ratio than the n-3 dietary treatment on the same sampling day. 

 

4.3.4 Timing of reproductive events 

The time from CIDR removal to the first sign of behavioural oestrus for the first natural 

oestrous cycle (or the second oestrous cycle) after CIDR removal was not affected by 

dietary treatment (P = 0.145) or the interaction between dietary treatment and block (P = 

0.334). However, the time to first sign of oestrus was affected by block (P = 0.008), 

therefore, a secondary analysis was performed for the effect of diet within block. In block 

1 time from CIDR removal to the first sign of oestrus was not affected by diet (P = 0.858) 

and time to oestrus was not different between dietary treatment groups (see Error! 
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Reference source not found.). In block 2, time from CIDR removal to the first sign of 

oestrus was also not affected by diet (P = 0.162). Time to oestrus was also not different 

between dietary treatment groups in block 2, with the largest difference in time to oestrus 

occurring between n-3 diet block 2 and n-6 diet block 2 (P = 0.148). 

As time to oestrus was affected by block, the analysis for the correlation between plasma 

FA proportion and time from CIDR removal to first sign of behavioural oestrus was 

performed separately for each block (see Error! Reference source not found.). Time to 

oestrus was not (P > 0.050) correlated with the proportion of any total plasma FA, 

including total n-3, n-6 or the ratio of n-6:n-3. In block 2, time to oestrus was positively 

correlated with the proportion of C20:4n-6 on experimental day 18.  

Time from CIDR removal to peak LH concentration was not affected by dietary treatment 

or block, or the interaction between diet and block (P = 0.262 and P = 0.509 and P = 

0.212, respectively). There were also no differences between diets when compared via 

Tukey’s Pairwise comparisons (see Error! Reference source not found.). Although 

block did not have an effect on time to peak LH concentration, block was retained in the 

model to maintain consistency between analyses. Time between the onset of oestrus and 

peak LH concentration was also not affected by dietary treatment, block or the interaction 

between dietary treatment and block and was not different between treatment groups (P 

> 0.050), means shown in Error! Reference source not found.. Timing of oestrus and 

peak plasma LH concentration were positively correlated in both block 1 and block 2 (see 

Error! Reference source not found.). 

The correlation between plasma FA proportion and time from CIDR removal to peak 

plasma LH concentration was performed separately for each block to maintain 

consistency with the same analysis for time of oestrus, see Error! Reference source not 

found.. Time to peak LH concentration in block 1 was not correlated with the total n-3, 

n-6 or the ratio of n-6:n-3; but was negatively correlated with the plasma proportion of 

C20:3n-6 when plasma was collected on experimental day -24. In block 2, time to LH 

peak was positively correlated with the proportion of total MUFA and C20:3n-6, and 

negatively correlated with the proportion of total n-6 and total PUFA plasma FA on 

experimental day 23; and experimental day 4 for C20:3n-6. On experimental day 18, 

plasma proportion of C20:4n-6 was negatively correlated with time of LH peak. Time to 

oestrus in block 2 was not correlated with the proportion of total n-3 or the ratio of n-6:n-

3. 
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Figure 4-3: Mean timing of reproductive events (experimental day) for each dietary treatment within the two blocks is represented by the square points 

with the Standard Error shown as error bars, where experimental day 0 is the time of Controlled Internal Drug Release Device (CIDR) removal and 

timing of reproductive events were recorded for the second oestrus after CIDR removal. Individual, raw data are represented by the circular, grey data 

points. n-3; omega-3, n-6; omega-6, SFA; saturated fatty acid 
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Figure 4-4: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to oestrus and plasma fatty acid proportions, on 

Experimental Days -24 (pre-experimental feeding), 4 (4 days after CIDR removal), 18 (prior to the commencement of oestrus detection) and 23 

(immediately post oestrus detection period). Significant correlations are indicated by *P < 0.050, significant positive correlations are indicated by red 

shading and significant negative correlations are indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA: 

saturated fatty acids, MUFA; monounsaturated fatty acids, n-3; omega-3, n-6; omega-6, PUFA; poly unsaturated fatty acids, FA; fatty acids
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Table 4-8: Time between reproductive “events” (days). 

 n-3 diet n-6 diet SFA diet P-value 

Block 1 Block 2 Block 1 Block 2 Block 1 Block 2 Diet Block Diet*block 

Oestrus to 

LH peak 

0.70 

(±0.23) 

0.67 

(±0.21) 

1.17 

(±0.30) 

0.75 

(±0.21) 

0.75 

(±0.21) 

0.64 

(±0.20) 
0.621 0.398 0.717 

Oestrus to 

min. P4 

2.00 

(±0.41) 

2.42 

(±0.37) 

2.83 

(±0.53) 

1.92 

(±0.37) 

2.08 

(±0.37) 

1.93 

(±0.35) 
0.789 0.646 0.308 

LH peak to 

min. P4 

1.30 

(±0.34) 

1.75 

(±0.31) 

1.67 

(±0.44) 

1.17 

(±0.31) 

1.33 

(±0.31) 

1.29 

(±0.26) 
0.726 0.973 0.420 

Time of oestrus was not a significant factor in any of the models for the above comparisons (P > 0.050). LH; 

luteinising hormone, n-3; omega-3, n-6; omega-6, SFA; saturated fatty acids  

 

 

Figure 4-5: Correlation matrix showing the correlation between the timing of all 

combinations of reproductive events, including: time (shown as experimental day) from 

Controlled Internal Drug Release Device (CIDR) pull to first sign of behavioural oestrus, 

plasma LH peak, minimum plasma P4 concentration (for the second oestrus after CIDR 

pull) and lamb sex ratio. The diagonal shows the variable name, correlation coefficients 

are displayed above the diagonal (significant correlations are indicated by *P < 0.050, 

**P < 0.010 and ***P < 0.001) and scatter plots of the distribution of the raw data are 

shown below the diagonal. For example, the correlation coefficient for timing of oestrus 

and lamb sex ratio is shown in the top right panel of each matrix, while the scatter plot 

for the same two variables is shown in the bottom left panel of each matrix. 

 

Time from CIDR removal to minimum P4 concentration was not affected by either dietary 

treatment or block (P = 0.208 and P = 0.263, respectively), but was affected by the 

interaction between dietary treatment and block (P = 0.038). Therefore, a secondary 
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analysis was performed to determine the effect of diet within block. For block 1, there 

was no effect of diet on time to minimum plasma P4 concentration (P = 0.119) (see Error! 

Reference source not found.). In block 2, there was no effect of diet (P = 0.057) and the 

n-6 diet had a non-significantly shorter time to minimum plasma P4 concentration than 

the n-3 dietary treatment group (P = 0.055). The timing of minimum plasma P4 

concentration was not correlated with time of oestrus in block 1 but was correlated with 

timing of oestrus in block 2 (see Error! Reference source not found.). The timing of 

minimum plasma P4 concentration was correlated with peak plasma LH concentration in 

both blocks.  

The time from CIDR removal to minimum plasma P4 concentration was positively 

correlated with plasma FA proportion of total: PUFA in block 1 and MUFA in block 2 

on experimental day 4, and n-3 in block 2; and, PUFA in block 1 on experimental day 18 

(see Figure 4-4). The timing of minimum P4 concentration was negatively correlated with 

the plasma FA proportion of total: n-6 and PUFA on experimental day 4 in block 2 and 

MUFA in block 1, on experimental day 23. Time to minimum P4 was not correlated with 

plasma FA ratio of n-6:n-3 for any of the sample collection times. In block 2, timing of 

minimum P4 concentration was positively correlated with plasma FA proportion of 

C18:3n-3 on experimental days 4 and 18, and was negatively correlated with the 

proportion of C18:2n-6 on experimental day 4.  

 

4.3.5 Lamb sex ratios 

The percentage of ewes that lambed did not differ between dietary treatments or blocks 

and was not affected by the interaction between diet and block (P = 0.271, P = 0.415 and 

P = 570, respectively). See Table 4-9 for proportions. As only one ewe did not display 

oestrus, the results for the percentage of ewes that lambed that showed oestrus are very 

similar to the overall percentage of ewes that lambed; diet, block and the interaction 

between diet and block did not have an effect (P = 0.276, P = 0.541 and P = 0.643, 

respectively). The number of lambs born also did not differ between dietary treatments 

or block; however, there was an interaction between diet and block (P = 0.050). A 

secondary analysis for the effect of diet within block also showed no effect of diet on the 

number of lambs born (P = 0.266 and P = 0.140, for blocks 1 and 2 respectively). 
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Figure 4-3: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to plasma luteinising hormone (LH) peak and plasma fatty acid 

proportions on Experimental Days -24 (pre-experimental feeding), 4 (4 days after CIDR removal), 18 (prior to the commencement of oestrus detection) and 23 

(immediately post oestrus detection period). Significant correlations are indicated by *P < 0.050, **P < 0.010, significant positive correlations are indicated by red 

shading and significant negative correlations are indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA: saturated fatty 

acids, MUFA; monounsaturated fatty acids, n-3; omega-3, n-6; omega-6, PUFA; poly unsaturated fatty acids, FA; fatty acids 
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Figure 4-4: Correlation between time from Controlled Internal Drug Release Device (CIDR) pull to minimum plasma progesterone (P4) concentration and plasm fatty 

acids proportions on Experimental Days -24 (pre-experimental feeding), 4 (4 days after CIDR removal), 18 (prior to the commencement of oestrus detection) and 23 

(immediately post oestrus detection period). Significant correlations are indicated by *P < 0.050, **P < 0.010, significant positive correlations are indicated by red 

shading and significant negative correlations are indicated by blue shading, the opacity of the colour indicates the strength of the correlation. SFA: saturated fatty 

acids, MUFA; monounsaturated fatty acids, n-3; omega-3, n-6; omega-6, PUFA; poly unsaturated fatty acids, FA; fatty acids
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The proportion of female lambs was not affected by dietary treatment (P = 0.962), block 

(P = 0.914) or the interaction between diet and block (P = 0.377). Ram and/or ewe did 

not have an effect when included in the model as random effects. The ratio of female to 

male lambs for each dietary treatment group was not different to the expected population 

mean (50:50), and while the overall proportion of female lambs was high, this was also 

not different to the population mean. See Table 4-9 for p-values and proportion of female 

lambs. A full list of lambs born to individual ewes is presented in Appendix 3. There was 

no correlation between the timing of oestrus, plasma LH peak or minimum plasma P4 and 

the proportion of female lambs in either block 1 or block 2, see Error! Reference source 

not found..  

 

Table 4-9: Ratio of female offspring when ewes were fed dietary treatments high in omega-

6:omega-3 (n-6, n-3) or saturated fatty acids (SFA) in the lead up to and during the joining 

period.  

1 
P-values for Chi-square test against expected population mean of 50:50  

Dietary 

treatment 
Block 

Proportion (%) and 

number of ewes that 

displayed oestrus  

Proportion of 

ewes that 

lambed (%) 

Number of 

lambs 

(singles:twins:

triplets) 

Percentage of 

female lambs 

(females:males) 

P-values1 

n-3 diet 

1 90 (9/10) 60 (6/10) 9 (3:6:0) 66.7 (6:3) 0.317 

2 100 (10/10 80 (8/10) 16 (1:12:3) 50.0 (8:8) 1.000 

Total 95 (9/20) 70 (14/20) 25 (4:18:3) 56.0 (14:11) 0.549 

n-6 diet 

1 100 (10/10) 60 (6/10) 11 (1:10:0) 45.5 (5:6) 0.763 

2 100 (10/10) 70 (7/10) 13 (1:12:0) 69.3 (9:4) 0.166 

Total 100 (20/20) 65 (13/20) 24 (2:22:0) 58.3 (14:10) 0.414 

  1 100 (10/10) 80 (8/10) 15 (1:14:0) 60.0 (9:6) 0.439 

SFA diet 2 100 (10/10) 80 (8/10) 12 (4:8:0) 58.3 (7:5) 0.564 

  Total 100 (20/20) 80 (16/20) 27 (5:22:0) 59.3 (16:11) 0.336 

Overall total 98 (59/60) 72 (43/60) 76 (11:62:0) 57.9 (44:32) 0.169 
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4.4 Discussion: 

Similar to the results reported in Chapter 3, the results of the current chapter support the 

hypothesis that ewes fed a diet high in n-6 (and low n-3) have an increased proportion of 

plasma n-6 FA. As with the study reported in Chapter 3, no further hypotheses could be 

supported. There were no differences in the timing of oestrus between dietary treatments. 

Although a significant difference in lamb sex ratios was not expected in this study, due 

to limited experimental numbers, the lamb sex ratio results did not support the hypothesis 

that ewes fed a diet high in n-6 have a higher proportion of female lambs. The timing of 

oestrus was not correlated with plasma n-6 proportion and there was no evidence to 

suggest that feeding diets with varying FA composition changed the timing of hormonal 

events. 

The results of the reproductive component in the current experiment were inconsistent 

between blocks, and at times with results reported by Clayton, Wilkins, and Friend (2015) 

and Clayton, Wilkins, Refshauge, et al. (2015). This is particularly evident in the results 

from block 1, with ewes displaying very little difference in the timing of oestrus between 

groups and no significant difference in the proportion of female lambs born between 

treatment groups. An initial presumption was that this could have been caused by a delay 

in introducing the rams (the start of the oestrus detection period) in block 1 and that, as a 

result, the start of oestrus was missed in some of the ewes fed the high n-6 diet (presuming 

that ewes in the high n-6 diet would have had an earlier oestrus than the ewes in the other 

experimental treatments). Upon further examination; however, this does not appear to be 

the case. The timing of the onset of behavioural oestrus was recorded for all ewes in the 

high n-6 group, with only one ewe in the high n-3 block 1 treatment group not displaying 

oestrus for the entire study. If oestrus had been missed this would have also resulted in a 

lower proportion of ewes lambing for the high n-6 treatment group in block 1; however, 

there was no difference in the number of ewes that lambed between treatment groups, 

particularly when comparing the high n-6 to the high n-3 diet in block 1. Additionally, if 

the start of behavioural oestrus was missed in this group, a shorter time between oestrus 

and peak LH concentration would have been recorded, which was not the case. Therefore, 

it is unlikely that the lack of difference in timing of oestrus in block 1 was as a result of a 

delay in the introduction of the rams, and more likely due to ewes in the high n-3 treatment 

group displaying oestrus behaviour earlier than expected when compared to results of 

Clayton, Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend (2015). In a 
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comparable study, Gulliver et al. (2013b) reported similar findings, in terms of the timing 

of oestrus, with no difference in the timing of oestrus between ewes fed a high n-6 (low 

n-3) or a low n-6 (high n-3) diet, although the results followed the trend of a shorter time 

of oestrus for the high n-6 treatment compared to the n-3 treatment group. Gulliver, 

Friend, King, Wilkins, et al. (2013) did; however, report a higher proportion of female 

lambs when ewes were fed a diet high in n-6. The findings of Gulliver, Friend, King, 

Wilkins, et al. (2013) and the current study provide evidence to suggest that the timing of 

oestrus may not be as strongly associated with changes to lamb sex ratios as previously 

suggested. This also indicates that there may be more factors influencing the change of 

lamb sex ratios than have been accounted for in the current study and the studies discussed 

above. As shown in the literature, changes to lamb sex ratios can be variable and difficult 

to replicate. Therefore, in the current study it is difficult to determine if the variable results 

observed are due to natural variation in reproductive parameters commonly observed or 

the potential confounding factors described above; hence caution has been taken when 

interpreting the results of this study and alternative future studies are suggested to reduce 

the possibility of confounding factors in the future. 

The lack of significant results for the reproductive component of the current study, and 

lack of consistency with previous studies, may be associated with the reduced amount of 

time rams were available to ewes during the oestrus detection/breeding period when 

compared to other comparable studies (Gulliver, Friend, King, Wilkins, et al., 2013; 

Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). Due to the 

nature of the current study, including individual animal housed-based feeding and 12 h 

blood sampling, ewes only had access to rams for approximately 12 h/d. Although the 

period of absence was accounted for in the oestrus detection results, this may have still 

affected the time of onset of oestrus and, subsequently, lamb sex ratio results and the 

relationship between timing of oestrus and lamb sex ratio.  

The hypothesis was that ewes fed a diet high in n-6 would have a shorter time to oestrus 

due to increased PGF2α production as per the results of Gulliver, Friend, King, Robertson, 

et al. (2013), but no changes to the timing of other reproductive events and hormonal 

changes during the period from oestrus to ovulation. This would equate to a longer period 

between oestrus (when mating/insemination occurs) and ovulation (the start of the 

process for fertilisation). As described previously, and by Gutierrez-Adan et al. (1999) 

and Wehner et al. (1997), this is expected to lead to a higher proportion of x-bearing 

spermatozoa being present at the time of fertilisation; thus, a higher proportion of female 
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offspring. Therefore, timing of mating is crucial to this theory. Given that the duration of 

behavioural oestrus in ewes can range from 18-48 h (Senger, 2005), it is possible that the 

up to 12 h/d separation of ewes and rams caused significant changes to the timing of 

mating within the period of behavioural oestrus, and therefore, the time between 

mating/insemination and ovulation leading to non-significant and varied lamb sex ratios.  

Additionally, although attempts were made to account for the absence period when 

considering timing of oestrus, this was a limitation in ascertaining a highly accurate 

timing of oestrus for the ewes. The validity of this theory and the importance of timing of 

mating is yet to be determined. In support of this theory, several studies (Gulliver, Friend, 

King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, 

Refshauge, et al., 2015), where higher proportions of female lambs associated with a high 

n-6 diet were reported involved ewes that were housed in group pens, allowing continual 

ewe-ram contact over the oestrus detection period, and with much larger numbers than 

the current study. Additionally, scanning of ovaries was conducted for the majority of the 

oestrus detection period in block 1; however, injury to the ultrasound operator prevented 

this from occurring at all in block 2. Therefore, unintentional to the experimental design, 

ewes in block 2 were penned with the rams for a slightly longer period (1-2 h) than ewes 

in block 1. This additional time with the rams may have attributed to the numerical 

differences in lamb sex ratios between blocks, and the trend of sex ratios towards that 

reported by Clayton, Wilkins, Refshauge, et al. (2015), Clayton, Wilkins, and Friend 

(2015) and (Gulliver, Friend, King, Wilkins, et al., 2013) in block 2. This also highlights 

the importance of timing of mating within the behavioural oestrus period to alteration of 

offspring sex ratios.  

The group pen method employed by Clayton, Wilkins, Refshauge, et al. (2015), Clayton, 

Wilkins, and Friend (2015) and Gulliver, Friend, King, Wilkins, et al. (2013) allowed for 

more accurate oestrus detection due to constant ewe-ram contact; however, those ewes 

were only inspected for signs of oestrus (crayon marks) once daily, and therefore the pen 

method used may have been less sensitive. Thus, this method provides both advantages 

and disadvantages compared to the current study. Therefore, it is difficult to determine if 

the timing of oestrus in either this or other studies were accurate.  

To avoid limitations in the accurate detection of timing of oestrus, a future study, based 

on the pen studies used by Clayton, Wilkins, Refshauge, et al. (2015), Clayton, Wilkins, 

and Friend (2015) and (Gulliver, Friend, King, Wilkins, et al., 2013) with a modified 
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oestrus detection protocol, should be employed. The use of a combination of 

accelerometers and proximity collars could be included in the improved oestrus detection 

protocol. This would allow for constant oestrus detection, with oestrus behaviour 

indicated by increased activity (Fogarty et al., 2015) and close proximity to the ram. This 

method could potentially also allow for identification of the time of matings. The use of 

proximity collars would allow for identification of a ewe close enough to a ram to be 

mounted, while the use of accelerometers would allow for the identification of the action 

of the ram mounting the ewe. While accelerometers have not yet been used to detect 

timing of mating in sheep, an example of use of accelerometers to detect mating behaviour 

in nurse sharks has been reported (Whitney, Pratt Jr, Pratt, & Carrier, 2010). Cross 

validation with observational data of matings and activity would allow for the 

development of an algorithm to identify oestrus behaviour and mating occurrences in a 

large number of ewes. This would increase the accuracy of oestrus detection and add 

greater detail to the study by inclusion of time of mating. This protocol; however, does 

not allow for ultrasound examination of ovaries or blood collection for identification of 

the timing of ovulation or hormonal events. To negate this, an alternative method of 

establishing the likelihood that any changes in sex ratios were associated with timing of 

oestrus relative to ovulation may be employed. Two subsets of ewes would be randomly 

selected from each dietary treatment, these subsets would have oocytes collected via 

laparoscopy, see review by Tervit (1996), at approximately 48 h or 72 h post oestrus. This 

would allow data collection on several aspects.  

Collected oocytes should be aged according to developmental stage (Ferrer, Garcia, 

Villar, & Arias, 1995) to determine the timing of ovulation; this would also allow for 

assessment of overall oocyte quality and quantity. Alternatively, early embryos may be 

collected and, once aged and assessed, they would be sexed via PCR or a similar method 

(Gutierrez-Adan et al., 1999), thus allowing for determination of sex ratios of potential 

offspring. The remaining ewes could be bred naturally and allowed to lamb, thus 

facilitating a comparison between number and sex ratios of embryos and live lambs to 

assess foetal loss as a potential mechanism for any observed changes in sex ratios. 

Additionally or alternatively, the reproductive tracts from two subsets of ewes could be 

collected at approximately 20 and 32 hours after oestrus. Oviductal fluid containing 

sperm reservoirs would be collected from the tracts at several locations, including the 

uterotubual junction and oviducal isthmus (Martinez et al., 2004; Suarez, 2006). 

Spermatozoa collected would then be sex-sorted and assessed for numbers, capacitation 
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status, motility and any deformities; thus allowing for the differentiation between the 

numbers of X or Y bearing spermatozoa available for fertilisation at that point in time 

post insemination/mating (Scott, 2000; Martinez et al., 2004; Suarez, 2006; Holt & Fazeli, 

2016). This would help to establish if time between oestrus and ovulation was valid as a 

potential mechanism for change in lamb sex ratios and develop areas for further 

investigations.  

Although not as precise as individual feeding and measurement of intake, the use of 

accelerometers would also enable an estimate of feed intake to be made, and thus an 

estimate of FA intake (Sowell, Bowman, Branine, & Hubbert, 1998; Alvarenga et al., 

2016; Andriamandroso, Bindelle, Mercatoris, & Lebeau, 2016). Alternatively, a similar 

system using GrowSafe Beef feed intake monitoring stations, which combine RFID 

technology with load sensitive feed troughs to measure the amount each animal consumes 

whilst at the feed trough, was employed in a large beef feedlot study by (Hegarty et al., 

2016). It is likely that such a system, with modifications for use in sheep, would be 

suitable to monitor feed intake in sheep in future studies. 

These alternate study designs allow for increased sensitivity of detection of oestrus and 

provide alternatives to gathering information around the timing of hormonal fluctuations. 

As with the results reported in Chapter 3, no differences in timing of hormonal events 

was detected between diets. This is likely to be because there are no differences in the 

timing of hormonal events associated with feeding the experimental diets; however, as 

for the timing of oestrus, this could also be a factor of the experimental design. The 

experimental design only allowed blood samples for hormonal analysis to be collected 

every 12 h, given the small differences in timing between treatment groups observed, 

(Table 4-8). This interval is likely to have been too long to pick up subtle (but potentially 

important) differences between groups. Therefore, it is suggested that in any future 

studies investigating timing of hormonal events in relation to high n-6 or n-3 diets, that a 

different approach to blood sampling for hormonal analysis be applied. Given that the 

timing of oestrus is also a crucial factor, the technology to detect both the timing of oestrus 

and hormonal events may not yet be available. To accurately detect the timing of peak 

LH concentration (especially) and timing of oestrus remote detection of plasma hormonal 

concentrations would be required.  

Table 4-10: Comparison of dietary and plasma omega-6:omega-3 (n-6:n-3) ratios from studies 

using similar dietary treatments 

Reference Dietary n-6:n-3 Plasma n-6:n-3 
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The consumption of the high n-6 diet in both blocks was more variable than the high n-3 

or SFA diets, and this is likely the cause of the effect of diet on DM consumption. The 

cause of this variation; however, is unclear. Ewes fed the high n-6 ration in block 1 had 

reduced feed consumption on five experimental days (outside of the oestrus detection 

period where consumption reduced for all diets) compared to the high n-3 and SFA diets 

(Figure 4-1), while ewes fed the high n-6 diet in block 2 had higher feed consumption on 

seven days. As the experimental periods for both blocks overlapped, ewes were fed from 

the same feed source on the same date. Given these two points, it is unlikely that this 

variation was due to a palatability issues associated with the high n-6 ration. Despite an 

effect of diet on DM intake there were no differences in liveweight between diets and the 

diets had an effect on plasma FA. Similar to the results reported in Chapter 3, ewe 

liveweight decreased over the experimental period, although at the same rate between 

treatment groups. The causes of this are expected to be similar to those previously 

suggested (Chapter 3.4), particularly the theory around ewes losing muscle mass, as the 

fat score of the ewes (with the exception of one ewe) increased over the experimental 

period for all treatment groups. This may also be a factor of the low but variation in ewe 

fat score, which increased by less than half a point over the experimental period. In reality, 

the physiological differences would have been limited. As in Chapter 3, it is not expected 

that the decrease in ewe liveweight over the experimental period would have had an 

impact effect of the dietary treatments given that a change in plasma FA proportions were 

observed in all treatment groups.  

 

Significant changes in plasma FA proportions due to the consumption of diets varying in 

FA composition observed in the current study were consistent with those reported in 

Chapter 3 and multiple publications (Gulliver, Friend, King, Robertson, et al., 2013; 

Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015) in terms of direction of change; i.e., an increase in the 

High n-3 diet High n-6 diet High n-3 diet High n-6 diet 

Table 4-3 and Error! Reference 

source not found. 
1.18 7.13 1.73 – 1.84 3.27 – 3.83 

Table 3-4 and Error! Reference 

source not found. 
0.48 6.23 1.61 - 2.81 3.21 – 5.51 

(Clayton, Wilkins, Refshauge, et al., 

2015) 
0.31 5.23 1.42 – 1.62 3.72 - 4.19 

(Clayton, Wilkins, & Friend, 2015) 0.41 – 0.54 7.44 – 10.73 1.60 – 1.64 3.58 – 4.00 

(Gulliver, Friend, King, Wilkins, et 

al., 2013) 
0.93 13.03 2.72 8.61 

(Gulliver, Friend, King, Robertson, 

et al., 2013) 
0.36 5.28 1.13 3.70 
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proportion of plasma n-6 and the ratio of n-6:n-3 when ewes are fed a diet high in n-6. In 

comparison to the results reported in Chapter 3 and the published studies (see  

Table 4-10), the high n-3 diet in the current experiment had a higher ratio of n-6:n-3, apart 

from the study by Gulliver, Friend, King, Wilkins, et al. (2013), which reported a 

comparatively similar ratio of n-6:n-3. The plasma ratio of n-6:n-3 for ewes fed the high 

n-3 diet was slightly higher than the plasma ratio of n-6:n-3 of the other studies in  

Table 4-10, with the exception of Gulliver, Friend, King, Wilkins, et al. (2013) and the 

higher range reported in Chapter 3 (which was caused by a reduction in diet consumption 

around time of oestrus). Gulliver, Friend, King, Wilkins, et al. (2013) did not report a 

difference in the timing of oestrus between ewes fed a diet high in n-6 compared to ewes 

fed a diet high in n-3. Additionally, in the current study and the Gulliver et al. (2013b) 

study, the concentration of FA in the dietary treatments was far lower than those reported 

in Chapter 3 and other comparable studies (see Table 4-11), with the exception of the 

concentration of the high n-6 dietary treatment group in the Gulliver, Friend, King, 

Wilkins, et al. (2013) study. As both the dietary concentration of n-6 and n-3 for the high 

n-6 treatment in the current study was low, compared to the other studies reported in 

Table 4-11, the dietary and plasma ratio of n-6:n-3 in this dietary treatment was similar 

compared to the other studies. These results suggest that a low ratio of n-6:n-3 in the 

plasma of ewes in the n-3 diet is important to observing changes in the timing of oestrus; 

particularly at the time of mating given the results reported in Chapter 3, where the plasma 

ratio of n-6:n-3 rose at the time of mating. Additionally, these results suggest that a high 

dietary concentration of n-6 in the n-6 treatment group is more important in altering lamb 

sex ratios than the ratio of n-6:n-3 in the diet or the plasma. From the results it is unknown 

if the concentration of n-6 in the diet is relative to the concentration of n-6 in plasma, as 

only the proportion of total plasma FA could be reported, for reasons discussed below. 

 

Table 4-11: Comparison of dietary omega-6 (n-6) and omega-3 (n-3) concentrations (g/kg DM) 

between studies using similar treatments 

Reference 
Dietary n-6 (g/kg DM) Dietary n-3 (g/kg DM) 

High n-3 diet High n-6 diet High n-3 diet High n-6 diet 

Table 4-3 1.61 2.16 1.37 0.31 

Table 3-4 4.13 12.65 8.60 2.20 

(Clayton, Wilkins, 

Refshauge, et al., 2015) 
3.59 15.84 11.55 3.03 

(Clayton, Wilkins, & 

Friend, 2015) 
2.36-3.58 15.64-22.74 5.80-6.67 2.10-2.12 

(Gulliver, Friend, King, 

Wilkins, et al., 2013) 
1.69 9.40 1.81 0.72 

(Gulliver, Friend, King, 

Robertson, et al., 2013) 
3.25 13.82 9.06 2.61 
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Although GC with a FID is generally considered as an accurate and reliable method of 

identification and quantification of FA, limitations do exist, particularly involving the 

analysis of complex lipids such as those in plasma (Dodds, McCoy, Rea, & Kennish, 

2005; Quehenberger, Armando, & Dennis, 2011; Ecker, Scherer, Schmitz, & Liebisch, 

2012) as exhibited in the studies presented in this thesis. Flame ionisation detectors do 

not identify individual FA, or differentiate between FA and possible contaminants, 

instead relying on comparison of sample peak retention times with that of standard FA 

peak retention times and retention times from published data (Dodds et al., 2005). 

Additionally, retention times and the resolution of individual FA peaks vary greatly 

depending on the polarity of the column and even with the age of the column. These 

limitations to the use of FID were particularly applicable to the studies presented within 

this thesis, with a large number of samples being analysed over an extended period of 

time, on a total of four columns, and coelution of another FA with the internal standard 

in most samples. The coefficients of variation for the concentrations of FA between 

columns were not acceptable. The proportions of FA were more consistent between 

columns and hence used for further analyses.  

In future studies, the use of GC with mass spectroscopy (GC-MS) is recommended, which 

enables the identification of individual FA via molecular mass and structural 

characteristics (Dodds et al., 2005; Quehenberger et al., 2011). Ecker et al. (2012) 

described a technique for the use of GC-MS to analyse human plasma, which allows for 

accurate separation of FA including positional isomers, with comparably lower CV and 

a shorter run time than the GC-FID method used for the studies reported in this thesis. 

Being able to more accurately determine the concentrations, and not just to proportions, 

of FA in plasma would aid in determining the fate of FA from feed and whether the dietary 

n-6 provided by the high n-6 diets were available in plasma for conversion to PGF2α, as 

indicated by Gulliver et al. (2013a). This would also aid in establishing a mechanism for 

the change in sex ratios when ewes were fed high n-6 diets reported by Clayton, Wilkins, 

Refshauge, et al. (2015), Clayton, Wilkins, and Friend (2015) and (Gulliver, Friend, King, 

Wilkins, et al., 2013), and whether the changes reported were related to changes in 

specific FA or other dietary parameters. The conversion of a higher than normal 

concentration of n-6 to series two prostaglandins, thus increasing circulating 

concentrations of PGF2α, offers a potential mechanism for the shorter time of oestrus 

observed by Clayton, Wilkins, Refshauge, et al. (2015) and Clayton, Wilkins, and Friend 

(2015). In the current study, dietary n-6 concentration in the high n-6 diet was relatively 
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low; therefore, if plasma FA concentrations, of n-6 particularly, were able to be 

determined, this may have provided essential information as to the reason why there were 

no changes in timing of oestrus in this group. 

Dry matter intake reduced during the oestrus detection period in all treatment groups, but 

most noticeably in the high n-6 diet in block 1. This decrease in DM consumption aligned 

with a decrease in the proportion of plasma n-6 in ewes in the high n-6 dietary treatment 

in block 1 for plasma samples taken at the end of the study (experimental day 23). This 

decrease in the plasma proportion of n-6 in the high n-6 dietary treatment in block 1 was 

not observed for ewes in block 2. A higher mean consumption over the majority of the 

experiment and a smaller decrease in DM consumption over the oestrus detection period 

for ewes in block 2 may have contributed to the observed differences between blocks in 

respect to plasma n-6 proportions at the final sample collection time. The decrease in 

plasma n-6 proportion in ewes fed the high n-6 diet in block 1 was driven by a decline in 

the proportion of C18:2n-6. As described by Gulliver et al. (2012), C18:2n-6 is 

metabolised to C20:4n-6, which in turn acts as the precursor for PGF2α. Therefore, 

increased plasma proportion of C18:2n-6 is likely associated with an increased production 

of PGF2α due to increased availability of its precursor, as supported by the findings of 

Gulliver, Friend, King, Robertson, et al. (2013). The decrease in plasma proportion of 

C18:2n-6, particularly in ewes fed the high n-6 diet in block 1, but not block 2, may 

provide some explanation as to the variation in timing of oestrus and lamb sex ratio results 

between blocks. Ewes in the high n-6 block 1 treatment group likely experienced a drop 

in PGF2α, associated with the decrease in plasma C18:2n-6 proportion, which may have 

reduced any potential effect of PGF2α on the timing of oestrus and consequently on the 

proportion of female lambs. Again, data for the concentration of plasma C18:2n-6 (and 

other plasma FA) rather than just proportion of FA would much provide clearer evidence 

of this, if it were the case; thus highlighting the importance of ensuring plasma FA 

concentration is able to be measured in future studies. 

4.5 Conclusion 

The results support the hypothesis and previous findings, that ewes fed high n-6 FA diets, 

have an increase in plasma FA proportions of n-6. This study also showed the importance 

of providing a diet high enough in n-6 and low in n-3 to ensure a treatment effect. It is 

essential in future studies that plasma n-6 concentrations are monitored, which would 

have aided interpretation of the findings of the current chapter. No changes were observed 
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in the timing of oestrus or hormonal events associated with oestrus and ovulation, or 

changes in lamb sex ratios. However, numerous confounding factors during the current 

study meant that no statement can be made regarding whether the experimental diets do 

or do not affect these parameters. Future studies are therefore required to further 

investigate the possible associations. These studies would employ a group pen feeding 

strategy. 
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CHAPTER 5 

5 GENERAL DISCUSSION 

5.1 Key Results, Limitations and Outcomes 

The need for increased reproductive efficiency in livestock has led researchers to 

investigate the effect of maternal nutrition on offspring sex ratios. Several studies have 

linked feeding dams a diet high in n-6 around the time of joining to changes in the 

proportion of female offspring; most studies report a higher proportion of female 

offspring (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; 

Clayton, Wilkins, Refshauge, et al., 2015). This thesis aimed to investigate potential 

mechanisms for changes in sex ratios associated with maternal intake of n-6 and n-3 FA 

in the lead up to joining. The identification of a mechanism for change in offspring sex 

ratios, associated with maternal dietary changes, could allow producers to manipulate sex 

ratios to suit their production system, which in turn could have great economic benefit. 

 

5.1.1 Changes to plasma fatty acid associated with changes in fatty acid 

intake 

The results presented in this thesis support the hypothesis, and previous findings 

(Gulliver, Friend, King, Robertson, et al., 2013; Gulliver, Friend, King, Wilkins, et al., 

2013; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015), that 

feeding a diet high in n-6 causes an increase in plasma n-6 proportion and the ratio of n-

6:n-3. As reported in Chapter 3, feeding an oat-based diet caused an increase in plasma 

n-6 proportion compared to a silage-based diet. Results from Chapter 4 showed that 

feeding a basal diet, low in FA, with added sunflower oil caused an increase in the 

proportion of plasma n-6 compared to diets with added linseed or palm oil. Therefore, the 

conclusion is that feeding a diet high in n-6 is consistently associated with an increase in 

plasma n-6 proportion, despite none of the diets tested being specifically designed to 

contain “rumen protected” FA. 

Although the literature and the results reported in Chapters 3 and 4 provide evidence that 

feeding a diet high in n-6 causes increases in the total proportion of n-6 and ratio of n-

6:n-3 in plasma, the results did not show if there was an associated increase in the 
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concentration of n-6 in plasma.  The results for plasma FA concentration determined via 

GC-FID were unreliable due to large CV between columns. This variation was lower 

when the data was converted to plasma FA proportion, hence plasma FA proportions were 

presented. As similar dietary treatments had been used in the studies by Clayton, Wilkins, 

Refshauge, et al. (2015), Clayton, Wilkins, and Friend (2015) and (Gulliver, Friend, King, 

Wilkins, et al., 2013) to those employed in the study reported in Chapter 3, and the 

proportions and concentrations of FA provided by the diets were similar, comparisons 

between these studies and the results reported in Chapter 3 were possible. Therefore, the 

absence of plasma FA concentrations did not limit the interpretation of the results reported 

in Chapter 3. On the other hand not having reliable results for plasma FA concentrations 

was a limitation for interpreting the results reported in Chapter 4; where novel diets were 

used with varying concentrations of FA to those previously published.  

Although the amount of oil added to the rations was calculated to provide similar 

concentrations of FA to the diets previously used, this was not achieved; as shown by the 

results of the analysis of FA in the diets. This was most likely associated with oxidation 

of the FA in the added oils during storage and this should be taken into consideration if 

attempting studies of this nature in the future. Also to be taken into consideration is the 

use of GC-FID, which did not allow for the impact of the lower concentration of FA 

provided by the diets in Chapter 4 to be interpreted in the results. In future studies, where 

plasma FA concentration is to be reported, the use of GC-MS is recommended. This 

allows for the identification of individual FA via molecular mass and structural 

characteristics (Dodds et al., 2005; Quehenberger et al., 2011) and has previously been 

used for the accurate separation of positional isomers in human plasma (Ecker et al., 

2012). These characteristics of the GC-MS method make it more suitable for the analysis 

of complex samples, such as plasma. 

It remains unknown if the lower concentration of FA provided in the dietary treatments 

in Chapter 4 affected plasma FA concentrations and in turn the remaining results. Despite 

the dietary treatments in Chapter 4 affecting plasma FA proportions, the concentrations 

of FA provided by the diets may not have been high enough to affect reproductive 

parameters similar to the effects observed in previous studies (Gulliver, Friend, King, 

Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et 

al., 2015). The difference in dietary treatment effects between Chapter 4 and the published 

data provides evidence to suggest that, while the ratio of n-6:n-3 in plasma is important 

in altering reproductive outcomes, a threshold concentration of plasma n-6 may be 
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required before effects on reproductive outcomes are observed. This may relate to the 

preferential storage of n-3 in membrane phospholipids and conversion of n-3 to 

prostaglandins (Mattos et al., 2000; Wathes et al., 2007). It is likely that a threshold 

concentration of n-6 uptake is required to flood storage lipids and the metabolism pathway 

of FA to prostaglandins to subsequently produce more PGF2α. This theory may help to 

explain the lack of changes in reproductive outcomes between treatment groups in 

Chapter 4 and the differences between treatment blocks in Chapter 4. 

 

5.1.2 Changes to reproductive outcomes associated with changes in 

dietary fatty acid 

There were no differences between dietary treatments, in either study, in the timing of 

reproductive events, including the first sign of behavioural oestrus, the timing of LH peak 

and minimum P4 concentration, and ovulation (Chapter 3 only). These findings did not 

support the hypothesis or previous findings (Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015) that ewes fed a diet high in n-6 would have a shorter 

time between CIDR removal and first sign of behavioural oestrus compared to ewes fed 

a diet high in n-3. As reported in Chapter 4, there was no difference in the proportion of 

female lambs born between dietary treatments, and the proportion did not differ from the 

50:50 population mean. Due to low experimental numbers, these findings do not provide 

evidence to support, nor oppose, the hypothesis that ewes fed a diet high in n-6 will have 

a higher proportion of female lambs, or the previous studies which report findings to this 

effect (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; 

Clayton, Wilkins, Refshauge, et al., 2015). The interpretation of these findings is made 

difficult due to several limiting factors including the lack of data for plasma FA 

concentrations, and difficulty in accurately identifying the timing of oestrus and 

ovulation. 

As discussed previously, reliable plasma FA concentrations were unable to be obtained 

for either of the studies reported in this thesis. Previous studies reported that higher 

concentrations of n-6 in the diet and in the plasma of dams were associated with a shorter 

time from synchronisation/CIDR removal to oestrus (Clayton, Wilkins, & Friend, 2015; 

Clayton, Wilkins, Refshauge, et al., 2015) and a higher proportion of female offspring 

(Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015). The treatment diets in these studies, as with the current 

studies, provided dams with a diet high in n-6 and low in n-3, or, a diet low in n-6 and 
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high in n-3. The previously published studies (Gulliver, Friend, King, Wilkins, et al., 

2013; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015) 

subsequently reported that ewes fed the high n-6 diet had a higher plasma FA 

concentration of n-6 than ewes fed a high n-3 diet. Therefore, although it wasn’t directly 

discussed, these studies allowed for differentiation between an increase in the ratio of n-

6:n-3 and an increase in the concentration of n-6 in ewe plasma, both of which occurred 

in each of the published studies. In the current studies, only an increase in the proportion 

of FA and ratio of n-6:n-3 in plasma could be reported.  

In Chapter 3, the plasma ratio of n-6:n-3 in ewes fed the high n-3 diet, in the second 

experimental block, increased between CIDR removal and the end of the oestrus detection 

period, although it was still lower than the high n-6 diet. Without the results of the plasma 

FA concentrations it cannot be determined if this change was due to a decrease in n-3 

concentration or an increase in n-6 concentration. If this change was associated with an 

increase in plasma n-6 concentration over the period from CIDR removal to oestrus, this 

may aid in explaining the trend towards a shorter time to oestrus for the ewes in this group 

compared to the ewes fed the high n-6 diet in the same block (P = 0.058). An increase in 

the concentration of n-6 at that time may have caused an associated increase in PGF2α 

production, enough to cause early luteolysis of the CL and onset of oestrus; this highlights 

the importance of having both plasma FA proportion and concentration and the potential 

importance of plasma n-6 concentration, not just n-6 relative to n-3.  

The results of Chapter 4 also highlight this point. A higher proportion of plasma n-6 and 

ratio of n-6:n-3 was reported for both blocks in Chapter 4. However, the consumption of 

the dietary ration, and therefore intake of n-6 (and all other FA in the diet), was affected 

by the interaction between block and diet (P = 0.039) and was lower for the high n-6 diet 

in block 1 compared to block 2. Assuming that this difference in n-6 consumption affected 

the plasma FA concentration of the two groups, this may provide additional evidence for 

the importance of plasma n-6 concentration, rather than only an increase in the n-6:n-3 

ratio. Although no differences in the timing of oestrus were found in Chapter 4, the 

numerical difference between dietary treatments was greater in block 2, with the high n-

6 diet having a trend towards a shorter time to oestrus, which may in turn have been 

associated with a higher plasma concentration of n-6. However, this cannot be confirmed 

from this study.  
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The proportion of female lambs was also numerically higher for the high n-6 diet in block 

2 compared to block 1 and the high n-3 diet in block 2. Although not statistically 

significant, this result also aligns with the findings of Clayton, Wilkins, Refshauge, et al. 

(2015), Clayton, Wilkins, and Friend (2015), and (Gulliver, Friend, King, Wilkins, et al., 

2013). Again, this highlights the importance of being able to obtain reliable plasma FA 

concentrations for such experiments. Having FA concentrations for the study in Chapter 

4 may have assisted in identifying the importance of plasma n-6 concentration (not just 

relative to n-3) in affecting reproductive outcomes, and whether a threshold concentration 

of n-6 is required to initiate the associated changes. Future research into this topic may 

be aided by investigating the effects of providing different concentrations of n-6, as well 

as different ratios of n-6:n-3, on reproductive outcomes such as the timing of oestrus and 

offspring sex ratios.  

The central aim of the study reported in Chapter 3 was to determine if the shorter time to 

oestrus associated with increased dietary n-6 previously reported (Clayton, Wilkins, 

Refshauge, et al. (2015); Clayton, Wilkins, and Friend (2015)), was also associated with 

changes to the interval between oestrus and ovulation; thus, identifying a potential 

mechanism for the observed change in lamb sex ratios. In these studies it was 

hypothesised that increased PGF2α would cause early destruction of the CL and in turn a 

longer interval between oestrus and ovulation; however, the opposite may be true. Faster 

destruction of the CL may also cause a shorter time to ovulation. The inherent variability 

in oestrus and ovulation timing data, combined with low experimental numbers, may have 

reduced the likelihood of detecting significant differences between dietary treatments in 

this study; whether they were as hypothesised or not.  

The sensitivity of timing of oestrus and plasma LH and P4 concentration data was reduced 

by the amount of time ewes were required to spend in their individual pens, away from 

the rams, thus creating “gaps” in the data; however, this was essential to record individual 

ewe dietary intake. Despite modification of the experimental method in Chapter 4 to 

reduce such gaps, the impeded sensitivity of the method used to collect oestrus detection 

data may have also led to a non-significant effect of diet on timing of oestrus and 

hormonal fluctuations in Chapter 4. The collection of individual dietary intake data was 

particularly important in Chapter 4, as novel experimental diets were employed to 

investigate the importance of varying dietary concentrations of n-6 and n-3, and not other 

dietary parameters. Therefore, the animal house based design of the experiment was 

maintained for Chapter 4, with some alterations, despite being identified as a potential 
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problem from the results of Chapter 3. In Chapter 3, the minimum amount of time rams 

and ewes were grouped together during the oestrus detection period was 8 hours, with a 

maximum of 10 hours, depending of the timing and efficiency of ultrasound examination 

of ovaries and blood collection. This was increased to a minimum of 12 hours for the 

experiment in Chapter 4, and incidentally, was even greater after ultrasound examination 

of ovaries was ceased towards the end of the oestrus detection period in block 1, and for 

the entirety of block 2, due to operator injury.  

The extension of ewe and ram interaction time in block 2 of Chapter 4 appears to 

correspond with timing of oestrus (Robinson et al., 2002; Zachut et al., 2010; Clayton, 

Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015) and lamb sex ratio 

(Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015) results more similar to those previously published, 

where ewes were fed in group pens and constantly grouped with rams during the oestrus 

period.  

The current studies did not provide evidence to support the theory that ewes fed a diet 

high in n-6 have a shorter time to oestrus compared to ewes fed a high n-3 diet, which in 

turn leads to an increase in the interval between oestrus and ovulation (and therefore, 

mating and fertilisation) causing the previously observed increase in the proportion of 

female offspring (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & 

Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015). The current studies were also 

unable to provide evidence that a shorter interval between oestrus and ovulation may be 

caused due to early demise of the CL; however, the studies in this thesis were equally as 

likely to have shown this result as the hypothesis being tested. Future experiments of this 

kind would benefit from much more frequent monitoring of hormonal levels or LH and 

P4; however, to continue concurrent monitoring of timing of oestrus, remote monitoring 

of these hormonal concentrations would be required, a technology which is not yet 

available. 

When compared to the previous studies in this area (Gulliver, Friend, King, Wilkins, et 

al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015), 

the results of the current studies do provide evidence that supports the importance of 

timing of mating, and allowing the ewe to control timing of mating, in the alteration of 

lamb sex ratios. The importance of the timing of mating is highlighted by the results of 

Green et al. (2008). Mating of ewes in this study was highly controlled, with oestrus 
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detection carried out by vasectomized rams and then breeding controlled to ensure ewes 

were mated by at least two rams. This artificial control of the timing of mating may have 

caused the differential changes in lamb sex ratios reported in this study compared to other 

previous publications (Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & 

Friend, 2015; Clayton, Wilkins, Refshauge, et al., 2015), which is further supported by 

investigations into the timing of AI on offspring sex ratios (Verme & Ozoga, 1981; 

Wehner et al., 1997; Gutierrez-Adan et al., 1999; Martinez et al., 2004). This should be 

considered when planning future experiments, with an alternative method of monitoring 

FA intake required to that employed in the studies in this thesis, to ensure ewes can be 

grouped with rams throughout the oestrus period; thus allowing the ewe to control timing 

of mating. This method may also allow for more sensitive oestrus detection. 

The high initial weights and fat scores of the ewes upon entering both studies may have 

also affected the outcomes of these studies. Ewes of high fat score are less likely to uptake 

dietary FA as they already have large fat stores. Ewes in both studies also lost a significant 

amount of weight over the study period. This would normally indicate that circulating FA 

(present in plasma FA) are derived from metabolised storage lipids rather than dietary 

FA. This does not; however, appear to be the case in the current studies. Despite losing 

weight, the ewes in Chapter 4 increased in fat score, an indication that weight loss was 

not due to metabolism of storage lipids but potentially muscle loss due to inactivity. 

Additionally, diets in both studies had an effect on plasma FA. This does not mean that 

the high weights of the ewes did not impact on the reproductive outcomes of the studies 

in this thesis. It is recommended that for future studies, priority be placed on selecting 

ewes with a lower fat score so that dietary FA are more likely to be utilised by the ewe 

and have the potential to have an effect on reproductive outcomes.  

It may also be easier to provide a true maintenance ration for ewes with a lower fat score, 

as this was a challenge in the current study, as evidenced by weight losses over both 

studies. This is also critical to determining if the current hypothesis is the cause of any 

observed reproductive changes, as changes in weight have been associated with changes 

in sex ratios over various species, such as wild horses (Cameron & Linklater, 2007) and 

mice (Rosenfeld et al., 2003; Alexenko et al., 2007); although these findings have been 

variable in direction of change. Care must be taken when comparing across species, 

however, as changes in the ratio of n-6:n-3 in feed has the potential to have a larger impact 

on ruminants as energy homeostasis is achieved through absorption of FA; as compared 

to glucose in monogastrics (Ginane et al., 2015). The theory being tested in the current 
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study also relies on the species having an oestrus cycle; therefore, the comparisons of 

effect of FA on offspring sex ratios to humans (and other species having a menstrual 

cycle) are of little relevance. Several studies in this field have also been conducted in 

mice (Rosenfeld et al., 2003; Alexenko et al., 2007; Fountain et al., 2008), again with 

varying outcomes, however, it is also difficult to assume the same outcomes should be 

applicable to species bearing litters. Therefore, although it is often more difficult to test 

theories related to reproductive outcomes in large animals such as ruminants, it is 

essential that any future work conducted in this area to be applied in ruminant production, 

is carried out in ruminants.  

 

Although the current studies have not provided enough evidence to support or oppose the 

hypotheses tested in relation to reproductive outcomes, they have confirmed the 

hypothesis that diets high in n-6, whether provided through grain supplementation similar 

to that used in industry or through the addition of oil to a low-fat diet, cause an increase 

in the proportion of n-6 in ewe plasma. Evidence has also been provided to suggest that 

changes to reproductive parameters previously recorded in ewes fed high n-6 diets 

(Gulliver, Friend, King, Wilkins, et al., 2013; Clayton, Wilkins, & Friend, 2015; Clayton, 

Wilkins, Refshauge, et al., 2015) is likely due to the changes in dietary n-6 provision 

rather than other dietary differences. Additionally, the outcomes of these studies advocate 

that timing of oestrus and mating should continue to be investigated as the most likely 

area for the mechanism behind alterations to lamb sex ratios to occur. This provides 

important information for the development of new hypotheses and design of future 

experiments. 

5.2 Conclusion 

Changing offspring sex ratios through altered maternal nutrition has the potential to 

benefit a range of animal based production systems. Additionally, such a method of 

altering sex ratios may make targeting the desired sex to suit the production system 

economical for a larger number of production systems. The results of the current study 

support evidence from previous publications and show that plasma FA composition can 

be altered in ewes via varying nutritional intake of FA. In the current studies, both oats 

and the addition of sunflower oil to a low fat ration, were successful in increasing the 

proportion of n-6 and ratio of n-6:n-3 in ewe plasma. For future studies of this nature, the 
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use of GC-MS is recommended for the accurate determination of plasma FA 

concentrations. 

Previous studies, which have observed higher proportions of female offspring when 

altering maternal nutrition in the lead up to, and around mating, have hypothesised that 

this sex ratio alteration is associated with increased dietary, and therefore, plasma n-6; 

however, the diets used in previous studies have varied in components other than FA 

composition (Clayton et al., 2015a; Clayton et al., 2015b; Gulliver et al., 2013b). The 

theoretical mechanism for the change in offspring sex ratios due to changes in maternal 

n-6 consumption investigated in this thesis is as follows: increased plasma n-6 in the lead 

up to joining increases the production of PGF2α, this in turn causes early luteolysis of the 

CL and early onset of behavioural oestrus, early onset of behavioural oestrus means that 

there is a longer period between mating and ovulation (and fertilisation) compared to 

ewes fed a high n-3 diet; there are multiple evidences to suggest a longer period between 

sperm introduction to the female tract and fertilisation favours the production of female 

offspring. The current studies, however, did not provide evidence to support this theory. 

The method used in the current studies was designed to allow for collection of individual 

ewe dietary intake; however, this meant that ewes and rams were separated during the 

mating period. This, along with low experimental numbers and other potential 

confounding effects, may have contributed to the lack of significant results. However, 

without any new evidence to support the theory tested in the current studies, more studies 

based on this theory are not warranted.  
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APPENDIX 2 

Ewe ID Dietary 
Treatment 

Block Lamb 
Sex 

1 SFA 1 Male 

1 SFA 1 Male 

2 n-3 1 Female 

3 n-3 1 Female 

3 n-3 1 Male 

4 n-6 1 Male 

4 n-6 1 Male 

6 SFA 1 Female 

6 SFA 1 Male 

8 SFA 1 Female 

8 SFA 1 Female 

10 n-3 1 Female 

10 n-3 1 Male 

11 n-6 1 Female 

11 n-6 1 Male 

12 n-6 1 Male 

12 n-6 1 Male 

13 SFA 1 Female 

13 SFA 1 Male 

14 n-3 1 Female 

14 n-3 1 Male 

17 n-3 1 Female 

19 SFA 1 Female 

19 SFA 1 Male 

20 SFA 1 Male 

23 n-6 1 Female 

23 n-6 1 Female 

25 SFA 1 Female 

25 SFA 1 Female 

26 SFA 1 Female 

26 SFA 1 Female 

28 n-6 1 Female 

30 n-3 1 Female 

31 SFA 2 Female 

31 SFA 2 Male 

35 n-3 2 Female 

35 n-3 2 Male 

36 n-6 2 Female 

36 n-6 2 Male 

37 n-3 2 Female 

37 n-3 2 Male 

38 n-6 2 Female 

38 n-6 2 Male 

39 SFA 2 Female 
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40 SFA 2 Male 

41 n-6 2 Female 

41 n-6 2 Male 

42 n-3 2 Female 

42 n-3 2 Male 

43 n-3 2 Female 

43 n-3 2 Male 

43 n-3 2 Female 

44 n-6 2 Female 

45 SFA 2 Female 

46 SFA 2 Female 

46 SFA 2 Female 

51 n-3 2 Female 

51 n-3 2 Male 

52 SFA 2 Male 

53 n-6 2 Female 

53 n-6 2 Male 

54 n-3 2 Female 

54 n-3 2 Male 

55 n-6 2 Female 

55 n-6 2 Female 

56 SFA 2 Male 

56 SFA 2 Male 

57 n-3 2 Female 

58 n-6 2 Female 

58 n-6 2 Female 

59 SFA 2 Female 

59 SFA 2 Female 

60 n-3 2 Male 

60 n-3 2 Male 

61 n-6 1 Female 

61 n-6 1 Male 

 


