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Abstract 

 

Maternal periconceptional nutrition affects growth, metabolism and endocrine 

development of the offspring into postnatal life. However, the effects on postnatal 

behaviour are unknown. We investigated the effects of maternal periconceptional 

undernutrition (PCUN) on three main aspects of offspring behavioural development: 

establishment and maintenance of a selective ewe-lamb bond, evaluated as bonding 

behaviours at birth and preference for each other over an alien ewe/lamb; cognitive 

function, evaluated as reversal learning and behavioural laterality in a maze; and stress 

reactivity, evaluated as behavioural and physiological response to isolation and an 

approach/avoidance test to a human. Ewes were well fed throughout pregnancy (controls) 

or mildly undernourished (10–15% body weight reduction) for 60d before mating, for 30d 

after mating or for 60d before to 30d after mating. Ewe-lamb bonding behaviours were 

evaluated at lambing, 24h, 1 and 4 weeks of age. Cognitive function and stress reactivity 

were evaluated at 4 and 18 months. 

Maternal PCUN increased suckling behaviour and reduced the time to first suckle 

in males, making their behaviour similar to that of females. However, there were no long 

term effects of PCUN on the ewe-lamb bond, assessed as the preference for each other 

over an alien ewe/lamb up to 4 weeks of age. Maternal PCUN did not affect reversal 

learning ability in the offspring but altered behavioural laterality at 4 but not 18 months of 

age, and these alterations differed by sex and litter size. In response to isolation, maternal 

PCUN reduced attempts to escape in offspring at 4 months and suppressed plasma cortisol 

AUC at 18 months of age. Maternal PCUN did not affect offspring behavioural reaction in 

response to a human. The effects of PCUN were largely independent of the time/duration 

of undernutrition. These studies demonstrate that maternal undernutrition around the time 

of conception alters some aspects of offspring behavioural development and has long term 

effects on stress reactivity and cognitive function. These effects are subtle, independent of 

birth weight, change with postnatal age, and differ by sex and litter size. Maternal nutrition 

around the time of conception may have important implications for welfare of the 

offspring. 
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Chapter 1. Introduction 

 

1.1. Antecedents 

 

In the early 1990s, Barker described a series of epidemiological studies that 

suggested that events during early life could contribute to the risk of disease in adulthood, 

in particular cardiovascular disease (coronary heart disease and stroke) and diabetes 

(Barker 1994). Traditionally, cardiovascular disease was thought to be related to 

environmental factors, such as lifestyle and dietary fat, but these could not fully explain the 

different incidence of cardiovascular disease in different populations. Barker described 

how differences in mortality ratios for cardiovascular disease in different regions of 

England paralleled the mortality rates of newborn babies in the past. These observations 

led to the hypothesis that undernutrition in utero and during infancy permanently changes 

the subject‘s physiology, morphology and metabolism, and predisposes to disease in later 

life (Barker 1994). This phenomenon has been referred to as ―fetal programming‖ 

(Schwartz and Morrison 2005) or ―predictive adaptive responses‖ (Gluckman and Hanson 

2005). Both theories propose that exposure to adverse prenatal environments can lead to 

long term alterations in postnatal physiology and development. The fetal programming 

theory suggests that the fetus adapts to an adverse intrauterine environment with permanent 

changes that are advantageous for intrauterine life but increase risk of disease after birth 

(Drake and Walker 2004; Schwartz and Morrison 2005), whereas the predictive adaptive 

response theory suggests that changes are made in expectation of a future advantage rather 

than for immediate survival, and that the mismatch between predicted and actual 

environment in postnatal life determines the risk of disease (Gluckman and Hanson 2005; 

Godfrey et al. 2007). The stage of fetal development during which the adverse maternal 

environment is present determines the different physiological and behavioural effects on 

the offspring. It is proposed that the more sensitive periods are those when the affected 

system is undergoing a stage of rapid growth and development (Barker 1994).  
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1.2. Mechanisms of change 

 

1.2.1  Nutrition 

Prenatal nutrition in animals is recognised as a major determinant of fetal and 

postnatal physiological development (Rhind et al. 2003). Maternal undernutrition during 

gestation is a major contributor to impaired fetal growth and development (Redmer et al. 

2004), and reduced birth weight which is associated with heart disease, increased stress 

responsiveness, obesity (Roseboom et al. 2006) and diabetes (Godfrey and Barker 2001) in 

later life. Low birth weight is often equated with intrauterine growth restriction. However, 

birth weight requires adjustments for gestational age, and a baby born small-for-

gestational-age (SGA) has not necessarily experienced intrauterine growth restriction. 

There are maternal and genetic determinants of fetal growth, which might result in a SGA 

neonate after a normal intrauterine growth trajectory. Conversely, an impaired growth 

trajectory might not result in a SGA neonate if maternal and genetic determinants were 

predictive of a large baby.  

There are several risk factors for intrauterine growth restriction such as maternal 

undernutrition, maternal exposure to infections or toxins (e.g. tobacco smoke) and genetic 

abnormalities (e.g. Down syndrome; Mullis and Tonella 2008). Maternal undernutrition is 

a common problem in humans in developing countries, and in animals in extensive 

production systems. The relationship between maternal undernutrition and reduced fetal 

growth is complex, since fetal nutrition is dependent on maternal diet, maternal 

physiological and cardiovascular adaptation to pregnancy and placental growth and 

function (Fall et al. 2003). Therefore, it has been suggested that maternal undernutrition as 

a regulator of fetal growth and later disease is far more complex than just restriction of 

nutrients for fetal growth (Harding and Johnston 1995).  

Maternal undernutrition can affect fetal growth directly by limiting nutrient supply 

necessary for growth. There is evidence in sheep that maternal undernutrition during late 

gestation reduces fetal growth rate and that this reduction is associated with reduced 

maternal plasma glucose concentrations (Mellor and Matheson 1979). Reduced maternal 

glucose supply results in reduced fetal glucose concentrations. In turn, this results in 
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reduced concentrations of insulin and insulin-like growth factors, which are the major 

hormonal regulators of fetal growth (Harding and Gluckman 2001). 

Deficiency of micronutrients such as iron and zinc have also been associated with 

reduced fetal growth in humans (Fall et al. 2003; Shah and Ohlsson 2009), sheep (Apgar 

and Fitzgerald 1985) and rats (Kochanowski and Sherman 1982) but the effects of 

supplementing micronutrients to improve fetal growth are not consistent (Costello and 

Osrin 2003; Hess and King 2009). 

Maternal undernutrition can also affect fetal growth indirectly by influencing 

maternal physiological adaptation to pregnancy, such as the development of peripheral 

insulin resistance in pregnancy that leads to increased glucose availability for fetal growth. 

For example, ewes undernourished around the time of conception fail to develop insulin 

resistance in mid gestation, and this is associated with slower fetal growth in late gestation 

(Jaquiery et al. 2009).  

Maternal undernutrition can also affect fetal growth indirectly through changes in 

placental function and structure, which alters nutrient transfer and partitioning between 

mother, placenta and fetus (Godfrey 2002). The placenta is the interface between the 

mother and fetus. It supplies nutrients and oxygen from the mother to the fetus and 

produces and metabolises various hormones implicated in fetal growth and development. 

The ability of the placenta to transfer nutrients to the fetus depends on placental size, 

morphology, blood flow, rate of consumption and production of nutrients. It has been 

suggested that alterations to many of these factors mediate fetal growth restriction 

following exposure to adverse maternal environments (Fowden et al. 2008).  

In rats, maternal undernutrition during gestation reduces fetal and placental weights 

at 21 d of gestation (term = 23 d; Jansson et al. 2006). In sheep, maternal undernutrition 

during early to mid gestation increases placental weight and reduces placental to fetal 

weight ratio at 145 d of gestation (term = 147 d; Heasman et al. 1998). There is also 

evidence in humans that maternal undernutrition (low intake of dairy and meat protein) in 

late pregnancy is associated with low placental and birth weight (Godfrey et al. 1996). 

Mismatch between placental and fetal weight is associated with adverse postnatal 

outcomes. For example in humans, increased placental to birth weight ratio is associated 

with impaired postnatal catch-up growth in SGA babies at 6 and 18 months of age 
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(Harding and McCowan 2003) and with increased blood pressure in adults (Barker et al. 

1990). Altered placental to birth weight ratio is also associated with increased mortality 

from coronary heart disease, with the highest mortality rates observed at both ends of a U-

shaped distribution (Martyn et al. 1996).  

However, there is also evidence that maternal undernutrition can alter fetal growth 

and metabolism, and postnatal development without affecting birth weight. For example 

studies of survivors of the Dutch famine (1944-45) have shown that maternal 

undernutrition during early gestation results in normal birth weight offspring who have 

increased body mass index (kg/m
2
) as adults (Ravelli et al. 1999), increased prevalence of 

coronary heart disease (Roseboom et al. 2000) and reports of self-perceived poor health 

(Roseboom et al. 2003). In sheep, maternal periconceptional undernutrition (PCUN; 15% 

reduction of body weight from -60 to +30 d from mating; term = 145 d) increases fetal 

plasma taurine levels, increases fetal insulin response to a glucose challenge (Oliver et al. 

2001), reduces fetal growth (chest girth increment) and alters fetal metabolic and endocrine 

status (Oliver et al. 2005) but without affecting fetal weight in late gestation or birth 

weight (Oliver et al. 2005). These offspring have impaired glucose tolerance at 10 months 

of age (Todd et al. 2009). Maternal undernutrition at this early stage of fetal development 

is unlikely to limit the availability of nutrients for fetal growth since the nutritional 

requirements of the fetus are very small at this stage (Bloomfield et al. 2003b).  

 

1.2.1.1. Timing of the nutritional insult 

Various studies have shown that the stage of fetal development during which the 

adverse maternal environment is present determines the different physiological and 

behavioural outcomes in the offspring. For example, studies from the Dutch famine have 

shown that maternal undernutrition during early gestation results in offspring with 

increased coronary heart disease, disturbed blood coagulation, increased stress 

responsiveness, increased atherogenic lipid profile, and obesity, whereas undernutrition 

during mid gestation results in more obstructive airways disease and microalbuminuria 

(Roseboom et al. 2006). 
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The periconceptional period appears particularly important in the effects of 

maternal nutrition on development of the offspring. In sheep, maternal undernutrition (50% 

reduction of energy maintenance requirements) from -14 to +8 d after mating delays early 

embryo development (Abecia et al. 1997). Similarly in rats, maternal undernutrition (50% 

reduction of protein requirements) from 0 to +4.25 d after mating reduces cell number in 

the 4 d old embryo, reduces birth weight and increases blood pressure in offspring at 4 and 

11 weeks of age (Kwong et al. 2000). However, another study in rats found that maternal 

undernutrition (75% reduction of protein requirements) during the first half of gestation 

does not affect blood pressure, whereas maternal undernutrition during the second half or 

the whole of gestation increases blood pressure in the adult offspring (Woods et al. 2004). 

Other physiological outcomes in the offspring are also affected by the timing of the 

maternal undernutrition. For example, in sheep, maternal undernutrition (30% reduction of 

food requirements) from -60 to +7 d after mating results in increased plasma 

adrenocorticotropic hormone (ACTH) concentrations in the late gestation fetus whereas 

maternal undernutrition during the whole gestation (from 8 d of gestation to term) does not 

affect fetal plasma ACTH concentrations (Edwards and McMillen 2002a). Similarly, in 

rats, maternal undernutrition (35% reduction of food intake) in late gestation reduces 

pancreatic weight, increases islet insulin content, insulin response to glucose in vitro and 

hypertrophy of ß cell mass, whereas maternal undernutrition in early and mid gestation 

does not affect any of these parameters (Alvarez et al. 1997). In humans, studies from the 

Dutch famine showed that exposure to maternal undernutrition during mid and late, but not 

early, gestation results in babies with reduced birth weight, length and head circumference 

and decreased glucose tolerance during adulthood (Ravelli et al. 1998). 

 

1.2.2 Progesterone and oestradiol 

In sheep, changes in maternal hormonal profile during pregnancy, such as 

progesterone and oestradiol concentrations, have been related to different behavioural 

outcomes in the mother and the neonate. Peripheral steroid hormones can cross the blood-

brain barrier and target brain regions that are involved in the control of behaviour, learning 

and memory process in vertebrates (Tsutsui et al. 2000).  
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There is positive correlation between plasma oestrogen (oestrone + oestradiol 17) 

levels 2-3 d before parturition and the percentage of lambs‘ suckling attempts accepted by 

the ewe and the time the ewe spent in close contact with the lamb during the first 4 h after 

lambing (Shipka and Ford 1991). Oestradiol concentration is also related to affiliative 

behaviours (e.g. grooming) and has been found to be elevated in late gestation in the 

Scottish Blackface breed (Dwyer and Lawrence 1999b) which express more affiliative 

maternal attention and less rejection behaviour than the Suffolk breed which has a lower 

oestradiol concentration (Dwyer and Lawrence 1998). Furthermore, oestradiol (Poindron et 

al. 1988; Kendrick and Keverne 1991) and progesterone (Kendrick and Keverne 1991) 

play an essential priming role in the onset of maternal behaviour in sheep. Maternal 

behaviour and acceptance of alien lambs can be induced in anoestrus ewes, previously 

treated with intravaginal sponges with progesterone and oestradiol, using mechanical 

vaginocervical stimulation (Kendrick et al. 1992a). The induced ewes become maternal, 

form a selective bond and rear the alien lambs successfully until weaning. Maternal 

progesterone concentrations during pregnancy have also been related to lamb activity in 

the first 2 h after birth (Dwyer et al. 1999). It has also been hypothesised that long term 

exposure to high progesterone in utero leads to reduced activity of both the fetal and 

neonatal lamb (Dwyer et al. 1999).  

There is evidence that in sheep maternal undernutrition during gestation (35% 

reduction of ewe food intake in pregnancy starting from week 4 of gestation) results in 

higher maternal plasma progesterone levels from mid gestation onwards and lower 

oestradiol to progesterone ratio at delivery (Dwyer 2003). Furthermore, maternal PCUN 

(from -60 to +30 d from mating) in sheep does not alter maternal progesterone 

concentrations during the period of undernutrition but concentrations are reduced after 

cessation of undernutrition and until d 93 of gestation (Bloomfield et al. 2004). The 

implications of altered maternal hormonal profiles during gestation following maternal 

PCUN on ewe-lamb bonding behaviours are not known. 
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1.2.3 Glucocorticoids 

In most mammals, cortisol (corticosterone in rodents) is the main glucocorticoid 

secreted by the adrenal cortex in response to stress. Cortisol allows the organism to 

respond to the stressor by supporting energy mobilisation and mediating the redistribution 

of lymphocytes and macrophages into sites of acute challenge. Furthermore, cortisol has 

diverse effects on attention, perception, memory and emotional processes through 

regulation of neurotransmitters and neural circuits (Erickson et al. 2003).  

It has been suggested that exposure to excess glucocorticoids during fetal life can 

explain, at least in part, the association of low birth weight with increased risk of 

cardiovascular and metabolic disorders in later life (Seckl et al. 2000). The effects of 

glucocorticoids include inhibition of growth, impairment of glucose tolerance and 

increased blood pressure. Thus exposure to excess glucocorticoids, if persistent both before 

and after birth, could explain both the reduced birth weight and the association with later 

disease risk. Seckl et al. proposed that prenatal exposure to excess glucocorticoids results 

in permanent up-regulation of the hypothalamic-pituitary-adrenal (HPA) axis in the 

offspring, thus explaining the link between reduced birth weight and later disease risk.  

Prenatal exposure to excess glucocorticoids results in low birth weight in several 

species including rats (Mosier et al. 1982; Lindsay et al. 1996), sheep (Ikegami et al. 1997) 

and humans (Reinisch et al. 1978; French et al. 1999; Bloom et al. 2001). It seems that this 

effect is most notable with prenatal exposure to excess glucocorticoids during late 

pregnancy. In rats, a reduction in birth weight was observed after single injection of 

dexamethasone during late gestation but not when administered during early or mid 

gestation (Nyirenda et al. 1998). However, birth weight is not always affected by fetal 

glucocorticoid exposure. In sheep, repeated injection of betamethasone directly into the 

fetus does not affect fetal growth whereas betamethasone administered to the mother does 

result in restricted fetal growth (Newnham et al. 1999). 

There is also considerable evidence that exposure to excess glucocorticoids in utero 

increases risk of cardiovascular and metabolic disease in later life (Edwards et al. 1993; 

Dodic et al. 1999). In sheep, maternal administration of dexamethasone in early gestation 

(22-29 d of gestation) results in hypertensive adult offspring (Dodic et al. 1998). In rats, 

maternal injection of dexamethasone in late pregnancy reduces body and heart weight and 
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alters development of cardiac noradrenergic and sympathetic processes in the offspring 

(Bian et al. 1993). Furthermore, in rats, maternal administration of dexamethasone in the 

last week of gestation leads to hyperglycaemia and hyperinsulinaemia in the adult 

offspring (Nyirenda et al. 1998).  

Exposure to excess glucocorticoids during fetal life, either by administration of 

synthetic glucocorticoids (Kapoor et al. 2008) or exposure to stress during gestation 

(Weinstock 2008), can lead to permanent alterations to the HPA axis. For example, in rats 

(Levitt et al. 1996; Welberg et al. 2001) and guinea pigs (Dean et al. 2001), maternal 

administration of dexamethasone during late gestation leads to a permanent reduction of 

glucocorticoid and mineralocorticoid receptors in the hippocampus in the offspring. 

Similarly, in rats, maternal exposure to stress in late gestation reduces glucocorticoid and 

mineralocorticoid receptors in the hippocampus in the adult offspring (Henry et al. 1994). 

These alterations may result in reduced glucocorticoid negative feedback sensitivity and 

permanent up-regulation of HPA axis activity after birth (Levitt et al. 1996). In humans, 

low birth weight babies have altered HPA axis activity during childhood and adult life and 

show increased circulating glucocorticoid levels (Clark et al. 1996; Phillips et al. 1998).  

It has been suggested that the physiological alterations observed after prenatal 

undernutrition may be mediated via prenatal exposure to excess glucocorticoids and altered 

postnatal HPA axis function (Seckl and Meaney 2004). For example, in rats, maternal 

undernutrition (low protein diet) during gestation leads to hypertension in the adult 

offspring (Langley and Jackson 1994), which can be prevented by blockade of maternal 

glucocorticoids during gestation using metyrapone and reinstated by replacement of 

maternal glucocorticoids (Langley-Evans 1997a). Postnatally, the hypertension caused by 

maternal undernutrition (low protein diet), can be reduced by adrenalectomy in the 

offspring and reinstated by glucocorticoid replacement (Gardner et al. 1997). These studies 

support the idea that hypertension caused by maternal undernutrition is dependent on 

maternal glucocorticoids and that maintenance of the hypertensive state during adulthood 

is mediated by alterations to the HPA axis in the offspring. However, postnatal outcomes 

of prenatal undernutrition cannot be always explained by prenatal exposure to excess 

maternal glucocorticoids. For example, in sheep, maternal undernutrition around the time 

of conception (from -60 to +30 d from mating) results in decreased basal maternal plasma 

levels of ACTH and cortisol, lower cortisol responses to corticotropin-releasing hormone 
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(CRH)- arginine vasopressin (AVP) and down regulation of ACTH receptor in maternal 

adrenals (Jaquiery et al. 2006).  

There are several studies showing that maternal undernutrition during gestation can 

alter postnatal HPA axis function in the offspring. In rats, prenatal undernutrition (50% 

reduction daily food intake) in late pregnancy causes permanent reduction of 

glucocorticoid and mineralocorticoid receptors in the hippocampus in the newborn 

offspring (Lesage et al. 2001). A maternal low protein diet throughout pregnancy also 

blunts diurnal patterns of ACTH concentrations and increases glucocorticoid receptors in 

the hippocampus in the offspring at weaning (Langley-Evans et al. 1996a). In sheep, 

maternal undernutrition during the first 70 d of pregnancy (15% reduction food intake) 

increases HPA axis activity in the young offspring (Hawkins et al. 2000a).  

 

1.2.3.1. Mechanisms of prenatal exposure to increased glucocorticoids 

There are at least three possible mechanisms by which the fetus may be exposed to 

increased glucocorticoids during fetal life: elevated maternal glucocorticoid concentrations 

(stress-related or nutritional); reduced activity of placental 11ß-hydroxysteroid 

dehydrogenase type 2 (HSD2); and experimental or clinical administration of 

glucocorticoids.  

 

1.2.3.1.1. Elevated maternal glucocorticoid concentrations 

Elevation of maternal glucocorticoid concentrations occurs when the mother is 

confronted with a stressful situation that imposes a physical or perceived threat to 

homeostasis. The mother responds by coordinating autonomic, neuroendocrine and 

behavioural responses in order to maintain homoeostasis, including activation of the HPA 

axis. It has been proposed that both maternal stress and undernutrition during gestation 

lead to fetal exposure to excess maternal glucocorticoids and results in postnatal alterations 

to the physiology and behaviour in the offspring.  
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Maternal stress during gestation has been related to low birth weight in humans 

(Kofman 2002; Mulder et al. 2002) and rats (Lesage et al. 2004). However there is 

inconsistency in the effects of maternal stress during gestation in sheep (Corner et al. 

2006b) and rats (D‘mello and Liu 2006), and it does not always result in offspring with 

lower birth weights. Furthermore, there are reports that maternal stress during gestation can 

increase birth weight in sheep (Corner et al. 2006b) and cattle (Lay et al. 1997a).  

In rats, maternal stress during gestation results in alterations in the HPA axis 

(Weinstock 2005) and hippocampus (implicated in feedback mechanisms of the HPA axis; 

Viltart et al. 2006; Cai et al. 2008) in the offspring. In sheep, repeated maternal stress 

during gestation (isolation in a box followed by isolation with a dog held in the same box) 

results in lambs with higher basal cortisol concentrations compared to control lambs 

(Roussel et al. 2004).  

There is considerable evidence in animals suggesting that maternal stress during 

gestation can also alter physiological and behavioural responses to stress, locomotion, play, 

exploratory behaviour, fearfulness, and learning ability of the offspring (Braastad 1998).  

 

1.2.3.1.2. Reduced placental 11-ß-hydroxysteroid dehydrogenase type 2 

The placental enzyme HSD2 converts cortisol and corticosterone into their inactive 

forms, cortisone and 11-dehydro-corticosterone respectively, and plays a crucial role in 

regulating maternal glucocorticoid access to the fetus (Benediktsson et al. 1997). Fetal 

glucocorticoid levels are much lower than maternal levels. It has been hypothesised that 

relative deficiency of placental HSD2 may allow greater exposure of the fetus to maternal 

glucocorticoids, and thus retard fetal growth and lead to a response that predispose to later 

disease (Edwards et al. 1996a; Seckl et al. 2000). Reduced activity of this enzyme in the 

placenta has been associated with low birth weight in humans (Stewart et al. 1995; Murphy 

et al. 2002) and rats (Benediktsson et al. 1993). In rats, placental HSD2 correlates directly 

with birth weight and shows an inverse association with placental weight (Benediktsson et 

al. 1993). Inhibition of HSD2 by injection of carbenoxolone in pregnant rats results in 

offspring with low birth weight and elevated blood pressure later in life (Lindsay et al. 

1996). This effect was dependent on maternal glucocorticoid production, since the 
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alterations were not expressed in the offspring of adrenalectomised pregnant rats that were 

given the drug. Furthermore, in rats undernutrition during pregnancy results in reduced 

activity (Langley-Evans et al. 1996b) and expression (Lesage et al. 2001) of placental 

HSD2 activity and in offspring with decreased birth weight and altered HPA axis function 

at birth (Lesage et al. 2001).  

There is some evidence in humans that length of gestation and risk of preterm 

delivery are associated with maternal glucocorticoid levels. The evidence comes from 

populations where consumption of licorice candies which contain glycyrrhizin, an inhibitor 

of HSD2 activity, by pregnant women has been related to decreased length of gestation and 

increased risk for preterm delivery (Strandberg et al. 2001; Strandberg et al. 2002). 

 

1.2.3.1.3. Experimental or clinical administration of glucocorticoids  

Synthetic glucocorticoids such as dexamethasone have been used in experimental 

models of prenatal exposure to excess glucocorticoids since it is a poor substrate for HSD2 

and readily crosses the placenta into the fetus. Maternal administration of dexamethasone 

during gestation results in hypertensive offspring in rats (Langley-Evans 1997b) and sheep 

(Dodic et al. 1998; Dodic et al. 2002). Furthermore, maternal administration of 

dexamethasone during gestation causes permanent reduction of glucocorticoid and 

mineralocorticoid receptors in the hippocampus in rats (Levitt et al. 1996; Welberg et al. 

2001). In sheep, repeated maternal administration of dexamethasone during late gestation 

results in reduced lamb birth weight (Moss et al. 2001) and suppressed basal and 

stimulated (CRH-AVP challenge) plasma cortisol levels in adult offspring (Sloboda et al. 

2007). 

Clinically, maternal glucocorticoid treatment during pregnancy is used for 

management of women at risk of preterm delivery in order to accelerate fetal organ 

maturation and in particular maturation of the lungs (Liggins and Howie 1972; Liggins 

1994). Initial studies used a single course of bethametasone, which consisted of two 

injections of betamethasone 24 h apart (Liggins and Howie 1972). However it has become 

common practice to administer repeated betamethasone treatments if the baby remains 

undelivered more than 7 d after the initial treatment and continues to be at high risk of 
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preterm delivery (Quinlivan et al. 1998; Brocklehurst et al. 1999). There is considerable 

evidence that repeated betamethasone treatment may reduce the incidence and severity of 

neonatal lung disease and improve neonatal health outcomes (Crowther and Harding 

2007). However, there is also some evidence that maternal betamethasone treatment during 

gestation has long-term effects in the offspring and such effects differ between single and 

repeated treatments. For example, a single maternal treatment with betamethasone during 

late gestation does not affect birth weight (Liggins and Howie 1972) but alters insulin 

sensitivity at 30 years of age (Dalziel et al. 2005). In contrast, repeated maternal treatment 

with betamethasone decreases body weight, length and head circumference at birth 

(Murphy et al. 2008). There is conflicting evidence on the effects of single versus repeated 

maternal betamethasone treatment on postnatal HPA axis function in the offspring. It has 

been reported that there are no differences between single or repeated maternal 

betamethasone treatment during late gestation on the 2 d old babies‘ basal plasma cortisol 

and ACTH concentrations or on the response to a metyrapone challenge (Battin et al. 

2007). However, others report that repeated maternal betamethasone treatment suppresses 

salivary cortisol in response to stress at 3 d of age and reduces basal cortisol concentrations 

at 7 d of age when compared to babies from mothers receiving a single treatment 

(Ashwood et al. 2006). 

There is also evidence that maternal exposure to synthetic glucocorticoids during 

gestation can alter the behaviour of the offspring. In rats, repeated maternal administration 

of dexamethasone during late gestation decreases explorative behaviour, activity and 

learning abilities during aversive situations in the adult offspring (Welberg et al. 2001). In 

humans, repeated maternal administration of betamethasone in late gestation results in 

babies that are more likely to require assessment for attention problems at 2 years of age 

(Crowther et al. 2007) and have increased levels of aggressive/destructive behaviours, 

distractibility and activity at 3 and 6 years of age (French et al. 2004).  
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1.3. Physiological outcomes 

 

1.3.1 Cardiovascular system 

Cardiovascular disease was traditionally thought to be determined by lifestyle 

factors such as smoking, lack of exercise and a diet rich in saturated fat. However, 

epidemiological studies in humans indicated that prenatal factors influencing in utero and 

postnatal growth rates of the offspring could explain the increased risk of cardiovascular 

disease observed in various populations. Initial observations found a strong geographical 

relation between infant mortality in 1921-25 and heart disease mortality rates in 1968-78 in 

England (Barker and Osmond 1986). The authors proposed that low nutrition early in life 

predisposed to cardiovascular disease through increased susceptibility to the effects of an 

affluent diet on cardiovascular function (Barker and Osmond 1986). Further studies in 

England gave support to this hypothesis, as an association between low birth weight and 

increased death rates from ischaemic heart disease was found for men born in 

Hertfordshire, England during 1911-30 (Barker et al. 1989). Furthermore, an association 

between low birth and high blood pressure during adolescence (Pharoah et al. 1998) and 

during adulthood (Barker et al. 1990) was found for men and women born in Merseyside 

during 1980-81 and Lancashire during 1935-43, respectively. Interestingly, the highest 

blood pressures are found in adults who were born small with large placentas (Barker et al. 

1990). Similar associations have been reported in many other populations including in 

Holland (Roseboom et al. 2006), Finland (Barker et al. 2005) and Zimbabwe (Woelk et al. 

1998).  

Later studies showed that pre- and postnatal growth patterns are related more 

strongly to increased blood pressure and cardiovascular disease than birth weight alone. A 

study from people born in Britain during 1920-30 and in 1946 found a higher risk of 

hypertension in low birth weight babies, and that this risk increased with increased body 

weight in childhood and adult life (Law et al. 1993). Furthermore, a study from people 

born in Helsinki, Finland during 1934-44 showed that adults who had coronary heart 

disease had a mean body size below average at birth, were thin at 2 years of age but 

increased their body mass index rapidly to reach average values by 11 years of age (Barker 
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et al. 2005). The risk of coronary disease was related more strongly to the tempo of 

childhood gain in body mass index than to the actual body mass index attained at any age 

(Barker et al. 2005).  

The timing of the prenatal insult is also important for determining the development 

of cardiac disease. For example, data from people born around the Dutch famine in 1944-

45 showed that those exposed to the famine period during early gestation had increased 

prevalence of cardiac heart disease as adults whereas those exposed during mid or late 

gestation did not (Roseboom et al. 2000; Roseboom et al. 2006). 

Studies in animals have also found an association between low birth weight and 

high blood pressure in sheep (Oliver et al. 2002), guinea pigs (Persson and Jansson 1992) 

and rats (Benediktsson et al. 1993b). Furthermore, experimental models in animals support 

the epidemiological evidence in humans that maternal undernutrition during early, but not 

late, gestation leads to permanent alterations to the cardiovascular system in the offspring. 

For example in sheep, maternal undernutrition during early gestation (15% food reduction 

during the first 70 d of gestation) results in elevated blood pressure in the young offspring 

at 85 d of age (Hawkins et al. 2000a). Similarly, maternal undernutrition during early to 

mid gestation (50% food reduction during the first 95 d of gestation) in sheep results in 

elevated heart rate and blood pressure before, but not after, feeding in the adult offspring at 

3 years of age (Gopalakrishnan et al. 2004). Furthermore, there is evidence that maternal 

undernutrition during the periconceptional period can also alter blood pressure in the 

offspring. In sheep, maternal PCUN (70 % of control diet from -60 to +7 d after mating) 

results in increased arterial blood pressure in the late gestation fetuses in twin sheep 

(Edwards and McMillen 2002b). In rats, maternal PCUN (low protein diet 0 - 4.25 d after 

mating) results in hypertension in the male offspring at 4 and 11 weeks of age (Kwong et 

al. 2000). In contrast, brief maternal undernutrition during late gestation in sheep (10 or 20 

d undernutrition from 105 d of gestation) is not associated with increased blood pressure in 

the offspring (Oliver et al. 2002).  

 



Chapter 1. Introduction 

 

 

 15 

1.3.2 Diabetes 

Another adverse health outcome associated with adverse maternal environments is 

the development of type 2 diabetes (Barker 2005), a disorder closely linked to coronary 

heart disease and preceded by similar growth patterns (Barker 2002). Initial observations in 

men born in Hertfordshire in England during 1920-30 showed an association between low 

weight at birth and at 1 year of age and impaired glucose tolerance in adult life (Hales et 

al. 1991). After these initial observations, many other studies have reported similar 

findings showing an inverse relationship between birth weight and glucose tolerance and 

prevalence of type 2 diabetes (reviewed by Newsome et al. 2003).  

It was proposed that type 2 diabetes was the result of the fetus and infant having to 

be nutritionally thrifty, which resulted in impaired growth of the beta cells in the islets of 

Langerhans (Hales and Barker 1992). Under this scenario, exposing the offspring to good 

postnatal nutrition would impose extra demand on the reduced beta cell population which 

may result in beta cell exhaustion and diabetes (Hales and Barker 1992). After the proposal 

of this hypothesis, many studies have reported an association between poor fetal and infant 

growth and impaired glucose tolerance in different populations and ethnic groups (Hales 

and Barker 2001). For example, a large study of men and women born in Finland between 

1924 and 1933 found an association of decreased birth weight, birth length, ponderal index 

(birth weight/length
3
) and placental weight with increased incidence of type 2 diabetes; an 

association which further strengthened with high growth rates between 7 and 15 years of 

age (Forsen et al. 2000).  

Studies from the Dutch famine in 1944-45 showed that maternal undernutrition 

during gestation, regardless of the timing of the undernutrition, was associated with 

reduced glucose tolerance and increased insulin concentrations in the adult offspring and 

that the effects were larger than could be explained by reduced birth weight (Roseboom et 

al. 2006). Furthermore, studies in animals have shown that early maternal undernutrition 

can alter insulin secretion without altering fetal size. In sheep, maternal PCUN (from -61 to 

+30 d from mating; fed at 1-2% of body weight) leads to an increase in insulin secretion in 

response to a glucose challenge in late gestation fetuses without reducing fetal size (Oliver 

et al. 2001). A separate study showed that the same regimen of maternal PCUN reduced 

glucose tolerance in the adult offspring without affecting size at birth (Todd et al. 2009). 
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1.3.3 Hypothalamic-pituitary-adrenal axis 

The HPA axis is particularly sensitive to the effects of early environments. For 

example, studies in rats have shown that handling during the first 20 d after birth 

suppresses basal and activated corticosterone concentrations in response to stress in 

weanling pups (Levine 1967). Later studies showed that prenatal exposure to adverse 

maternal environments such as synthetic glucocorticoids (Liu et al. 2001), stress (Kapoor 

et al. 2006; Entringer et al. 2009b) and undernutrition (Hawkins et al. 2000a) during 

gestation could also alter HPA axis function in the offspring. 

 It has been proposed that adverse prenatal environments could predispose to 

cardiovascular disease through permanent changes in the HPA axis (Phillips 2004; Phillips 

and Jones 2006). For example, up-regulation of the HPA axis resulting in elevated 

glucocorticoid concentrations may contribute to the risk of hypertension, glucose 

intolerance and obesity. Studies in humans support this hypothesis where reduced birth 

weight, which is associated with increased cardiovascular disease, is also associated with 

increased HPA axis activity as adults (Phillips et al. 1998; Reynolds et al. 2001). Studies in 

animals showed that exposure to different adverse prenatal environments lead to increased 

HPA axis activity in various species. For example, maternal undernutrition during late 

gestation in sheep (Bloomfield et al. 2003a), repeated maternal stress during early 

gestation in cattle (Lay et al. 1997b) and administration of synthetic glucocorticoids in late 

gestation in rats (Levitt et al. 1996) all result in increased HPA axis activity in the adult 

offspring. However, other studies have found suppression of HPA axis activity after 

exposure to adverse prenatal environments rather than an increase. For example, in 

humans, maternal betamethasone treatment in late gestation results in reduced cortisol 

concentrations in response to stress in babies at 1 month of age (Davis et al. 2006). In 

sheep, maternal undernutrition in early gestation (15% food intake reduction from 0 to 70 d 

from mating) reduces ACTH and cortisol concentrations in response to hypoxaemia in late 

gestation fetuses (Hawkins et al. 2000b). 

Studies in sheep have shown that exposure to mild maternal undernutrition, as early 

as the time around conception (15% reduction of body weight from -60 to +30 d from 

mating) can accelerate maturation of the fetal HPA axis in sheep (Bloomfield et al. 2004) 

leading to an early rise in fetal cortisol and preterm birth (Bloomfield et al. 2003b). 
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Furthermore, maternal PCUN (70% of control diet from -60 to +7 d after mating) in sheep 

results in higher fetal plasma ACTH concentrations and greater cortisol response to CRH 

in twin, but not singleton, fetuses in late gestation (Edwards and McMillen 2002a).  

Alterations in HPA axis function following exposure to adverse maternal 

environments appear to be sex dependent. In guinea pigs, maternal exposure to synthetic 

glucocorticoids in late gestation (dexamethasone injections at 50-51 d of gestation) 

increases basal plasma cortisol concentrations in male but not female offspring, whereas 

cortisol concentrations in response to stress (isolation) are suppressed in female but not 

male offspring at 18 d of age (Dean et al. 2001). Furthermore, in guinea pigs, repeated 

maternal exposure to synthetic glucocorticoids in mid to late gestation (dexamethasone 

injections on d 40-41, 50-51 and 60-61 of gestation) reduces basal and stimulated (ACTH 

and restraint) plasma cortisol concentrations in adult male offspring at 70 d of age, whereas 

in females basal and stimulated cortisol concentrations are increased during the follicular 

and early luteal phases of the oestrus cycle (Liu et al. 2001). Also in guinea pigs, maternal 

48 h fasting in late pregnancy (50-51 d of gestation) reduces basal ACTH and cortisol 

concentrations in adult males at 65 d of age, whereas in females basal cortisol 

concentrations are elevated (Lingas and Matthews 2001). In rats, repeated maternal 

exposure to synthetic glucocorticoids in late gestation (dexamethasone injections from 14 

to 21 d of gestation) increases morning basal ACTH and corticosterone levels in adult male 

but not female offspring at 90 d of age (O'Regan et al. 2004).  

The effects of adverse maternal environments on HPA axis function also appear to 

be age dependent. For example, in sheep, maternal undernutrition in early gestation (15% 

food intake reduction from 0 to +70 d after mating) reduces cortisol concentrations in 

response to a CRH-AVP challenge in the late gestation fetus (128 d of gestation) but 

increases cortisol response postnatally at 85 d of age (Hawkins et al. 2000a). Similarly, 

maternal exposure to synthetic glucocorticoids (betamethasone injection at 104 d of 

gestation) does not alter HPA axis activity in juvenile sheep at 6 months of age but 

increases basal and stimulated cortisol concentration in response to CRH-AVP challenge at 

1 year of age (Sloboda et al. 2002). At 2 years of age these effects are not longer apparent, 

but at 3 years of age basal and stimulated cortisol concentrations in response to CRH-AVP 

challenge are suppressed in offspring prenatally exposed to synthetic glucocorticoids 

(Sloboda et al. 2007). Also in sheep, maternal exposure to repeated stress in late gestation 
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(isolation and isolation with a dog twice a week during the last 5 weeks of gestation) 

results in increased basal plasma cortisol concentrations in the offspring at 25 d of age but 

this effect is no longer apparent at 8 months of age (Roussel et al. 2004). 

It is clear that exposure to adverse maternal environments can alter pre- and 

postnatal HPA axis function in the offspring, even when the insult is restricted to the 

periconceptional period. However, there is little information on how these changes might 

be translated into physiological and behavioural responses to psychological challenges 

such as stressful situations encountered during routine farming practices. 

 

1.4. Behavioural outcomes 

 

There is evidence that exposure to adverse prenatal environments, such as maternal 

stress or undernutrition, alters behaviour and cognitive function during postnatal life in 

humans, rats, guinea pigs, goats and sheep. Effects of prenatal insults include alterations to 

the ewe-lamb bonding behaviours at birth, exploratory behaviour, locomotor activity, 

aggression, fear and stress responses to various stimuli and alterations in various aspects of 

cognitive function. The effect on postnatal behaviour depends on the type, timing and 

extent of the prenatal insult, with some alterations being evident as early as the time of 

birth, and some not until adulthood. Several studies have shown that maternal 

undernutrition during gestation has long term implications for fetal and postnatal outcomes 

in the offspring.  

For example, there is evidence in rats that different types of maternal undernutrition 

result in different behavioural outcomes. Rats fed 30% of the ad libitum group food intake 

during gestation give birth to offspring that are hyperphagic (Vickers et al. 2000) and have 

reduced locomotor activity (sedentary behaviour; Vickers et al. 2003) and both behavioural 

outcomes are exaggerated by postnatal hypercaloric nutrition. Rats fed 50% of the ad 

libitum group casein intake during gestation give birth to offspring with increased 

preference for high fat food (Bellinger et al. 2004). In contrast, rats fed a vitamin D 
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deficient diet from 4 weeks of age and during gestation give birth to offspring with 

increased locomotor activity (Burne et al. 2004).  

 

1.4.1 Development of social bonds 

1.4.1.1. Ewe-lamb bonding behaviour 

Neonatal survival is dependent on the co-ordinated expression of appropriate 

behaviours from both mother and young to ensure that the young are adequately fed and 

nurtured (Dwyer 2003). Young are often helpless and vulnerable to starvation, predation 

and cold, so their survival relies largely on the ability of the mother to correctly assess their 

needs and adjust her behaviour accordingly (Jensen 2001). In order to secure survival in 

young sheep it is necessary that a selective bond between ewe and lamb is established soon 

after birth; this ensures that the lamb receives adequate maternal care and feeding and that 

these are restricted to their own offspring to maximise lamb survival (Nowak 1996; Nowak 

et al. 2000). Behavioural interactions between ewes and lambs at the time of birth are 

necessary for the establishment of an exclusive bond between ewe and lamb (Alexander et 

al. 1986) and these early interactions usually take place at the site of birth (Nowak 1996). 

Therefore, farming practices that facilitate early interactions between ewe and lambs, such 

as not moving the animals during the first 6 h after birth are important for the formation of 

a strong ewe-lamb bond (Alexander et al. 1983b) which in turn improves lamb survival 

from birth to weaning (Alexander 1984; O‘Connor et al. 1985).  

Behaviours of pregnant ewes prior to parturition include increased interest in 

newborn lambs (Arnold and Morgan 1975), birth fluids (Levy et al. 1983) and seeking 

isolation (Alexander et al. 1979; Gonyou and Stookey 1981). The behaviours at birth 

include licking the lamb, acceptance of the lamb at the udder and vocalisations by ewe and 

lambs (Collias 1956; Poindron and Le Neindre 1980). The licking of the lamb decreases 

rapidly from 75% of the time during the first 15 min to 10% of the time 4 h after lambing 

(Bareham 1976). Vocal communication between ewe and lamb seems to be important for 

the establishment of a selective bonding (Nowak 1990a, 1996). Two different types of 

vocalisations emitted by the ewe can be distinguished immediately after lambing; high and 
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low pitched vocalisations. High pitched ewe vocalisations are not common in the presence 

of the lamb and they have been related to abandonment of the lambs (Dwyer and Lawrence 

1998). Low pitched vocalisations are emitted almost exclusively to the newborn lambs 

(Shillito 1972), probably to strengthen the ewe-lamb bonding (Dwyer and Lawrence 1998). 

It seems that the behaviour of the lamb immediately after birth does not affect the onset of 

maternal bonding behaviours (Dwyer and Lawrence 1999a). However, lambs that are most 

vocal at birth tend to perform better in a mother discrimination test at 12 h of age (Nowak 

1990a).  

The induction of maternal behaviour in the ewe is the product of a series of sensory 

and hormonal events, including exposure of the maternal brain to placental-derived 

oestradiol, intense genito-sensory stimulation, central release of oxytocin and opioid 

peptides, and olfactory and visual cues from the neonate (Poindron et al. 1988).  

The maternal behaviour in sheep is primarily induced by vagino-cervical 

stimulation at the time of birth (Keverne et al. 1983). The onset of maternal behaviour at 

lambing can be prevented by epidural anaesthesia in periparturient ewes (Krehbiel et al. 

1987). Conversely, artificial vaginocervical stimulation in post parturient ewes up to 27 h 

postpartum is enough to induce expression of maternal behaviours, complete acceptance, 

and formation of a selective bond with an alien lamb (Kendrick et al. 1991b). Hormonal 

priming (progesterone and oestradiol) is an essential prerequisite for vagino-cervical 

stimulation to induce maternal behaviour in sheep (Kendrick and Keverne 1991). Vagino-

cervical stimulation and parturition also produce an increase in oxytocin concentration in 

the cerebrospinal fluids (Kendrick et al. 1991a), which is known to be important for the 

onset of maternal behaviours in ewes (Levy et al. 1992). Oxytocin release in the substantia 

nigra and olfactory bulb increases during parturition and suckling, and is thought to be 

related to maternal behaviour (Kendrick et al. 1988). Suckling also increases the release of 

oxytocin in the medial preoptic area and it is thought to mediate the acceptance of the lamb 

by reducing maternal aggression towards it (Kendrick et al. 1992b). This is evident after 

infusion of oxytocin into the medial preoptic area which inhibits rejection behaviours 

towards the lambs but does not stimulate positive maternal responses (Kendrick et al. 

1992b). Endogenous opioids also play an important role in facilitating the onset of 

maternal behaviours in ewes. Primiparous parturient ewes receiving an intravenous opioid 

antagonist (Naltrexone) fail to display immediate onset of maternal care, show a reduction 
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in time spent licking the lamb, and have reduced number of low pitch vocalisations (Caba 

et al. 1995).  

Some behavioural traits of the mother that may influence the chances of survival of 

the offspring, such as responsiveness towards signals from the offspring, nursing behaviour 

and fear behaviour, are in part genetically controlled (Grandinson 2005). It has been 

suggested that improvement of these traits by selection may increase the chances of 

survival of the offspring and improve the welfare of mother and young (Grandinson 2005). 

However, caution must be taken when selecting for maternal ability traits alone as sheep 

intensively selected for maternal ability have increased maternal behavioural scores but 

decreased lamb survival (Everett-Hincks et al. 2005). Genes controlling physiological 

processes important for lamb survival may be incompatible with genes enhancing maternal 

ability traits (Everett-Hincks et al. 2005).  

There is evidence in sheep that maternal undernutrition during gestation (35% 

reduction of ewe‘s intake from week 4 of gestation) can disrupt the ewe-lamb bonding at 

birth by reducing the time the ewes spent grooming the lambs during the first 30 min after 

lambing and increasing aversive behaviours towards the lamb (i.e. butting; Dwyer 2003). 

Furthermore, maternal undernutrition resulted in lower lamb birth-weight, which in turn 

affected neonatal behavioural development i.e., lambs were slower to stand up and suckled 

less frequently (Dwyer 2003). However, the effects of maternal undernutrition early in 

gestation, such as the time around conception, on the expression of ewe-lamb bonding 

behaviours and neonatal development are not known.  

 

1.4.1.2. Suckling behaviour 

Suckling is the behaviour of the young intended to procure milk from a nipple or 

teat: this includes locating and recognising a potential provider of milk (usually the 

mother); searching for, recognising and attaching to a nipple, and then responding so as to 

facilitate milk withdrawal (Hall et al. 1988). As part of the maternal behaviours expressed 

at the time of lambing the mother shows acceptance of the lamb at the udder as soon as the 

lamb is able to stand (Poindron and Le Neindre 1980). Within 2 h from lambing the ewe 

restricts the maternal care to her young and will allow suckling only by the lamb with 
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which a selective bond has been formed (Smith et al. 1966). Recognition of the lamb by 

the ewe at the time of suckling then becomes a crucial step in the behaviours expressed at 

suckling. Therefore, behavioural patterns at the time of suckling that facilitate the sniffing 

of the lamb by its mother, such as passage of the lamb in front of the ewe and suckling in a 

parallel-inverse position lead more often to successful sucking attempts than when these 

behaviours are not present (Poindron 1976).  

The interactions between mother and young early in life are critical for lamb 

survival and it is known that the first suckling bouts are important for the lamb to establish 

a selective bond with the mother (Nowak et al. 1997b). The lamb‘s attraction to its mother 

is mediated by visual and auditory cues and udder-seeking behaviour is stimulated by 

thermotactile and olfactory cues (Vince 1993). One of the major risks that face the neonate 

is inadequate colostrum intake which leads to starvation and hypothermia (Nowak et al. 

2000). Shorter latency to first stand and achieve the first successful sucking has been noted 

to enhance lamb survival (Alexander 1958; Dwyer 2003). Colostrum ingestion, regardless 

of the amount (10% or 5% of birth weight) and independent of sucking activity (lambs fed 

using a nasogastric tube) facilitate the development of a preferential filial bond in lambs at 

12 h of age (Val-Laillet et al. 2004). However, sucking per se does not seem to mediate the 

preferential relationship with the mother; rather, it seems to be mediated by the presence of 

fluids in the gastrointestinal tract in the lamb (Val-Laillet et al. 2004). Furthermore, food 

ingestion increases plasma concentrations of the polypeptide cholecystokinin (Lupoli et al. 

2001), which is related to learning and memory processes (Flood et al. 1987; Itoh and Lah 

1990) and to the establishment of a preferential bond with the mother in the first few hours 

after birth (Goursaud and Nowak 2000; Nowak et al. 2001). 

 

1.4.2 Cognitive abilities 

Animal cognition can be defined as the process by which an animal perceives, 

stores and processes information (Millman and Duncan 2001). The external environment is 

perceived through the senses of smell, sight, hearing, taste and touch. Each of these senses 

has highly specialised organs and related brain structures that collect, process and store the 

information received from the environment. Learning is the process by which the nervous 
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system acquires new information, whereas memory is the mechanism used to store and 

retrieve this information (Purves et al. 2001). Intelligence is the speed and success with 

which the cognitive abilities are used to solve problems to survive in their natural and 

social environments (Roth and Dicke 2005). These include problems related to social 

relationships, communication, spatial orientation and feeding. 

Much of the research on cognitive abilities in sheep has been focussed on 

understanding cognition in relation to social behaviours such as mother-young and 

conspecific recognition (Poindron and Carrick 1976; Nowak 1990b; Kendrick et al. 1996; 

Kendrick et al. 1997; Keller et al. 2003; Keller et al. 2005). Such behaviours depend on 

different sensory organs and related brain structures in order to perceive, process and store 

information from olfactory, visual and auditory cues required to establish recognition 

memory. Other approaches to the study of cognitive abilities in sheep have concentrated on 

tests of spatial and visual memory. For example, learning and memory of location of food 

patches (Edwards et al. 1996b, 1997), operant conditioning methods to evaluate the 

sheep‘s shape discrimination ability (Baldwin 1981), maze performance (Camm et al. 

2000) and reversal learning in a maze (Erhard et al. 2004). 

 

1.4.2.1. Social recognition 

All social interactions in mammals depend on their ability to recognise familiar 

from unfamiliar individuals (social discrimination). This includes two main types of social 

recognition: mother-young recognition and ―other‖ types of social recognition such as 

discrimination of reproductive mates and social hierarchies (Bielsky and Young 2004). 

Social attachment requires the processing of information from multiple senses such as 

olfactory, auditory and visual cues, and complex motor responses such as proximity 

seeking, nurturing responses and several cognitive processes including attention, memory, 

social recognition and motivation (Insel and Young 2001). Social recognition uses a 

specific type of memory that differs from other types of learning and memory and may be 

subserved by different neurochemical and anatomical areas in the brain (Bielsky and 

Young 2004). Most of the studies of social recognition in sheep have focused on the 

neurophysiological and behavioural processes involved in visual and olfactory recognition 
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(reviewed by Kendrick 1994) and few have focussed on auditory recognition (Poindron 

and Carrick 1976; Ligout et al. 2004).  

 

1.4.2.1.1. Mother-young recognition 

In sheep, the mother and young form a selective bond that allows them to recognise 

each other soon after birth. The rapid establishment of a recognition memory and the 

ability to discriminate its mother other soon after birth is important for the survival of the 

lamb during the neonatal period (Nowak and Lindsay 1992). Ewes use different sensory 

modalities (such as olfactory, auditory and visual cues) to recognise and selectively bond 

to their lambs. Olfactory cues are used for short distance recognition (less than 0.25 m; 

Alexander and Shillito 1977b; Alexander 1978) and mediate acceptance of the lamb at 

suckling (Poindron 1976; Ferreira et al. 2000), whereas auditory and visual cues are 

predominantly used for lamb recognition at a distance (Ferreira et al. 2000).  

Thirty minutes after lambing most ewes are able to recognise their lamb at a close 

distance (olfactory recognition), allowing only their own lambs to suckle and rejecting 

other lambs (Keller et al. 2003). The lamb‘s specific odour which allows the ewe to 

discriminate it from an alien lamb does not seem to derive directly from maternal odours 

such as the ewe‘s milk, urine, faeces, inguinal wax, wool or saliva (Alexander and Stevens 

1982b). Rather, it seems that the ewe learns specific odours derived directly from her own 

lamb, in particular from the areas of the rump, tail, and anal region and from wool from the 

same regions plus the trunk and head (Alexander and Stevens 1982b). Ewes fail to 

recognise their own lambs if their odour is reduced or removed by scrubbing the lamb with 

a detergent solution (Alexander and Stevens 1981), but not if its odour is simply masked 

by application of various odoriferous substances (Alexander and Stevens 1982a). It appears 

that the neural processing of olfactory cues used for social discrimination is dependent on 

the neuropeptides oxytocin (Carter 2003) and AVP (Bielsky and Young 2004). Oxytocin 

and vasopressin are both released into the olfactory bulb during parturition and both are 

involved in facilitating social bonding (Levy et al. 1995).  

The ability of the ewe to recognise her lamb from a distance relies on the learning 

of both auditory and visual cues (Keller et al. 2003). The ability of the ewes to learn these 
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cues increases with previous experience. Multiparous ewes can recognise their lamb based 

on visual/auditory cues at 6 h whereas primiparous ewes cannot do so until 24 h 

postpartum (Keller et al. 2003). Early studies suggested that visual cues were more 

important for lamb‘s recognition at a distance than auditory cues (Alexander 1977; 

Alexander and Shillito 1977b). Nevertheless, ewes show a marked preference for recorded 

bleats of their own lamb (Poindron and Carrick 1976) and can recognise each other using 

acoustic cues alone (Searby and Jouventin 2003).  

Ewes can learn to recognise their lambs based on visual cues alone. Lindsay and 

Fletcher (1968) reported that ewes approached preferentially their own lamb while it was 

kept in a sound-proof glass cage. It seems that visual characteristics from the head are most 

important for visual recognition. Alexander (1977a) showed that when different parts of 

the lamb‘s body were visually altered (blackened using carbon black) the mothers showed 

different levels of avoidance behaviour towards their lambs. Blackening the head produced 

similar avoidance responses by the ewe as blackening the entire body of the lamb. Ewes 

can recognise their lambs based solely on characteristics of the face and approach 

preferentially the projected facial image of their own lamb (Kendrick et al. 1996). In 

addition, it seems that sheep can distinguish between various brightness (Bazely and Ensor 

1989), geometrical shapes (Baldwin 1981) and colours in the long wavelength (red, 

orange, yellow and white; Alexander and Shillito 1978a). When colour pigments are 

applied onto their lambs‘ coats ewes can learn and use such colour characteristics for lamb 

discrimination (Shillito 1978; Alexander and Stevens 1979).  

Lambs seem to need more time than ewes to learn and remember the olfactory, 

visual and auditory cues necessary for recognition of the mother. Lambs are able to 

recognise their mothers from an alien ewe at 24 h of age (Nowak et al. 1989). Olfactory 

recognition used for close proximity discrimination is well established between 12-24 h of 

age (Nowak 1990a, 1994) and auditory and visual recognition used for distance 

discrimination is established at approximately 3 d of age (Nowak 1990b). The importance 

of the visual cues for mother recognition seem to increase with increasing age of the lamb 

(Alexander and Shillito 1978b).  

Lambs can establish long-term (up to 2 years) associations with their dams. This is 

evidenced by the fact that lambs are more often found to be the closer neighbour to their 
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mother than expected by chance (Hinch et al. 1990). Although the strength of this 

association is known to decrease with age of the lamb, they are still found as closer 

neighbours more often than expected from a random distribution (Hinch et al. 1987; Hinch 

et al. 1990).  

 

1.4.2.1.2. Other types of social recognition 

Sheep are a gregarious species, known to form structured social groups. Social 

groups consisting of family members of different ages are more socially integrated than 

groups of sheep consisting of non-family members (Stolba et al. 1990). Sheep in family 

groups show less fighting, movement and attention behaviours than social groups of non-

family members. 

Aggregation behaviour involves recognition and association between conspecifics. 

Lambs are able to recognise their twin from a distance of 9 m at 7 d of age (Nowak 1990b). 

Previous studies have shown that vocalisations, direct body contact and behaviour of their 

twin does not affect the ability of the sibling to recognise it at 2-3 weeks of age, suggesting 

that sibling recognition relies mainly on visual and olfactory cues (Porter et al. 1997). 

Interestingly, visual characteristics of the face are relevant for recognition in sheep, just as 

in humans and other primates. It has been shown that sheep can learn to discriminate 

between familiar and unfamiliar conspecific faces better than between simple geometrical 

symbols (Kendrick et al. 1996). Similar to humans and primates, sheep possess specialised 

neural systems in the temporal and frontal lobes that are involved in the process of face 

recognition and there is evidence that they can remember up to 50 different sheep faces for 

over a period of 2 years (Kendrick et al. 2001). Sheep can use cues from the face to 

discriminate between different species (dog and humans), breeds, and male and female 

from the same breed of sheep (Kendrick et al. 1995). The ventral occipital and temporal 

cortex of the right hemisphere are involved in face (and to some extent object) recognition 

in humans (Kanwisher et al. 1996). This neural lateralisation is thought to be responsible 

for the left visual field bias in face recognition found in humans (Hillard 1973). The same 

field bias in face recognition has been found in sheep (Peirce et al. 2000) and the right 

temporal cortex seems to be implicated in identification and discriminating faces 

(Kendrick and Baldwin 1987; Broad et al. 2000; Peirce and Kendrick 2002). When a sheep 
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is isolated (known to be a stressful situation) the mere presence of a picture of the face of a 

sheep reduces the behavioural, autonomic and endocrine stress responses (Costa et al. 

2004).  

In addition, sheep can recognise and discriminate between humans (Boivin et al. 

1997) and predict hedonistic events (such as food rewards) associated with specific 

individuals (Davis et al. 1998). It has been shown that gentle handling and bottle-feeding 

lambs from a very young age can influence the formation of social bonds with humans 

(Boivin et al. 2000).  

A critical component in social recognition is the ability to recognise sexual 

partners. In sheep, learning of olfactory cues is particularly important for recognition of 

these partners. Anoestrus ewes can be induced to secrete luteinizing hormone, leading to 

reinstatement of cyclicity, by exposure to male rams or fleece; a phenomenon referred to as 

―male effect‖ (Gelez and Fabre-Nys 2004). Ewes can learn to associate a neutral odour 

with their sexual partners. When ewes previously exposed to males scented with lavender 

are exposed to the scent, anoestrus ewes show activation of luteinizing hormone secretion 

in response to the lavender odour (Gelez et al. 2004). Olfactory systems play a critical role 

in the recognition and integration of male odour necessary for this endocrine response and 

it is likely that it depends on an associative learning process of previous sexual experience 

(Gelez and Fabre-Nys 2006).  

Oxytocin and AVP facilitate social bonds and parental behaviour, social 

recognition in rodents, formation of selective ewe-lamb bond and pair bonds in 

monogamous voles (Kendrick 2004; Lim and Young 2006). AVP administered 

subcutaneously (Dantzer et al. 1987) or by intracerebro-ventricular injection (Le Moal et 

al. 1987) to male rats facilitates and potentiates social memory. In voles, AVP 

administered centrally leads to an increase in affiliative behaviour in the monogamous 

prairie vole but not in the promiscuous montane vole (Young et al. 1999). This difference 

appeared to be due to differences in the distribution of vasopressin 1a-receptor expression 

in the ventral pallidum region of the forebrain (Balaban 2004).  
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1.4.2.2. Spatial learning and memory 

Sheep and cattle have well developed spatial learning and memory abilities, which 

they use to remember locations with high food availability and improve foraging strategies. 

For example, cattle can remember various feeding sites and the amount (Bailey et al. 1989) 

and quality (Bailey and Sims 1998) of food found at a particular place. In cattle, location of 

feeding sites can be learned from experienced animals (social facilitation; Bailey et al. 

2000). Similarly, sheep rely on spatial memory to improve foraging efficiency when the 

distribution of resources is predictable (Hewitson et al. 2005), and become more efficient 

at finding and exploiting preferred food sites with increased experience (Edwards et al. 

1996b). The ability of sheep to remember the location of sites with preferred food could be 

used to exploit spatial heterogeneity of pastures (Dumont and Petit 1998). However, the 

attraction to its social group affect the searching efficiency of sheep (Dumont and Hill 

2001) and sheep will not move to a preferred feeding site located away from the social 

group, unless several other sheep follow it (Dumont and Boissy 2000). 

Sheep can remember adverse stimuli, such as intoxication with poisonous plants, 

and learn to avoid them (Toit et al. 1991), and positive reinforcements associated with 

ingestion of polyethylene glycol and recovery from malaise, induced by a diet high in 

tannins, and remember its location (Villalba and Provenza 2002). The ability of sheep to 

learn visual discrimination tasks using operant conditioning methods (using food rewards) 

has been exploited for different cognitive tests. Sheep can be trained to discriminate 

amongst a variety of different shapes, some of which differed not in shape but in 

orientation, by pressing panels with their muzzles in order to obtain a food reward 

(Baldwin 1981). 

There are several studies showing that exposure to adverse prenatal environments 

can alter fetal brain development and have long term effects on learning and memory. 

Although brain sparing is often observed in intrauterine growth restriction, i.e. a 

redistribution of metabolic supply so that body growth slows to a greater extent than brain 

growth (Lumbers et al. 2001), brain development clearly can be affected after prenatal 

insult. In humans, small for gestational age babies have reduced cerebellar weight and 

altered biochemistry (Chase et al. 1972) and increased frontal brain blood perfusion (Cruz-

Martinez et al. 2009). Premature growth restricted babies have reduced cerebral cortical 
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grey matter and intracranial volumes (Tolsa et al. 2004). In sheep, growth restriction 

induced by removal of endometrial caruncules reduces total brain and cerebellar weight 

(Rees et al. 1988), and hypoxemia induced in mid gestation by restriction of uterine blood 

supply reduces neuronal numbers in the cerebellum and hippocampus (Rees et al. 1999). 

Prenatal nutrition and stress are also important determinants of brain growth and 

development. In rats, maternal undernutrition during gestation decreases brain weight, cell 

number and protein content in the neonatal offspring (Zamenhof et al. 1971; Villescas et 

al. 1981) and this reduction is more marked in the cerebellum (Clos et al. 1977). Prenatal 

stress in rats reduces synaptic density in the hippocampus (Hayashi et al. 1998) and 

development of the brain serotonin system (Peters 1986, 1988). In humans, a recent study 

showed that prenatal stress (at 19 weeks of gestation) reduces grey matter volume in 

various areas of the brain including the cerebellum, pre-motor cortex, medial temporal 

lobe, lateral temporal cortex and prefrontal cortex (Buss et al. 2010).  

Adverse prenatal environments can also have long term effects on later cognitive 

function. For example, in humans, preterm birth and low birth weight are associated with 

later learning difficulties (O'Keeffe et al. 2003; Heinonen et al. 2008). Similarly in sheep, 

low birth weight (Camm et al. 2000) and low birth weight with prematurity (Cock et al. 

2001), induced by umbilico-placental embolisation in late gestation, are associated with 

impairment of learning ability in a simple maze task. Furthermore, maternal exposure to 

high levels of lead during gestation results in offspring that are slower to learn a visual 

discrimination task (Carson et al. 1974).  

Poor maternal nutrition during gestation also affects cognitive function in the 

offspring in various species. For example, in rats, maternal undernutrition from conception 

to parturition delays task acquisition (Tonkiss et al. 1990) and impairs learning ability 

(Jaiswal and Bhattacharya 1993, 1994) and adaptability to environmental change (Landon 

et al. 2007) in the offspring. In sheep, maternal undernutrition from d 1 to 95 of pregnancy 

impairs reversal learning in a T-maze (cognitive flexibility) in the offspring at 18 months 

of age (Erhard et al. 2004). However, the effects of maternal undernutrition restricted to 

the time around conception on cognitive flexibility in the offspring are not known.  

Prenatal exposure to high levels of glucocorticoids and stress can also affect the 

behaviour of the offspring in several species, with the majority of studies done in rats 
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(reviewed by Braastad 1998; Darnaudery and Maccari 2008). In rats, repeated stress during 

pregnancy (presence of a cat or electric shocks at 10 or 19
 
d of gestation) results in 

offspring with impaired spatial memory (Lordi et al. 1997). Similarly, prenatal exposure to 

glucocorticoids (dexamethasone) in late pregnancy impairs learning in rats (Welberg et al. 

2001). Other studies found that in rats, repeated stress during the third trimester of 

gestation did not affect learning of a simple task in the offspring but that impairment of 

learning was evident only during the reversal learning stage in a discrimination task 

(Weller et al. 1988) and in a spatial orientation task (Aleksandrov et al. 2001). In guinea 

pigs, repeated prenatal stress impairs learning performance in a discrimination task (Jonson 

et al. 1976) and spatial learning (Kapoor et al. 2009). In humans, maternal stress and 

anxiety during pregnancy impairs mental and motor development in infants at 8 months of 

age (Buitelaar et al. 2003). Furthermore, increased maternal plasma cortisol during the 

third trimester of pregnancy is associated with lower IQ scores in children at 7 years of age 

(LeWinn et al. 2009).  

The effects of prenatal stress on cognitive abilities in adulthood can be subtle and 

become evident only under the influence of circulating glucocorticoids, which increase 

under situations of stress and affect working memory performance (Lupien et al. 1999). 

For example, adult women prenatally exposed to maternal stress showed no differences in 

working memory performance using an item recognition task under normal conditions. 

However their performance was significantly affected after receiving hydrocortisone orally 

compared to women not exposed to prenatal stress (Entringer et al. 2009a).  

Similarly, exposure to stressful situations and increased plasma levels of 

glucocorticoids are associated with impaired cognitive function in animals (Mendl 1999). 

Although there is clear evidence that exposure to adverse prenatal environments alter 

postnatal stress reactivity (discussed in section: 1.4.2.3. of this thesis), the implications of 

such alterations on cognitive function are unknown. 

 

1.4.2.3. Stress reactivity 

Stress has been defined as a state of physical or perceived threat to homeostasis, 

during which the organism activates an adaptive compensatory response in order to sustain 
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homeostasis (Pacak and Palkovits 2001). The way in which animals perceive different 

potentially stressful situations can be assessed through their behavioural and physiological 

responses (Desire et al. 2002), such as the tendency to react more or less to negative events 

in cattle (Van Reenen et al. 2002) and sheep (Degabriele and Fell 2001). This tendency to 

have increased or reduced responses to aversive situations has been referred to as 

emotionality or reactivity (Boissy and Bouissou 1998; Erhard and Rhind 2004; Roussel et 

al. 2005a). Farm animals respond to potentially stressful situations with a range of 

different behavioural and physiological changes, suggesting a range of individual stress 

reactivity (Minton 1994; von Borell 1995; Grandin 1997; Rushen et al. 1999). Behaviours 

indicative of stress include immobilisation, high-pitch bleats, defecation, urination, 

locomotor activity and attempts to escape (Romeyer and Bouissou 1992). Physiological 

responses to stressful situations include increases in cortisol, adrenaline, noradrenaline, 

heart and respiratory rate (Parrott et al. 1994; Al-Qarawi and Ali 2005).  

There is evidence that adverse prenatal environments can alter postnatal stress 

reactivity in several species (Owen et al. 2005; Weinstock 2008). In humans, high levels of 

maternal cortisol and anxiety during late gestation are associated with increased infant 

reactivity (startle or distress to a novel or surprising stimulus) at 2 month of age (Davis et 

al. 2007). Similarly, maternal anxiety during gestation is associated with conduct 

problems, emotional problems and hyperactivity/inattention in children at 4 years of age 

(O'Connor et al. 2002). Repeated maternal stress during gestation in goats (transport in 

isolation during pregnancy; Roussel et al. 2005a) and sheep (isolation during pregnancy; 

Roussel et al. 2004) results in offspring with increased levels of activity and exploratory 

behaviours. Some of the effects of prenatal stress appear to be gender specific. In goats, 

prenatally stressed females are more active during a novel object test and show more signs 

of arousal (i.e. number of interruptions of drinking) and explore the environment more in 

response to a startling stimulus (Roussel et al. 2005a). In contrast, prenatally stressed 

males tend to be less active and to show more signs of distress in the presence of novelty 

(Roussel et al. 2005a).  

In rats, there is evidence that maternal physical and psychological stress during 

gestation alters the stress behavioural response in the offspring. For example, prenatal 

stress increases anxiety-like behaviours in adult male (Estanislau and Morato 2005) and 

female rats (Bosch et al. 2007). Similarly, maternal psychological stress in late gestation 
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(observing a rat that received electrical shocks behind a transparent wall in a contiguous 

box) increases fear responses during an open field test in the male offspring (Abe et al. 

2007). 

 

1.5. Tests used to evaluate different behavioural outcomes 

 

1.5.1 Tests of social recognition 

Different approaches have been used to test the ability of sheep to learn visual, 

olfactory and auditory cues used for mother-young and conspecific recognition. Tests for 

mother-young recognition include those where either their own or an alien lamb is 

presented to the mother in an arena (enclosure of variable dimensions, typically 

rectangular). Assessment of a recognition memory is then evaluated by acceptance of their 

own lamb and rejection of alien lambs at the udder (formation of a recognition memory) or 

aggressive rejection of their own lamb (failure to establish a recognition memory; 

Alexander 1977; Alexander and Shillito 1977a; Alexander et al. 1983a; Alexander et al. 

1986; Caba et al. 1995; Ferreira et al. 2000; Broad et al. 2002a; Broad et al. 2002b; Booth 

2006). A similar procedure has been used for testing the lamb‘s ability to recognise its 

mother from an alien ewe (Alexander and Shillito 1978b). Parameters evaluated for this 

include speed with which the lamb approaches the ewe, hesitation to approach and a score 

from 0 (no approach to ewe) to 5 (approach udder and successful sucking). Other studies 

using rectangular arenas keep the test animal in an individual ―holding‖ pen located 

adjacent to one of the smaller sides of the arena and the animals to be discriminated are 

held in two individual ―test‖ pens some metres apart from each other on the opposite side 

of the arena. The animal in the holding pen is then released into the arena for 10 min and 

the distance travelled to first reach either test pen and the percentage of time the animals 

spent moving beyond 1 m from their own mother/lamb‘s cage after initial contact are 

recorded during the test period (Astorga et al. 2006).  

Other studies that have evaluated mother-young and conspecific recognition in 

sheep have used triangular arenas. Briefly, in studies evaluating dam recognition by lambs, 
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the arena consists of two contiguous holding (choice) pens for the dam and alien ewes on 

one side of the triangle, and on the opposite side there is a start pen for the lamb to be 

tested. The test starts by opening the gate holding the lamb in the waiting area and then 

evaluating the behaviour of the lamb. To test the ewe‘s ability to discriminate between her 

own and an alien lamb, the positions of the animals are reversed with two lambs instead of 

the two ewes positioned in the choice pens. The arena is usually divided into five zones 

accessible to the animal making the discrimination. For example, in tests of ewe 

recognition by lambs there is one waiting pen, two neutral zones between the holding and 

choice pens and two zones of contact with the ewes. The ability to recognise each other is 

then evaluated according to various criteria. For example, some studies (Asante et al. 1999; 

Awotwi et al. 2001) have evaluated recognition ability using a scoring system (with a 

score of 1 corresponding to situations in which the test animal does not reach mother/lamb 

in the choice pens and a score of 5 corresponding to situations when the test animal goes 

directly to its own mother/lamb and remains there). However, most studies have evaluated 

recognition by measuring the proportions of time spent close to either their own or alien 

mother/young within the contact zone (CZ) and in each of the other areas of the enclosure 

(Nowak et al. 1989; Nowak and Lindsay 1992). In addition to these parameters, recent 

studies have evaluated the time to reach the CZ, first animal to be approached and number 

of zones crossed during the test (Nowak 1994; Nowak et al. 1997b; Nowak et al. 2001; 

Terrazas et al. 2002; Pfister et al. 2006).  

Evaluating the time spent in each of the CZ has the advantage of taking into 

account the time the animals spend exploring both pens in calculating a preference, and 

recognition is considered to occur in situations where the preference ratio differs from 1.0. 

It may be more appropriate to evaluate time spent close to each individual instead of just 

taking into account the first choice made by the lamb, since we know that sheep 

(Beausoleil et al. 2004; Erhard et al. 2004), like cattle (Arave et al. 1992) and rats 

(Andrade et al. 2001), exhibit a side bias that can confound the results.  

Some studies have evaluated visual and auditory recognition in sheep (separating 

the olfactory recognition component) and have used triangular arenas very similar to a Y-

maze (Terrazas et al. 1999; Ferreira et al. 2000; Keller et al. 2003). The main difference 

from the triangular arenas used for social recognition is that it has a barrier, that allows 

visual and auditory but not olfactory contact with the animals behind it, 1 m in front of the 
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test pens to avoid olfactory recognition, which can be used only at distances < 0.25 m.  

Parameters evaluated in this test include latency to enter a CZ, identity of the first animal 

contacted, total time spent in the CZ near each animal and total time spent looking at each 

lamb, regardless of the position of the ewe in the testing area.  

Kendrick et al. (1995) developed a sound-insulated Y-maze in order to dissociate 

the visual from the auditory components of the recognition process. On each arm of the Y-

maze, colour pictures of faces of familiar and unfamiliar sheep, humans, dog, and goats 

were projected. When the sheep had made an arm choice, a gate at the selected arm was 

open and gave it access to the animal or human whose face it had seen projected on that 

particular arm. In addition, vocal discrimination was evaluated using recordings of human 

and sheep vocalisations reproduced through speakers located on each arm. A similar type 

of maze has been used in other studies to evaluate visual and auditory discrimination in 

sheep under different experimental circumstances (Kendrick et al. 1996; Broad et al. 

2000). 

 

1.5.2 Tests of spatial learning and memory 

It has been suggested that some of the detrimental effects of early undernutrition on 

cognitive abilities in animals are more evident in tasks evaluating transfer of learning of 

spatial tasks (cognitive flexibility; Strupp and Levitsky 1995). The evaluation of spatial 

learning and memory in animals using environmental visual and spatial cues can be studied 

using various types of mazes (Hodges 1996). Studies evaluating the effects of prenatal 

undernutrition on cognitive flexibility in rats (Villescas et al. 1981; Tonkiss and Galler 

1990) and sheep (Erhard et al. 2004) have used tasks of reversal learning in a T-maze that 

require transfer of learning using left/right side alternations. This means that once the 

animal has learned that one side gives access to a reward (i.e. reaching a pre-specified 

number of correct choices or criterion) the side giving access to the reward is then closed 

and the opposite side opened to give them access to the reward (reversal). In rats, different 

types of reward have been used for this kind of test; some (Tonkiss and Galler 1990) used 

food rewards; whereas others (Villescas et al. 1981) just allowed escape from the maze 
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through the open side. In sheep, the reward has consisted of access to food and the chance 

to briefly reunite with other sheep (Erhard et al. 2004).  

Other types of mazes have been used to evaluate cognitive abilities in sheep 

prenatally exposed to prenatal adverse environments. Growth restricted lambs were tested 

in a simple maze, an obstacle course and a T-maze using social motivation where the 

reward was to reunite with the mother (Camm et al. 2000). Differences between groups in 

their learning abilities were found only with the simple maze and obstacle course. This 

may suggests that the ability to recognise the dam was not affected by the treatment, but 

other cognitive abilities such as learning how to negotiate obstacles within the course and 

spatial-memory tasks may be affected. In a more recent study, Lee et al. (2006) developed 

a complex maze to evaluate spatial learning and memory in sheep using social motivation. 

Total time to traverse the maze and times spent in closed alleys (errors) were used to assess 

performance. However, this type of maze does not permit assessment of reversal learning. 

Furthermore, in the Lee study, performance measured using traverse times may be 

confounded by factors other than the animal‘s spatial learning ability. 

 

1.5.3 Tests of stress reactivity 

Various stress-eliciting situations have been used to evaluate stress reactivity in 

sheep. Transport (Baldock and Sibly 1990; Roussel et al. 2005b), handling (Le Neindre et 

al. 1996), novel environments (Cockram et al. 2000), shearing (Hargreaves and Hutson 

1990c, a) arena tests (Kilgour and Szantar-Coddington 1997; Kilgour 1998) and isolation 

(Parrott et al. 1994; Al-Qarawi and Ali 2005) are some of the most common approaches 

used in sheep to evaluate their physiological and behavioural reactions to stressful 

situations.  

The isolation test has been extensively used as a standard method to induce stress 

responses in sheep. Sheep are highly gregarious species and very susceptible to stress 

caused by isolation (Price and Thos 1980). They respond to isolation with increased 

activity of the HPA axis and changes in behaviour such as increased vocalisations, 

locomotion and urinations (Coppinger et al. 1991; Romeyer and Bouissou 1992; Parrott et 

al. 1994; Carbajal and Orihuela 2001; Al-Qarawi and Ali 2005; Tilbrook et al. 2006). This 
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test requires an enclosure or area separated from the rest of the flock where the isolated 

animal has neither physical nor visual contact with conspecifics. The duration of the 

isolation varies among studies and has included 10 min (Napolitano et al. 2003), 20 min 

(Carbajal and Orihuela 2001), 1 h (Roussel et al. 2004), 2 h (Sartorelli et al. 2003), 3 h 

(Al-Qarawi and Ali 2005), 6 h (Coppinger et al. 1991) and periods up to 3 weeks 

(Degabriele and Fell 2001). 

Another approach to the study of emotional reactivity in animals is the use of 

approach/avoidance tests in arenas (Adams and Fell 1997; Kilgour and Szantar-

Coddington 1997; Hohenhaus et al. 1998; Kilgour 1998; Degabriele and Fell 2001; Erhard 

2003; Beausoleil et al. 2005). The arena tests use an enclosure typically rectangular where 

the animals are confronted with a novel environment and a situation of psychological 

conflict. The general set up for the conflict situation consists of an animal to be tested, a 

group of conspecifics (attractor) and a potentially aversive stimulus (humans, dogs, other 

animals or a novel object). The group of conspecifics is placed in a pen adjacent to one end 

of the rectangular arena; the rest of the area in the arena is accessible to the test animal. 

The aversive stimulus is situated between conspecifics and the area accessible to the tests 

animals, which is divided in squares each measuring 1 x 1 m marked on the floor of the 

arena. This facilitates the calculation of various performance measures: the distance the 

test animal maintains from the aversive stimulus and conspecifics, as well as distance 

travelled during the test. The conflict is created by the two (opposing) behavioural 

tendencies: approaching the conspecifics and avoiding the aversive stimulus.  
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1.6. Research objectives 

 

The objectives of the experiments described in this thesis were to evaluate the 

effects of maternal undernutrition restricted to the time around conception on the 

establishment and maintenance of a selective ewe-lamb bond, cognitive function and 

behavioural and physiological reaction to stress in the offspring. 

 

1.6.1 Specific objectives 

 

The objective of the first study was to evaluate the effects of maternal PCUN on the 

expression of maternal and neonatal behaviours required for the establishment of the ewe-

lamb bond at lambing.  

The objective of the second study was to evaluate the effects of maternal PCUN on 

the maintenance of a selective ewe-lamb bond, evaluated as the preference for each other 

and reaction to separation and reunion, at 24 h, 1 and 4 weeks after lambing. 

The objective of the third study was to evaluate the effects of maternal PCUN on 

the cognitive flexibility and behavioural laterality of the offspring before and after puberty.  

The objective of the fourth study was to evaluate the effects of maternal PCUN on 

HPA axis function and stress-related behaviours of the offspring before and after puberty 

The objective of the fifth study was to evaluate the effects of maternal PCUN on 

the behavioural reaction to a human approach/avoidance test of the offspring before and 

after puberty. 
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Chapter 2. Materials and methods 

 

2.1. Animals 

 

Multiparous 4 to 5 year old Romney ewes were randomly allocated to one of four 

nutritional treatments:  

 

1) Control ewes well fed before and throughout pregnancy.  

2) Ewes undernourished from –60 to +30 d from mating (UN-60+30)  

3) Ewes undernourished from –60 to 0 d from mating (UN-60-0)  

4) Ewes undernourished from -2 to +30 d from mating (UN-2+30)  

 

All ewes were kept in an indoor facility with controlled photoperiod during 

nutritional manipulation, throughout pregnancy and until two weeks after lambing. During 

undernutrition and lambing, ewes were kept in adjacent individual pens with open mesh 

that allowed visual, olfactory, auditory and restricted physical contact with other ewes. At 

all other times ewes were kept in group pens. At least 3 weeks prior to nutritional 

manipulation, ewes were acclimatised to concentrate feed containing approximately 16.9% 

protein, 22.4% fibre and 8.8 MJ/kg of metabolisable energy (Country Harvest Stock Feed, 

Cambridge, New Zealand). Controls, and experimental ewes outside their period of 

undernutrition, were fed maintenance requirements at 3-4% of body weight per day. 

Undernutrition comprised a 2 d fast, then individually adjusted feeds to 1-2% of body 

weight per day to achieve and maintain a 10-15% body weight reduction (Oliver et al. 

2001).  
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Ewes were synchronised using intravaginal devices containing progesterone 

(CIDRs; Pharmacia and Upjohn Ltd. Co., Auckland, New Zealand) and mated in group 

pens with proven Poll Dorset rams 16 d after CIDR insertion (2 d after CIDR removal). 

Ultrasonographic scanning was performed at 42 and 56 d after mating for pregnancy and 

singleton / twin determination. For logistical reasons, twin bearing ewes were retained for 

study only from control and UN-60+30 groups.  

A subgroup of ewes, including animals from all nutritional treatments, underwent a 

surgical procedure at 110-113 d of gestation to place intravascular catheters to the mother 

and fetus. These animals were used for maternal and fetal studies that were not part of this 

thesis and are reported elsewhere (Jaquiery et al. 2009). These studies involved regular 

blood sampling but no other manipulation of the mother or fetus.  Animals were moved to 

indoor individual pens and fasted 1 d before the surgery. Surgery was performed under 

inhaled anaesthesia (2% halothane/oxygen) following induction with Alfaxane-CD (2 

mg/kg via jugular injection, Jurox Pty Ltd, Rutherford NSW). Antibiotics were given to 

ewes intramuscularly immediately before the surgery (5 ml of Depomycin, each 1 ml 

contained: 200,000 U penicillin g procaine and 200 mg dihydrostreptomycin, Intervet, 

Upper Hutt, New Zealand). The uterus was approached via abdominal midline incision and 

fetal tarsal arteries and veins in both hind legs were fitted with polyvinyl vascular 

catheters. Fetal catheters were exteriorised via an incision in one side of the ewe‘s 

abdominal wall. In the ewe, femoral vein and artery in one hind leg were catheterised. 

Fetal and maternal catheters were secured to the back of the ewe. After surgery, ewes were 

returned to individual pens and kept there until delivery.  

Unoperated ewes were moved to individual pens 3 weeks before the expected 

lambing date. All ewes were allowed to lamb undisturbed; however, assistance was given 

if birth failed to progress normally. Assistance was only given if there were no fetal parts 

seen at the vulva 60 min after appearance of fluids or if 120 min after fetal parts were seen 

at the vulva no other obvious progress was made. Lamb body weight was recorded at birth. 

The ewes were kept with their lambs in individual pens until 2 weeks after lambing and 

then moved to pasture outdoors and managed as a single flock of ewes and lambs. Lambs 

were weaned at three months of age and kept on pasture with a flock of peers. At 4 and 18 

months of age, these offspring were brought indoors for testing and housed in individual 

pens. At the end of the 4-month tests, lambs were divided by sex and kept on pasture with 
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the flock. At 18 months of age, ewes were synchronised using CIDRs at least 4 d before 

the tests to avoid confounding effects of the oestrous cycle on the behaviour of the ewes. 

The animals were studied over a three-year period, with all groups studied in each season 

and year.  

Ewes with no nutritional manipulation, but exposed to the same concentrate feed, 

were used as ―alien‖ animals for the tests at 24 h, 1 and 4 weeks of age. The ewes and 

lambs used as ―aliens‖ were of similar age to the animals being tested.  

All procedures were approved by the Animal Ethics Committee of the University of 

Auckland. 

 

2.2. Ewe-lamb bonding behaviours at lambing 

 

The ewe-lamb bonding behaviours at lambing were evaluated over a 2 h period. 

Behaviours from the ewe and lamb were recorded for an initial period of 30 min followed 

by three periods of 10 min every 30 min. For twins, the behaviour of both lambs was 

recorded as described above, with observations for each lamb starting immediately after 

delivery and continuing for 2 h after that lamb was born. The behaviour of the ewe was 

evaluated only during the 2 h observation period of the first-born lamb. Data were 

collected using direct observations and from video recordings.  

 

2.2.1 Direct observations 

Behaviours were evaluated by an observer positioned approximately 2 m from the 

lambing pen. Direct observations were recorded according to a predetermined protocol 

using modified definitions from those described elsewhere (Dwyer et al. 1999; Table 1). 

Measurements included the time to first suckle, number of attempts to suckle and number 

of successful sucklings by the lamb, and number of vocalisations, both by the lamb and by 

the ewe.  
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Table 1. Behaviours evaluated at lambing and their definitions (modified from Dwyer 

et al. 1999). 

 Behaviour Description 

Direct 

observations 
 

Lamb behaviours 
 

 Attempt to suckle Lamb in parallel inverse position, head beneath the ewe‘s udder 

area, sucking on the udder or having a teat in the mouth for less than 

5 s 

 Successful suckling Lamb has teat in its mouth and appears to be sucking for at least 5 s 

 Vocalisations Any vocalisation by the lamb 

  

Ewe behaviours 
 

 Vocalisations Ewe bleats divided into: Low-pitched (mouth closed) and high-

pitched (mouth open)  

   

Video 

recordings 
 

Lamb behaviours 

 

 Stands Lamb supports itself on all four feet for at least 5 s 

  

Ewe behaviours 
 

 Grooming Licking and nibbling movements directed towards the lamb for at 

least 2 s 

1) With the ewe standing: the ewe was considered grooming the 

lamb when the ewe‘s nose was pointing towards the lamb and the 

ewe‘s head was positioned directly above the lamb‘s body. The 

head of the ewe must be below the horizontal line of the ewe‘s back 

with its nose pointing towards the body of the lamb 

2) With the ewe lying down: the ewe was considered grooming the 

lamb when the nose of the ewe was pointing towards the lamb 

and/or her head was above the body of the lamb 

Grooming stopped when the ewe moved its head away from the 

grooming position for more than 3 s 

 Stands Ewe supports itself on all four feet for at least 5 s 

 

 

2.2.2  Video recordings 

Video cameras (Panasonic SDII, model WV-CP474E, Matsushita Electric 

Industrial Co. Ltd. Japan) were installed above the lambing pens to allow continuous 

monitoring of the animals. The video signals from four video cameras were merged into a 

single video signal using a digital splitter (Panasonic Digital Disk Recorder, model WJ-
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HD200, Matsushita Electric Industrial Co. Ltd. Japan), which was continuously recorded 

onto a hard disk drive (Panasonic DVD video recorder, model DMRE100HGN, Matsushita 

Electric Industrial Co. Ltd. Japan). The video files containing the lambing (from the 

moment body parts were seen at the vulva until 2 h after delivery) were then copied onto 

DVDs for later analysis.  

The video recordings were analysed using definitions modified from those 

described elsewhere (Dwyer et al. 1999; Table 1). Measurements from video recordings 

included the time the lambs took to first stand up and total time spent standing, and the 

total time the ewes spent standing and grooming the lamb.  

 

2.3. Response to separation and ability to recognise each other 

 

The lamb behavioural responses to maternal separation and preference of the ewe 

and lamb for each other over an alien ewe/lamb were evaluated at 24 h, 1 and 4 weeks of 

age. 

 

2.3.1 Testing arena and procedures 

The testing arena and procedures were modified from those described elsewhere 

(Terrazas et al. 2002). The testing arena was located in an isolated indoor room and 

consisted of a triangular area (4 x 6 x 6 m) delimited by 1 m high metal mesh barriers 

(Figure 1). The outside walls of the arena were covered with opaque black plastic to 

prevent the animals from being visually distracted by the person doing the test. The inside 

delimiting panels were made of metallic mesh supported on a metallic frame allowing the 

lambs to see, hear, smell and make direct contact with the ewes by nosing through the 

mesh. Two contiguous holding pens for the ewes (2 x 1 m each) were located on one side 

of the arena (choice pens). A holding pen for the lamb (1 x 1 m) was located opposite to 

the choice pens. The area accessible to the lambs was divided in four zones: neutral zone 

A, neutral zone B and two zones of contact with the ewes (Figure 1). The two contact 
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zones (CZ) were two bands (50 cm wide) next to the choice pens. A lamb was considered 

to be in a given CZ when at least the two front legs were in that zone. Neutral zone A was 

the area accessible to the lamb outside the CZ. Neutral zone B consisted of a squared area 

50 x 50 cm parallel to the CZ and positioned in front of the division between both choice 

pens. 

 

2.3.1.1. Lamb behavioural test 

A ewe and her lamb were taken to the arena and placed in their respective pens. 

The number of vocalisations emitted by the lamb in response to separation from its mother 

was recorded over 5 min. At the end of this period, an alien ewe was placed in the pen next 

to the mother and the gate of the lamb‘s pen was opened to allow reunion with the ewe. 

The preference test started once the lamb left the pen and lasted for 5 min. The time to 

leave the pen, time to reach a CZ and time spent in either CZ were recorded. If a lamb did 

not reach a CZ after 5 min it was placed in neutral zone B and the test continued for 

another 5 min. In this way, the preference for its mother in lambs that did not reach the CZ 

could be evaluated, instead of excluding these animals (Val-Laillet et al. 2004). To 

evaluate twins, one lamb was evaluated first and then the procedure was repeated with the 

second lamb. 

 

2.3.1.2. Ewe behavioural test 

At the end of the lamb‘s test, the preference of the ewe for her own lamb over an 

alien one was tested following the same procedure. The ewe was moved to the holding 

pen, the lamb moved to a choice pen and the alien ewe was replaced by an alien lamb in 

the contiguous pen. The preference test started once the ewe left the pen and lasted for 5 

min. The time to leave the pen, time to reach a CZ and time spent in either CZ were 

recorded. The animals were randomly assigned to occupy left and right choice pens to 

avoid problems with side preference bias (Beausoleil et al. 2004). Twin bearing ewes were 

evaluated after both her lambs had been tested. 
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Figure 1. Graphical representation of the enclosure used to test lamb and ewe 

preference for each other at 24 h, 1 and 4 weeks of age. 1: holding pen; 2: neutral 

zone A; 3 and 4: zones of contact; 5 and 6: choice pens; 7: neutral zone B (modified 

from Terrazas et al. 2002). 

 

 

2.4. Cognitive flexibility and side preference 

 

2.4.1 Maze and testing procedures 

The side preference and cognitive flexibility of the offspring of control and UN-

60+30 ewes were evaluated at 4 and 18 months of age using a procedure modified from 

Erhard et al. (2004). The animals were evaluated using a reversal task on a left-right choice 

test in a rhombus-shaped maze with constant location and position throughout the 3 years 

of the study (Figure 2). The reward for a correct choice was the ability to leave the maze, 

to reach the food reward and approach the companion sheep in waiting pens. The feed 

concentrates used as a reward were the standard indoor feed. The companion sheep were 

those animals waiting to be tested. The order of testing was randomly assigned for each 
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testing day. After leaving the maze through the correct arm, the sheep was given 

approximately 10 s to eat and stay close to the companion sheep. The only penalty for an 

incorrect choice was the inability to leave the maze at that point. If the sheep had not left 

the maze within 3 min, the sheep was moved to the open exit and allowed access to the 

reward for approximately 10 s. At 4 months of age, males and females were evaluated 

together whereas at 18 months of age males and females were evaluated separately. The 

cognitive flexibility of the sheep was assessed by comparing the number of runs required 

to learn two consecutive reversal tasks (Erhard et al. 2004). The tests were carried out on 

3-5 consecutive days, depending on the sheep‘s ability to learn two reversal tasks 

(procedure below). From d 2 onwards, the sheep were evaluated in two tasks per day (A 

and B). Task A was always a confirmation of what had been learnt the previous day, and 

Task B was the reversal task for the day. 

The maze and procedures were modified to facilitate navigation through the maze 

and familiarisation with the enclosure and procedures. The modifications included: a) 

increased number of runs to allow the animals more time to familiarise with the maze and 

procedures; b) additional days to evaluate carried over animals that did not reach criterion 

in previous days (as opposed to excluding them); c) the waiting pens for the companion 

sheep were located at the centre of the maze to avoid side choice bias and increase the 

sheep‘s willingness to reach the end of the maze; and d) the shape of the maze was 

modified from a complex T-shape to a rhombus-shape in order to avoid 90 degree angles 

that are known to make the passage through corridors more difficult for ruminants 

(Grandin 1980, 1990). These changes were necessary to reduce the number of animals 

failing to complete the task due to increased stress responses during tests of cognitive 

flexibility in sheep (Erhard et al. 2004).  

 

Day 1 (Training) 

- Side preference: The sheep had five runs in the maze with both exit gates open. 

The sheep was moved to the starting arm (with the starting arm gate closed) and the 

entrance gate was closed behind the animal. The starting arm gate was opened to begin the 

test. The sheep was regarded as choosing a side once both front legs had crossed a decision 
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point (white lines painted on the ground at the beginning of the left and right arm of the 

maze).  

- Guided runs: The sheep was given two guided runs in the maze alternating one 

exit gate open and the other one closed. A barrier was placed at the decision point of the 

open arm. The sheep was walked to the closed side of the maze and then guided back out 

to the open side and given access to the food reward and the companion sheep. 

– Task-A (task acquisition): This task consisted of a maximum of six runs with the 

sheep‘s preferred side open until they achieved three correct consecutive choices i.e. 

without entering the closed arm of the maze. 

 

Day 2 

- Task-A/R1 (confirmation of task acquisition): The task consisted of leaving the 

maze without entering the closed arm on three consecutive runs (criterion). For this task, 

the preferred side was open and the opposite side closed.  

- Task-B/R1 (Reversal 1): As soon as the sheep completed three consecutive runs 

without error, the side with the open exit was reversed (i.e. the non-preferred side open and 

preferred side closed). The task ended once the sheep completed three correct consecutive 

runs after the reversal.  

If after ten runs the sheep had not reached the criterion for a task the session was 

terminated and the sheep was re-tested the next day using the same procedure (carried over 

animals). For the purposes of data collection, carried over animals were arbitrarily assigned 

11 runs to completion for the task to differentiate them from animals reaching criterion on 

the 10
th

 run. This rule applied to any failed task in d 2 to 5. 

 

Day 3 

The procedure was the same as in d 2 except that the open exit during task ―A‖ was 

the non-preferred side of the sheep and the open exit was reversed during task ―B‖ to the 

preferred side.  
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-Task-A/R2 (confirmation of first reversal acquisition): This task ended when the 

sheep had completed three correct consecutive runs.  

-Task-B/R2 (Reversal 2): The task ended once the sheep had completed three 

correct consecutive runs post-reversal.  

If after ten runs the sheep had not reached criterion, the session was terminated and 

carried over animals were re-tested the following day using the same procedure.  

 

Day 4 and 5 

Carried over animals were given two additional days to complete the tasks for both 

reversals. 

 

 

Figure 2. Graphical representation of the maze used to evaluate side preference and 

cognitive flexibility. 
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2.5. Behavioural and physiological response to isolation 

 

We evaluated the behavioural and physiological response to 5 min social isolation 

at 4 and 18 months of age. Animals were brought indoors and, after 2 d of acclimatization, 

the animals were catheterised with indwelling jugular catheters (internal diameter 0.04 

inch, Critchley Electrical, Auburn, Australia) under local anaesthetic at least 7 d before 

testing. At the end of the isolation test catheters were removed and animals returned to 

pasture. 

 

2.5.1 Isolation test procedure and blood sampling 

Each animal was moved to a separate room approximately 20 m from their 

individual pen in the same building, and isolated in an enclosure (4 x 2.5 m) delimited by 

metallic-mesh walls covered with opaque black plastic.  Each animal was left alone and 

undisturbed for 5 min, then returned to its pen. 

Blood samples (3 ml) were taken from jugular catheters while animals were in their 

individual pens immediately before (baseline) isolation and 10 and 60 min after the 

isolation period ended. Blood samples were kept on ice until centrifugation at 3000 

revolutions per minute for 10 min at 4º C and the plasma stored at -20º C. Plasma cortisol 

and testosterone concentrations were determined using mass spectrometry (Rumball et al. 

2008). Mean inter- and intra-assay coefficient of variation values were 8.9% and 7.4% for 

cortisol and 15.8% and 13.4% for testosterone, respectively. 

 

2.5.2 Behavioural response to isolation 

The behaviour of the animals during the 5 min isolation period was video recorded 

using Handycam equipment positioned approximately 2.5 m above the enclosure. The 

enclosure was divided in quadrants and the activity of the animals was evaluated from the 

videos as the number of quadrants crossed (when both front legs crossed a quadrant line). 
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In addition, the number of vocalisations, standing against the enclosure‘s walls (both front 

legs leaving the ground and touching a wall) and attempts to escape (i.e. jumps: four legs 

leaving the ground) were recorded.  

 

2.6. Behavioural response to a human approach/avoidance test 

 

The behavioural response to a human approach/avoidance test was evaluated at 4 

and 18 months of age using a standardised method with high repeatability described 

elsewhere (Kilgour and Szantar-Coddington 1997).  

 

2.6.1 Approach/avoidance arena and test procedure 

The animals were tested in an 11 x 3 m arena (Figure 3, area A) that had all the 

walls and floor covered with black weed-mats. The floor of the arena was divided into 33 

squares, each measuring 1 x 1 m, with numbers painted on the floor. A small pen (2 x 3 m) 

adjacent to the arena (Figure 3, area B) contained a group of 3 - 5 companion sheep, which 

the test sheep could hear and smell but not see due to a barrier covered with an opaque 

black plastic. A human stood immobile in the centre of the arena leaning against the barrier 

dividing the test area and companion sheep pen (Figure 3). It was expected that the human 

would set up a conflict situation for the sheep in the arena. The test sheep would want to 

approach the animals in the pen but would be repelled by the presence of the human 

leaning against the barrier. The plastic barrier was intended to prevent physical contact 

between the test sheep and those in the pen because this may have made the attractiveness 

of the latter override the repulsion by the human being. The human standing in the arena 

wore a blue hat, a yellow work-overall, gumboots and a predetermined perfume sprayed 

onto clothes and boots. The reason for this was two-fold: to standardise the appearance of 

the human for all the tests and to increase the novelty/aversiveness of the human standing 

in the arena. A second experimenter walked the test sheep from their home pen and into 

the test area of the arena, closed the gate and quietly moved away. The sheep entered the 
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arena via a gate half way along area A (Figure 3) and was left undisturbed in the arena for 

a period of 10 min and then returned to its home pen.  

 

2.6.2 Behavioural observations during human approach/avoidance test 

The position of the sheep in the arena was recorded every 15 s (total of 40 position 

data points). The position was defined as the square in which the animal‘s front feet rested. 

From these data the time to first approach the human (defined as the first time the sheep 

sniffed the human or stood with both front feet within 1 m from the square in which the 

human was standing) and mean distance from the human were recorded. In addition, the 

number of vocalisations, urinations and defecations were recorded.  

 

 

Figure 3. Graphical representation of the arena used to evaluate approach/avoidance 

behaviour to a human. A) area accessible to the test sheep; grey area indicates 

position where the human was standing during the test, B) companion sheep group 

pen. 
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2.7. Data analysis 

 

The number of animals evaluated in each behavioural test and postnatal age at 

testing are presented in Table 2. 

Data were analysed using the statistical software JMP 7.0.2 (SAS Institute Inc., 

USA, 2007). Data were transformed using square root, logarithmic or logit transformations 

as required to fulfil the assumptions of homogeneity of variance and normality of the 

residuals. 

Proportions were compared using Fisher exact test for small samples or Chi-square 

analysis. Continuous and discrete data were compared using Restricted Maximum 

Likelihood (REML), standard least squares analysis and Generalised Linear Models 

(GLM). The effects of nutritional treatment, litter size, sex and year of birth were included 

in all the models. Post hoc Student t-test was used as appropriate. Data are presented as 

mean ± standard error of the mean (SEM), least square mean (LSmean) ± SEM, back-

transformed LSmean ± SEM or median (inter-quartile range) as appropriate. 
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Table 2. Number of animals evaluated in the different behavioural tests and postnatal age at testing. 

    Behavioural test 

    

Ewe-lamb 

bonding 

behaviour 

 

Reaction to ewe-lamb 

separation and preference for 

each other 

 
Side preference and 

cognitive flexibility 
 

Behavioural and 

physiological response 

to isolation 

 

Behavioural response to 

a human 

approach/avoidance test 

  Birth  24 h 1 week 4 weeks  4 months 18 months  4 months 18 months  4 months 18 months 

Nutrition 

group 
 Litter size                

Control  Singleton  18  23 24 23  18 8  19 8  17 7 

  Twin  21  26 25 24  31 30  31 30  26 27 

                  

UN-60+30  Singleton  14  15 16 16  18 12  18 13  14 12 

  Twin  35  28 34 29  20 17  20 17  19 17 

                  

UN-60-0*  Singleton  18  24 24 23  0 0  25 7  25 6 

                  

UN-2+30*  Singleton  14  15 14 14  0 0  17 4  16 4 

* No twins available 



Chapter 3. Effects of periconceptional undernutrition on ewe-lamb bonding behaviours at lambing 

 

 

 53 

Chapter 3. Effects of periconceptional ewe nutrition on 

the ewe-lamb bonding behaviours at lambing 

 

3.1. Introduction 

 

Sheep are gregarious animals which form a preferential bond with their offspring 

that may persist for several years (Hinch et al. 1990). This preferential bond between ewes 

and lambs is established soon after birth to ensure that maternal care and nurturing are 

restricted to their own offspring and maximise lamb survival (Nowak 1996). Its 

establishment is dependent on the coordinated expression of appropriate behaviours by 

mother and young which are triggered by a series of hormonal and somato-sensory events 

before, during and after lambing (Nowak et al. 2007). Ewe behaviours at lambing include 

licking and grooming the lamb, low pitch vocalisations and acceptance of the lamb at the 

udder, which includes standing still to facilitate the lamb‘s location of the teats and 

suckling. Lamb behaviours at birth include vocalisations, standing, udder seeking 

behaviours and suckling.  

The main role of the maternal behaviours at lambing is to stimulate the lamb and 

facilitate suckling (Alexander and Williams 1964). The onset of maternal behaviours at 

lambing requires prepartum oestradiol and progesterone priming and vaginocervical 

stimulation by the lamb passing through the birth channel (Kendrick and Keverne 1991). 

Immediately after birth the ewe is attracted to amniotic fluids, leading to intense licking 

and grooming of the lamb (Levy et al. 1983). This behaviour facilitates the formation of an 

olfactory memory of the lamb necessary for the establishment of a selective bond (Levy 

and Poindron 1987). Low pitch vocalisations by the ewe serve as a means of 

communication with the lamb and this type of vocalisation is exclusively made at lambing 

(Dwyer et al. 1998). Maternal lambing behaviours decrease with time and the period of 
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ewe receptiveness to newborn lambs is restricted to a few minutes after birth, with ewes 

rejecting alien lambs at suckling as early as 30 min after lambing (Keller et al. 2003).  

Lamb behaviours immediately after birth are directed towards procuring colostrum 

which provides nutrients and passive immunity (Nowak and Poindron 2006). Suckling 

soon after birth is also important for the establishment of the ewe-lamb bond (Nowak 

1995; Nowak et al. 1997b) as it stimulates the release of oxytocin (Kendrick et al. 1992b) 

and cholecystokinin (Uvnas-Moberg et al. 1987), hormones which are involved in the 

formation of filial bonds (Nowak et al. 1997a; Insel and Young 2001; Nowak et al. 2001). 

The importance of suckling during the first hours after birth for the establishment of the 

lamb‘s preferential bond with their mother is evident, since lambs that are prevented from 

suckling during the first 6 h after birth are not able to discriminate their mother from an 

alien ewe at 24 h of age, whereas lambs allowed to suckle during this period can 

discriminate their mother (Nowak et al. 1997b). 

In sheep production systems, the majority of pre-weaning lamb deaths occur during 

the first 3 d after lambing (Alexander et al. 1990; Everett-Hincks and Dodds 2008). The 

establishment of a selective bond between ewes and lambs soon after lambing is critical for 

lamb survival, as poor maternal behaviour at lambing can lead to a weak ewe-lamb bond 

during lactation and high lamb mortality rates (Alexander and Peterson 1961; Dwyer 

2008a; Everett-Hincks and Dodds 2008). Furthermore, lambs with a low preference for 

their mother at 12 h of age have greater risk of death during the first 7 d of life than lambs 

that display a higher preference for their mother (Nowak and Lindsay 1992). 

There are marked differences in expression of maternal behaviour in sheep amongst 

different breeds (Dwyer and Lawrence 1998) and factors such as previous maternal 

experience (Dwyer and Lawrence 2000) can affect expression of maternal behaviours at 

lambing. Furthermore, recent studies have shown that ewe nutrition during gestation can, 

both directly and indirectly, impair the attachment between ewes and lambs at lambing 

(Dwyer et al. 2003). A 35% reduction of maternal food intake throughout gestation 

directly affects ewe behaviour at lambing, resulting in a reduction in the time that the ewe 

spends grooming the lamb and an increase in aggression directed towards the lamb (Dwyer 

et al. 2003). Indirectly, maternal undernutrition reduces lamb birth weight and low birth 

weight lambs usually take longer to first stand, and suckle less frequently than heavier 
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lambs (Dwyer et al. 2003). Similar results have been reported in rats, where pups born to 

dams receiving a low protein diet throughout gestation had lower birth weight and spent 

less time feeding and performing rearing behaviours and climbing activity than offspring 

from well fed dams (Massaro et al. 1977). However, the effects of maternal undernutrition 

restricted to the time around conception on the ewe and lamb bonding behaviours at 

lambing are not known.  

There is also evidence that litter size can affect maternal care and lamb behavioural 

development. For example, singleton lambs are groomed more than twins (Dwyer and 

Lawrence 1998), triplet lambs are slower to first stand and suckle than singletons and twins 

(Dwyer 2003) and lamb mortality rates increase with increased litter size (Dwyer and 

Lawrence 1998; Everett-Hincks et al. 2005). For these reasons we evaluated the effects of 

PCUN in sheep on ewe-lamb bonding behaviours at lambing in sheep carrying single and 

twin lambs. 

 

3.2. Methods 

 

3.2.1 Animals and treatments 

In this study, the expression of maternal and neonatal bonding behaviours were 

evaluated during 2 h after lambing in ewes and lambs from all nutritional treatments.  

 

3.2.2 Data analysis 

The behaviour of the ewes and lambs were evaluated using a combination of direct 

observations and analysis of video recordings during the first 2 h after lambing. The 

animals were observed in 4 periods: 

Period 1: 0-30 min after lambing (30 min of observation) 

Period 2: 50-60 min after lambing (10 min of observation) 
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Period 3: 80-90 min after lambing (10 min of observation) 

Period 4: 110-120 min after lambing (10 min of observation) 

Measurements from direct observations included the time to first suckle, number of 

attempts to suckle and number of successful suckling bouts, and number of vocalisations, 

both by the lamb and by the ewe. Ewe vocalisations were divided into: low-pitched bleats 

(mouth closed) and high-pitched bleats (mouth open). Measurements from video 

recordings were the time the lambs took to first stand and total time spent standing, and the 

total time the ewes spent standing and grooming the lamb. The behavioural definitions 

used for direct observations and video analyses are given in Table 1, Chapter 2.2. For ewes 

with twins, the number of vocalisations was recorded only during direct observations of the 

first-born lamb, since the time of observations for both lambs almost always overlapped. 

Similarly, the time that twin-bearing ewes spent standing was recorded only during the 

observation period of the second-born lamb, since the birth of the second-born affected the 

time the ewes spent standing during the observation period of the first-born lamb. 

Data for the lamb‘s time to first stand and time to suckle were log transformed, and 

the number of suckling bouts and lamb and ewe vocalisations were square root 

transformed, to approximate normality. To evaluate the onset of ewe-lamb bonding 

behaviours at lambing, data from the first period of observations (first 30 min) were 

analysed separately from the other three periods. Lamb data from birth weight, 

vocalisations, time to first stand up, total time standing and time to first suckle, and ewe 

data from vocalisations, total time standing and time grooming the lamb were compared 

using standard least squares analysis allowing for nutritional treatment, litter size, year of 

test, type of delivery (assisted/unassisted) and operated/unoperated status. First order 

interactions were tested for inclusion. Lamb birth weight was divided into three categories: 

heavy = 1 standard deviation or more above the mean (n = 25), average = within ± 1 

standard deviation of the mean (n = 75) and light = 1 standard deviation or more below the 

mean (n = 20). In order to evaluate changes in behaviours over time, the duration of the 

observation periods was standardised to 10 min by dividing the observations from the first 

period by three (30 min/3). Data were analysed using REML analysis allowing for 

nutritional treatment, litter size, year of test, type of delivery (assisted/unassisted), 

operated/unoperated status and period of observations (4 periods) as fixed effects and 
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identification number (ID) as a random effect. First order interactions were tested for 

inclusion. In addition, for all analyses of lamb data, sex and birth weight were allowed for 

as fixed effects and ewe ID as a random effect. Least square means Student t-test was used 

for post hoc comparisons. Data for the number of successful suckling bouts for each 

observation period could not be normalised so were analysed as the total number of 

sucklings over the 4 periods of observation. The proportion of lambs that suckled during 

the 2 h observation period was compared using Fisher‘s exact test for small samples. The 

number of attempts to suckle during the first 30 min of observations (period 1) was 

analysed as Poisson variates using a GLM allowing for nutritional group, sex, litter size, 

birth weight, type of delivery (assisted/unassisted), operated/unoperated status and year of 

birth, and with adjustment for overdispersion as required. For the analysis of the time to 

suckle, the animals that did not suckle during the 2 h observation period were arbitrarily 

assigned a time of 130 min. Values 3 times the inter-quartile range outside the third 

quartile of observations were considered extreme outliers and excluded from analysis. Data 

are presented as mean ± SEM or median (inter-quartile range) as appropriate. 

 

3.3. Results  

 

3.3.1 Lambs 

A total of 120 lambs were evaluated: 64 singletons (control, n = 18; UN-60+30, n = 

14; UN-60-0, n = 18; UN-2+30, n = 14) and 56 twins (control, n = 21; UN-60+30, n = 35). 

Of these lambs, direct observations were obtained for 91 lambs: 49 singletons (control, n = 

15; UN-60+30, n = 11; UN-60-0, n = 13; UN-2+30, n = 10) and 42 twins (control, n = 19; 

UN-60+30, n = 23). Video recordings were obtained for 108 lambs: 58 singletons (control, 

n = 15; UN-60+30, n = 13; UN-60-0, n = 18; UN-2+30, n = 12) and 50 twins (control, n = 

19; UN-60+30, n = 31). 

The number of animals evaluated using video recordings and direct observations 

were different because not all animals could be observed directly at lambing. Also, the 

numbers of animals observed for each behavioural outcome differs due to missing 
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observations or exclusion of animals. Reasons for missing data include video equipment 

failure (n = 1), lambs born into contiguous pens (n = 1), two ewes lambing at the same 

time (in which case only times to first stand and suckle were evaluated; n = 4) and physical 

obstruction preventing the lambs from behaving normally (e.g. lamb wedged behind feed 

bucket, lamb entangled in mesh wall and intravenous catheters still attached to legs of 

lambs; n = 4). 

 

3.3.1.1. Interval from the time of lambing to direct observations 

A total of 91 lambs were evaluated at birth using direct observations. The median 

interval between birth and starting observations was 4 min (inter-quartile range = 1 – 13 

min). However, some observations began much later after lambing, which may affect the 

results in many of the behaviours recorded. For this reason, the time to first suckling, a 

crucial milestone in neonatal behavioural development, was examined in the subgroup of 

lambs observed from shortly after birth, to determine the maximum latency between 

lambing and commencing observations that would be acceptable for retaining the data for 

analysis. No lamb suckled in the first 10 min after birth. Of the 67 lambs that were 

observed from within 10 min after birth, 48 (72%) suckled within 2 h after birth, and had 

the first successful suckling an average of 52.3 ± 3.3 min after birth. Only two animals 

suckled for the first time between 13 and 20 min after birth and eight animals suckled for 

the first time between 20 and 30 min after birth. Therefore, 14 lambs where observations 

did not start until after 31 min after birth were excluded. In the 77 remaining lambs, the 

median time from birth to direct observations was 3 min (inter-quartile range = 0 – 7.5 

min), with 90% of these observations starting within 14 min after birth. 

 

3.3.1.2. Birth weight  

Birth weight was not affected by nutritional treatment (Table 3). However, males 

were heavier than females (5.9 ± 0.1 vs 5.3 ± 0.1 kg, p = 0.0001), singleton lambs were 

heavier than twins (5.9 ± 0.1 vs ± 5.2 ± 0.1 kg, p = 0.002) and unoperated lambs were 
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heavier than operated lambs (5.6 ± 0.2 vs 5.6 ± 0.1 kg, p = 0.006 (LSmean 5.9 ± 0.2 vs 5.2 

± 0.2)). 

 

3.3.1.3. Time to first stand 

Two lambs were considered extreme outliers and excluded from this analysis; one 

UN-60+30 unoperated singleton male did not stand during the 2 h observations period and 

one control male twin operated lamb took 87 min to stand.  

The time to first stand was not affected by nutritional treatment, sex, litter size, 

birth weight or type of delivery (Table 3). However, there was a tendency for operated 

animals to take longer to first stand (26.1 ± 2.6 vs 19.0 ± 1.4 min, p = 0.052).  

 

3.3.1.4. Lamb time standing  

The time the lamb spent standing during the first 30 min and over the 4 periods of 

observations was not affected by nutritional treatment, litter size, operated/unoperated 

status or type of delivery (Table 4). However, on average over the 4 periods of observation 

males spent more time standing than females (305.5 ± 23.7 vs 230.3 ± 16.7 s, p = 0.006) 

and the time spent standing was lower during the first period than during the last three 

periods (period 1 = 144.9 ± 17.2, period 2 = 342.8 ± 27.7, period 3 = 263.6 ± 27.3 and 

period 4 = 270.4 ± 28.7 s, p = 0.001). There was an interaction between observation period 

and birth weight on the time the lamb spent standing (p = 0.001), mainly because light 

lambs were slower in developing standing behaviours than heavy and average birth weight 

lambs. Light lambs gradually increased the time spent standing up to period 3 (period 1 = 

122.5 ± 41.7, period 2 = 207 ± 47.1, period 3 = 339.9 ± 43.9 and period 4 = 263.5 ± 79.7 

s). In contrast, heavy lambs had maximum time standing during period 2 and period 4 with 

a decline in period 3 (period 1 = 68.7 ± 33.7, period 2 = 401.2 ± 77.6, period 3 = 125.5 ± 

70.6 and period 4 = 345.3 ± 39.7 s). For lambs of average birth weight, the maximum time 

standing was during period 2 and time spent standing gradually decreased thereafter 

(period 1 = 169.3 ± 20.6, period 2 = 371.1 ± 33.0, period 3 = 272.4 ± 33.8 and period 4 = 

254.0 ± 36.1 s).  
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In addition, there was a tendency for male lambs to spend more time standing than 

females during periods 2 and 3 (period 1: male = 128.6 ± 29.5, female = 152.7 ± 21.4, 

period 2: male = 446.5 ± 36.7, female = 292.8 ± 33.4, period 3: male = 343.2 ± 35.3, 

female = 223.8 ± 34.8, period 4: male = 303.6 ± 41.3, female = 253.1 ± 38.2 s, p = 0.053). 

 

3.3.1.5. Attempts to suckle 

One UN-2+30 singleton male lamb was excluded from the analysis as an outlier, as 

it attempted to suckle 23 times during the first 30 min of observations.  

There was no significant effect of treatment, sex, litter size, birth weight, type of 

delivery or operated/unoperated status on the attempts to suckle during the first 30 min of 

observation or over the 4 periods of observation (Table 4). However, the number of 

attempts to suckle increased during the second and third periods of observation and 

decreased in the last period (period 1 = 1.3 ± 0.2, period 2 = 3.3 ± 0.4, period 3 = 3.6 ± 0.4 

and period 4 = 2.6 ± 0.3 attempts, p < 0.0001). 

 

3.3.1.6. Time to first suckling 

Only 55 (73%) lambs suckled during the first 2 h after lambing. Nutritional 

treatment interacted with sex in affecting time to first suckle: males in the control group 

took longer to suckle than females, whereas in the other nutritional groups males and 

females took similar times to suckle (p = 0.02, Table 3). Time to first suckle was not 

affected by litter size, birth weight, type of delivery or operated/unoperated status.  

 

3.3.1.7. Number of sucklings 

The lambs suckled 4.3 ± 0.5 times during the 2 h of observation. Data could not be 

normalised so the number of sucklings was analysed as the total number during the 4 

periods. Nutritional treatment interacted with sex in affecting the number of successful 

sucklings: control males tended to suckle less than the other lambs (control male = 1.7 ± 
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1.1, control female = 4.6 ± 1.4, UN-60+30 male = 6.3 ± 2.0, UN-60+30 female = 4.0 ± 1.0, 

UN-60-0 male = 7.0 ± 1.6, UN-60-0 female = 4.3 ± 1.4, UN-2+30 male = 2.8 ± 0.9 and 

UN-2+30 female = 6.5 ± 4.5, p = 0.08). The number of sucklings was not affected by litter 

size, birth weight, operated/unoperated status or type of delivery.  

 

3.3.1.8. Lamb vocalisations 

Nutritional treatment interacted with sex in affecting the number of vocalisations 

during the first 30 min of observations: UN-60+30 females tended to vocalise more than 

UN-60+30 males and UN-60-0 females (control male = 117.5 ± 28.8, control female = 

125.5 ± 34.6, UN-60+30 male = 113.1 ± 28.6, UN-60+30 female = 198.6 ± 30.7, UN-60-0 

male = 94.5 ± 45.8, UN-60-0 female = 76.1 ± 34.1, UN-2+30 male = 106.5 ± 28.6 and 

UN-2+30 female = 115.0 ± 88.0, p = 0.06). In addition, there was a sex by litter size 

interaction in which twin males vocalised more than singleton males (singleton males = 

82.5 ± 17.0, singleton females = 133.3 ± 33.9, twin males = 152.6 ± 25.5 and twin females 

= 154.3 ± 24.4, p = 0.03). There was no significant effect of birth weight, type of delivery 

or operated/unoperated status on the number of vocalisations during the first 30 min of 

observations. 

For the analysis of lamb vocalisations over the 4 periods of observations, one UN-

60+30 twin male lamb was excluded from the analysis as an outlier as it vocalised 217 

times during the second period of observations.  

Twin lambs vocalised more than singleton lambs during the 4 observation periods 

(29.4 ± 2.7 vs 17.4 ± 1.9 vocalisations, p = 0.01), and operated lambs tended to vocalise 

more than unoperated lambs (23.6 ± 3.1 vs 22.6 ± 2.0 vocalisations, p = 0.052). Lamb 

vocalisations decreased with time (period 1 = 42.6 ± 4.2, period 2 = 18.6 ± 2.5, period 3 = 

16.9 ± 2.6 and period 4 = 12.2 ± 2.0 vocalisations, p = 0.0001; Table 4). Nutritional 

treatment interacted with sex: UN-60+30 males vocalised less than UN-60+30 females and 

than control males (UN-60+30 males = 22.6 ± 4.3 vs UN-60+30 females = 29.8 ± 5.0 and 

control males = 32.2 ± 4.1, p = 0.03). There was also a treatment by sex by time interaction 

mostly due to UN-60+30 females vocalising more than UN-60+30 males, and more than 

control males and females during the first period, and control males vocalising more than 
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control females and UN-60+30 males in the third and fourth periods (p = 0.02; Table 4). In 

addition, there was an interaction of sex with litter size and time: male singletons vocalised 

less than female singletons and male twins during the first period and less than male and 

female twins during the third period (p = 0.05).  

 

3.3.2 Ewes 

3.3.2.1. Time the ewes spent standing 

There was no significant effect of nutritional treatment, litter size or 

operated/unoperated status on the time that the ewes spent standing during the first 30 min 

after lambing. However, there was a tendency for ewes that required assistance at lambing 

to spend less time standing during the first 30 min after lambing than ewes with no 

assistance (1,497 ± 166 vs 1,776 ± 11 s, p = 0.08). 

There was no significant effect of nutritional treatment, litter size or 

operated/unoperated status on the time that the ewes spent standing over the 4 periods of 

observation (Table 5). However, ewes that did not require assistance at lambing stood 

more during the first 2 periods of observation than during the last period (period 1 = 592 ± 

4, period 2 = 586 ± 10, period 3 = 537 ± 30 and period 4 = 534 ± 29 s, p = 0.02).  

 

3.3.2.2. Time the ewes spent grooming the lamb 

There was no significant effect of nutritional treatment, sex of the lamb, type of 

delivery or operated/unoperated status on the time that the ewe spent grooming the lamb 

during the first 30 min of observation or over the 4 periods of observation (Table 5). 

However, singleton lambs were groomed more than twin lambs during the first 30 min of 

observation (1,553 ± 32 vs 1,100 ± 63 s, p = 0.0001) and over the 4 periods of observation 

(364 ± 15 vs 203 ± 15 s, p = 0.0001). The time the ewe spent grooming the lambs 

decreased over time, and was 50% lower in the last period than the first period of 

observation (period 1 = 440 ± 17, period 2 = 285 ± 22, period 3 = 216 ± 17 and period 4 = 

182 ± 19 s, p = 0.0001). 
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3.3.2.3. Ewe vocalisations 

High pitch vocalisations were not observed during this study; therefore, ewe 

vocalisations refer to low pitch vocalisations only. There was no significant effect of 

nutritional treatment, sex of the lamb, type of delivery or operated/unoperated status on the 

number of vocalisations during the first 30 min of observation or over the 4 periods of 

observation (Table 5). However, ewes with twins tended to vocalise more than ewes with 

singletons both during the first period (164 ± 17 vs 199 ± 31 vocalisations, p = 0.07) and 

overall (52.4 ± 4.4 vs 36.6 ± 2.4 vocalisations, p = 0.02). The number of vocalisations 

decreased with time (period 1 = 58.2 ± 5.0, period 2 = 42.2 ± 4.3, period 3 = 34.6  ± 3.8 

and period 4 = 30.6 ± 3.2 vocalisations, p = 0.0001). 
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Table 3. Effects of sex, litter size and ewe periconceptional undernutrition on lamb behavioural development at birth. 

   Singleton  Twin 

 Nutrition 

group  

 n Male n Female  n Male n Female 

Birth weight (kg)
a,b,c

 Control  8 5.9 ± 0.4 10 5.4 ± 0.3  9 5.7 ± 0.2 12 5.3 ± 0.3 

UN-60+30  8 6.5 ± 0.4 6 5.6 ± 0.3  16 5.3 ± 0.1 19 4.9 ± 0.1 

 UN-60-0  7 6.7 ± 0.2 10 5.4 ± 0.4  0 N/A 0 N/A 

 UN-2+30  11 6.1 ± 0.4 3 6.2 ± 0.3  0 N/A 0 N/A 

            

Time to first stand 

(min)
d
 

Control  5 32.7 ± 8.1 8 17.6 ± 2.4  7 21.2 ± 5.7 11 19.4 ± 4.7 

UN-60+30  6 20.5 ± 4.4 6 25.2 ± 4.7  13 18.3 ± 3.9 17 17.2 ± 2.2 

 UN-60-0  7 22.6 ± 3.6 10 23.8 ± 6.0  0 N/A 0 N/A 

 UN-2+30  9 26.6 ± 3.9 3 17.6 ± 2.0  0 N/A 0 N/A 

            

Time to first suckle 

(min)
e
 

Control  5 115.8 ± 9.1 6 39.0 ± 9.1  5 100.8 ± 19.2 9 81.7 ± 16.1 

UN-60+30  3 62.7 ± 13.0 3 74.0 ± 5.6  9 66.2 ± 13.5 12 73.9 ± 13.5 

 UN-60-0  6 47.2 ± 6.6 7 79.3 ± 14.5  0 N/A 0 N/A 

 UN-2+30  8 80.0 ± 12.7 2 51.0 ± 24.0  0 N/A 0 N/A 

Data are mean ± SEM 

N/A = not available 
a
 p = 0.0001 for sex effect  

b
 p = 0.002 for litter size effect  

c
 p = 0.006 and 

d
 p = 0.052 for operated/unoperated status effect 

e 
p = 0.02 for treatment x sex interaction  
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Table 4. Effects of sex and ewe periconceptional undernutrition on lamb behavioural development at birth. 

   Period of observation 

   1  2  3  4 

Behaviour Nutrition 

group  

 n Male n Female  Male Female  Male Female  Male Female 

                

Time 

standing 

(s)
a,d,i

 

Control  4 165.1 ± 60.8 11 195.2 ± 38.1  387.0 ± 69.4 283.7 ± 49.2  423.3 ± 50.5 184.2 ± 44.6  310.5 ± 100.4 220.6 ± 58.8 

UN-60+30  4 153.3 ± 45.1 13 124.7 ± 24.8  452.3 ± 84.3 343.8 ± 48.3  317.5 ± 48.0 263.8 ± 60.7  355.5 ± 48.5 306.9 ± 58.9 

 UN-60-0  3 58.9 ± 56.4 3 118.1 ± 74.0
 

 516.3 ± 58.7 105.3 ± 47.2  300.7 ± 117.9 209.3 ± 87.9  199.0 ± 102.9 175.0 ± 91.4 

 UN-2+30  2 111.2 ± 111.2 0 N/A  449.5 ± 92.5 N/A  298.5 ± 87.5 N/A  343.0 ± 58.0 N/A 

                

Attempts to 

suckle (n)
e
 

Control  10 0.6 ± 0.4 13 1.3 ± 0.4  1.9 ± 0.9 3.7 ± 1.0  3.6 ± 0.9 2.9 ± 1.0  2.8 ± 1.0 2.1 ± 0.6 

UN-60+30  12 1.5 ± 0.3 15 1.5 ± 0.4  2.5 ± 0.6 3.1 ± 0.7  3.4 ± 0.7 4.2 ± 1.0  2.2 ± 0.7 3.8 ± 1.3 

 UN-60-0  6 1.2 ± 0.5 7 1.0 ± 0.4  2.5 ± 1.2 4.7 ± 1.8  3.2 ± 1.4 3.7 ± 1.6  1.3 ± 0.2 3.4 ± 0.2 

 UN-2+30  8 1.4 ± 0.9 2 2.0 ± 0.4  5.1 ± 1.2 4.0 ± 1.0  3.5 ± 1.0 6.0 ± 1.0  2.3 ± 0.8 1.5 ± 1.5 

                

Vocalisations
 

(n)
b,c,e,f,g,h

 

Control  10 39.2 ± 9.6 13 41.8 ± 11.5  29.3 ± 6.6 18.5 ± 3.9  36.3 ± 8.9 8.4 ± 1.8  24.2 ± 8.3 8.0 ± 2.4 

UN-60+30  12 37.7 ± 9.5 15 66.2 ± 10.2  18.9 ± 8.1 18.7 ± 8.5  19.3 ± 8.0 16.4 ± 6.4  11.8 ± 6.6 11.1 ± 4.2 

 UN-60-0  6 31.5 ± 15.3 7 25.4 ± 11.4  9.0 ± 4.3 16.0 ± 7.8  13.5 ± 6.7 16.0 ± 8.4  15.7 ± 5.7 9.7 ± 5.7 

 UN-2+30  8 35.5 ± 9.5 2 38.3 ± 29.3  13.0 ± 4.2 24.0 ± 16.0  6.3 ± 1.5 23.0 ± 22.0  6.8 ± 2.5 9.0 ± 5.0 

Data are mean ± SEM; N/A = not available
 

a
 p = 0.006 for sex effect  

b
 p = 0.01 for litter size effect  

c
 p = 0.052 for operated/unoperated status  

d 
p = 0.002 and 

e
 p = 0.0001 for time effect 

f
 p = 0.03 for nutritional treatment x sex interaction  

g
 p = 0.02 for nutritional treatment x sex x time interaction  

h
 p = 0.05 for sex x litter size x time interaction  

i 
p = 0.001 for birth weight x time interaction  
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Table 5. Effects of litter size and periconceptional undernutrition on ewe behaviours at lambing. 

   Period of observation 

   1  2  3  4 

Behaviour Nutrition 

group  

 n Singleton n Twin  Singleton Twin  Singleton Twin  Singleton Twin 

Time standing 

(s)
d
 

Control  6 564.0 ± 36.0 5 600.0 ± 0.0  600.0 ± 0.0 600.0 ± 0.0  500.0 ± 100.0 600.0 ± 0.0  569.5 ± 30.5 600.0 ± 0.0 

UN-60+30  6 593.4 ± 6.6 7 600.0 ± 0.0  600.0 ± 0.0 598.9 ± 1.1  592.0 ± 7.6 600.0 ± 0.0  600.0 ± 0.0 600.0 ± 0.0 

 UN-60-0  6 547.0 ± 53.0 0 N/A  596.7 ± 3.3 N/A  500.0 ± 100.0 N/A  415.8 ± 116.5 N/A 

 UN-2+30  2 564.3 ± 35.7 0 N/A  600.0 ± 0.0 N/A  600.0 ± 0.0 N/A  600.0 ± 0.0 N/A 

                

Time 

grooming the 

lamb (s)
b,c

 

Control  7 517.0 ± 19.8 10 351.3 ± 30.5  397.7 ± 40.3 195.8 ± 38.0  307.7 ± 23.7 90.1 ± 9.8  267.9 ± 39.0 137.4 ± 37.7 

UN-60+30  6 540.1 ± 14.9 12 379.5 ± 29.7  427.5 ± 32.5 173.9 ± 25.6  333.3 ± 29.6 169.8 ± 19.7  289.7 ± 48.5 103.6 ± 25.2 

UN-60-0  6 498.6 ± 22.3 0 N/A  328.5 ± 22.9 N/A  266.8 ± 24.1 N/A  172.3 ± 39.1 N/A 

 UN-2+30  2 509.7 ± 46.0 0 N/A  446.0 ± 39.0 N/A  321.5 ± 120.5 N/A  197.0 ± 28.0 N/A 

                

Vocalisations
 

(n)
a,c

 

Control  12 44.3 ± 6.1 9 66.8 ± 17.3  27.6 ± 7.3 59.2 ± 11.5  20.3 ± 5.2 48.6 ± 13.9  17.0 ± 3.3 43.0 ± 11.4 

UN-60+30  9 50.6 ± 13.0 11 65.6 ± 13.0  33.8 ± 8.0 57.5 ± 13.2  32.1 ± 8.0 39.1 ± 9.1  29.1 ± 8.5 38.6 ± 7.7 

 UN-60-0  13 60.6 ± 9.2 0 N/A  41.1 ± 9.9 N/A  30.7 ± 7.0 N/A  32.0 ± 7.3 N/A 

 UN-2+30  10 62.4 ± 17.6 0 N/A  36.8 ± 11.0 N/A  41.6 ± 12.5 N/A  28.0 ± 7.5 N/A 

Data are mean ± SEM  

N/A = not available 
a
 p = 0.02 and 

b
 p = 0. 0001 for litter size effect 

c
 p = 0.0001 for time effect  

d
 p = 0.02 for type of delivery (assisted/unassisted) x time interaction  
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3.4. Discussion 

 

We evaluated the effects of maternal PCUN, sex and litter size on ewe-lamb 

bonding behaviours at lambing. Maternal PCUN did not affect lamb birth weight or the 

expression of ewe-lamb bonding related behaviours at lambing. However, PCUN 

interacted with sex in affecting the time to first suckle, number of sucklings and lamb 

vocalisations, reducing the differences between males and females observed in the control 

group. In addition, we found that birth weight and ewe-lamb bonding behaviours differed 

between males and females, singleton and twins, and operated and unoperated animals, and 

that their behaviour changed over time. 

Although maternal PCUN did not affect the bonding behaviours of interest in this 

study, we found that PCUN did affect the sex differences in the time to first suckle, 

number of suckles and vocalisations. Amongst control lambs, males were slower to suckle 

and suckled less than females, which is similar to observations in Suffolk breed sheep 

where male lambs are slower to stand and suckle than females (Dwyer 2003). However, 

these sex differences were suppressed by maternal PCUN: in the three PCUN groups males 

and females had similar times to first suckle and suckled a similar number of times. 

Interestingly, the absence of sexual dimorphism on these behaviours seems to be due to the 

effects of PCUN on males rather than females, as female behaviour was similar amongst 

all nutritional groups. Our results suggest that maternal PCUN may alter sexual dimorphic 

behaviours in the neonatal lamb and, irrespective of the timing of the undernutrition, result 

in male lambs behaviourally developing more similar to females. Our results are in 

agreement with a previous study showing that maternal undernutrition during the first 95 d 

of gestation can alter sexual dimorphic behaviours in the offspring so that males behave 

more like females (Erhard et al. 2004). Male offspring from undernourished ewes had 

similar levels of locomotion in response to suddenness (opening an umbrella as sheep 

approached it) to those found in female offspring from well-fed ewes but higher than those 

of male offspring from well-fed ewes (Erhard et al. 2004).  

The increased susceptibility of males to adverse prenatal environments could be 

due to differences in growth rates between males and females. It is known that there is a 

critical window of time in which adverse prenatal environments can cause alterations to the 
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developing fetus and the most sensitive periods are those of rapid growth and development 

(Barker 1994). Previous studies in humans have shown that males grow faster and earlier 

in gestation than females (Bukowski et al. 2007) which is thought to be due to the effect of 

androgens on fetal growth (de Zegher et al. 1999; Luke et al. 2005). This could make 

males more susceptible to the effects of early maternal undernutrition. Therefore, 

differences in growth rates between males and females may contribute to the interaction 

between sex and nutritional treatment found in this study. 

Similarly, we found that during the last 2 periods of observation control males 

vocalised more than females but that this sex difference was not apparent in any of the 

PCUN groups. Again, this was due to the males behaving more like females since PCUN 

females were not different from PCUN males or control females. However, it is unclear 

whether this difference is due to direct effects of PCUN on vocalisation rates in the 

newborn lambs or if this is an indirect result of the differences in time to first suckle and 

number of sucklings. Control males had longer times to first suckle and reduced number of 

sucklings, which could explain the increase in vocalisations during the last two periods of 

observation since lamb vocalisations are a means of communication with the ewe and 

considered as a sign of need (Dwyer et al. 1998). Thus, the effect of PCUN to increase 

suckling in male lambs may also account for the reduced vocalisations in these groups. 

We did not find an effect of maternal PCUN on lamb birth weight, which is 

consistent with previous studies where maternal PCUN did not affect body weight in the 

late gestation fetus (Oliver et al. 2001; Bloomfield et al. 2004). It has been argued that 

maternal PCUN is unlikely to directly limit nutrient availability for fetal growth since fetal 

nutrient requirements during this period are very small (Bloomfield et al. 2003b).  

Lamb birth weight can be affected by factors such as breed (e.g. Blackface are 

lighter than Suffolk), litter size (singleton are heavier than twins), sex (males are heavier 

than females) and parity (first parity ewes give birth to lighter lambs; Dwyer et al. 2005), 

as well as maternal nutrition during gestation (Redmer et al. 2004). Birth weight has major 

implications for neonatal behavioural development, lamb welfare and survival rates during 

the first days after birth (Dwyer 2008b). Low birth weight lambs are often slower to first 

suckle and are less able to maintain body temperature than heavier lambs (Dwyer and 

Morgan 2006), which increases the risk of death from starvation-exposure as thermogenic 
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regulation and immunity of the neonatal lamb is dependent on the ingestion of colostrum 

soon after birth. There is evidence that maternal undernutrition during the first 95 d of 

gestation can indirectly affect neonatal behavioural development through a reduction in 

lamb‘s birth weight, which in turn results in lambs that are slower to stand and suckle less 

often during the first 2 h after birth (Dwyer et al. 2003). However, in our study the 

alterations in neonatal behavioural development caused by nutritional treatment were 

independent of birth weight. Our results are consistent with other reports that long term 

effects on offspring development, previously attributed to birth weight, are actually related 

to the prenatal environment (Oliver et al. 2007).  

With the exception of the time the lambs spent standing, birth weight alone did not 

affect neonatal behavioural development in our study. This lack of effect of birth weight on 

the behaviours observed might be due to the fact that average lamb birth weight in our 

study was higher than that reported in previous studies for Romney sheep, particularly for 

twins. Average birth weight in our study was 5.9 kg in singletons and 5.2 kg in twins, 

whereas other studies reported average birth weights 1 kg lighter in twin Romneys (5.7 kg 

in singletons and 4.2 kg in twins; Corner et al. 2007), and cross breed Romney and 

Romney x Boroola merinos (5.1 kg in singletons and 4.2 kg in twins; Hinch 1989). This 

higher birth weight in twins in our study may reflect the high feed availability in the indoor 

conditions in late gestation in our animals resulting in very few lambs whose birth weight 

was low enough to affect neonatal behaviour. This is consistent with previous studies in 

Suffolk sheep showing that it was lambs weighing more than 1 standard deviation below 

the mean birth weight that were slower to stand and suckle than lambs weighing 1 or more 

standard deviations above the mean (Dwyer and Morgan 2006).  

Despite the lack of effect of birth weight on other behaviours, we found that as a 

group, heavier lambs stood more than lighter lambs. The time that lighter lambs spent 

standing increased gradually and reached a peak at period 3 (80-90 min), whereas heavy 

lambs quickly reached a peak in time standing during period 2 (50-60 min) followed by a 

decline in period 3 and a further period of increased time standing at the end of the 

observations (110-120 min). Interestingly, the apparent lack of vitality (reflected in the 

time standing) observed in the lighter animals in our study was not sufficient to affect the 

time to first stand and suckle. This suggests that in the animals in our study, which 

included relatively few small twin lambs, vitality was reduced in lighter lambs but without 
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affecting their ability to first stand and suckle, which are two major milestones in the 

neonatal behavioural development. 

We found that males were heavier than females, consistent with previous studies 

(Cloete et al. 2002; Yilmaz et al. 2007). We also found sex differences in the time that the 

lambs spent standing but no sex differences in other behaviours. The lack of sex 

differences in neonatal behavioural development was unexpected, as it has been reported 

that in Suffolk sheep males take longer to stand, attempt to suckle and successfully suckle 

than females (Dwyer 2003). One possible explanation for the almost complete absence of 

sex differences could relate to the effects of birth weight on behaviour. In our study, both 

male and female lambs were approximately 1.5 kg heavier than in the study reporting 

effects of sex on neonatal behavioural development (males = 4.2 kg, females  = 3.9 kg; 

Dwyer 2003). If part of the previously reported sex differences in behaviour were related 

to differences in birth weight, then the generally higher birth weight of lambs in our study 

may have made it less likely that we would observe these sex differences, as they are more 

pronounced in the lower end of the birth weight range (Dwyer and Morgan 2006).   

We found that singletons were heavier, vocalised less and were groomed more than 

twin lambs. Ewes giving birth to twins have to divide maternal care between both lambs 

whereas ewes with single lambs can focus their care on one (O'Connor et al. 1992). This is 

likely to explain the higher rate of vocalisation in twins observed in our study and reflect 

an increased need for maternal care in twins (Dwyer et al. 1998). 

We found that operated lambs had lower birth weight, took longer to first stand and 

vocalised more than unoperated lambs. It has generally been assumed that brief fetal 

surgery, such as the simple vascular catheterisation that was performed on some of the 

animals in this study, has little long-term effect on fetal development. However, the 

surgery itself does involve a number of physiological and physical insults that may have 

important effects on later lamb development. First, the fetus experiences a period of 

reduced nutrient availability caused by fasting the ewes prior to surgery, general 

anaesthesia and a recovery period that may have lasted several days before the ewe 

resumed normal eating. All of these would limit nutrient availability to the fetus and 

contributed to reduced fetal growth. Second, the psychological stress associated with the 

procedure, as well as changes in uterine blood flow and oxygenation associated with 
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general anaesthesia, may have stimulated maternal cortisol secretion (Murotsuki et al. 

1996; Gardner et al. 2001) and contributed to the lower birth weight seen in the operated 

animals. Elevated cortisol levels in mother or fetus have been shown to reduce fetal growth 

in sheep (Fowden et al. 1996; Jensen et al. 2002). There is also evidence that repeated 

psychological stress during the last week of pregnancy results in lower birth weight in rats 

(Lesage et al. 2004) and this is also thought to be due to the effects of increased 

glucocorticoids on fetal growth. However, other studies have found that 10 sessions of 

repeated transport or isolation during the last 6 weeks of gestation did not affect birth 

weight in lambs (Roussel-Huchette et al. 2008), whereas shearing in mid gestation resulted 

in heavier lambs at birth (Corner et al. 2006b; Corner et al. 2007). In cattle, transporting 

pregnant cows four times during mid to late gestation resulted in heavier calves at birth 

(Lay et al. 1997b). This suggests that stress, depending on the type and duration of the 

stressor, can have more subtle and variable effects on fetal growth. Third, the operated 

fetuses in our study experienced repeated fetal blood sampling. However, preliminary 

results do not show that operated lambs had a lower haematocrit than unoperated lambs 

(data not shown). It is possible that frequent blood sampling could have caused changes in 

cardiac output and nutrient demand in the late gestation fetus and hence affected fetal 

growth. Fetal anaemia in late gestation is associated with impaired fetal growth in sheep 

(Davis et al. 2003). Therefore, it is likely that the combined effects of reduced nutrient 

availability, stress and frequent blood sampling in the fetus may explain the reduction of 

lamb birth weight in operated animals. 

It is unlikely that the longer time to stand in operated animals is due to an indirect 

effect of surgery on birth weight, as birth weight did not affect this variable. Rather, it 

seems more likely to be due to a reduced blood supply to the leg, caused by catheterisation 

and ligation of the tarsal artery, that may have lead to subtle alterations in leg growth and 

could contribute to the longer time to stand. In addition, intravenous catheters were left in 

place until delivery and most catheters came loose during the birth process or were pulled 

off by the ewe as it stood up and turned to groom the lamb. However, in some cases, 

catheters remained attached for a few minutes after lambing. Even though we excluded 

animals that required assistance to remove catheters, this could have also contributed to the 

longer times to stand in operated animals.  
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It is not clear why operated lambs vocalised more, however it may reflect increased 

need for maternal care (Dwyer et al. 1998) as a results of the reduction in birth weight, 

longer time to stand up and removal of intravenous catheters at birth.  

In summary, we showed that maternal undernutrition restricted to the time around 

conception reduces the time to first suckle and tends to increase the frequency of suckling 

in male offspring. These effects of PCUN on neonatal behaviour are independent of birth 

weight. Alterations in the time to first suckle and frequency of suckling have important 

implications for lamb survival in extensive production systems where animals are exposed 

to the adverse environmental factors and human supervision at lambing is minimal. Under 

these circumstances, colostrum ingestion soon after birth is essential to reduce the risk of 

death by starvation and disease. Special attention should therefore be paid to ewe nutrition 

in the periconceptional period, since low nutrition during this period could have important 

implications for lamb survival.  
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Chapter 4.  Effects of maternal periconceptional 

undernutrition on the reaction to ewe-lamb separation 

and preference for each other  

 

4.1. Introduction 

 

Lamb survival requires the establishment of a selective bond between mother and 

young to ensure that maternal care and nurturing is restricted to the offspring (Nowak et al. 

2000). The formation of an exclusive ewe-lamb bond is dependent on hormonal and 

somato-sensory stimuli that mediate the expression of appropriate behaviours from the 

mother and young (Nowak et al. 2007). Ewes displaying adequate maternal behaviours 

have better ewe-lamb recognition at 24 h after birth and closer spatial relationships with 

their lambs during lactation (Dwyer and Lawrence 2005). Poor maternal behaviour at 

lambing such as low levels of grooming the lamb, infrequent low-pitched bleating and 

inconsistent acceptance of the lamb to suckle, often results in a weak ewe-lamb bond 

throughout lactation and high lamb mortality (Dwyer 2008a). Similarly, lambs with low 

preference for the ewe, as evidenced by a lower proportion of time spent with the mother 

in a discrimination test at 12 h of age, are at a higher risk of death (Nowak and Lindsay 

1992).  

There is evidence that low levels of nutrition during pregnancy can affect the 

correct expression of maternal bonding behaviours at birth and neonatal behavioural 

development. For example, ewes undernourished during gestation (fed 65% of control diet) 

spend less time grooming the lamb and display more aggressive behaviours towards the 

lamb than well fed ewes (Dwyer et al. 2003). Similarly, singleton hogget-ewes kept on a 

low nutritional plane during gestation (10 kg body weight gain) display lower maternal 

behavioural reactions to handling of their lambs during the first 12 h after lambing than 
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ewes kept on a high nutritional plane (30 kg body weight gain during pregnancy; Corner et 

al. 2006a). Adverse effects of maternal undernutrition on the offspring‘s neonatal 

behavioural development have been reported in rats. Pups of dams fed a low protein diet 

throughout gestation are slower to display rearing behaviour, self-feeding behaviour and 

have less climbing activity than pups of well nourished dams (Massaro et al. 1977). They 

also display altered patterns of ultrasonic vocalisations at an early age and emit a smaller 

variety of calls (Tonkiss et al. 2003).  

In sheep production on pasture, conception often occurs when ewes have poor 

nutrient reserves post-weaning and when food availability is also low. We have previously 

shown that mild undernutrition (10-15% body weigh reduction) in sheep around the time 

of conception (from -60 to +30 d after mating) can accelerate maturation of the fetal HPA 

axis (Bloomfield et al. 2004) with an early rise in fetal cortisol and preterm birth 

(Bloomfield et al. 2003b). Maternal PCUN in sheep also alters many aspects of fetal 

growth, physiology and metabolism (Oliver et al. 2001; Oliver et al. 2005). At least some 

of these changes appear to persist after birth (Todd et al. 2009). However, it is not known 

if such undernutrition, restricted to the time around conception, can affect the ewe-lamb 

bond, and if so, whether these alterations persist over time. For these reasons, we evaluated 

the effects of PCUN in sheep on the ewe-lamb bond, evaluated as the preference for each 

other and reaction to separation and reunion, at 24 h, 1 and 4 weeks after lambing. 

 

4.2. Methods 

 

4.2.1 Animals and treatments 

In this study, ewes and their offspring from all nutritional treatments were 

evaluated at 24h, 1 and 4 weeks of age. For the first two studies, the ewes were still housed 

with their lambs in individual pens. For the last study, ewes and lambs were brought back 

to individual indoor pens at least 1 d before the test. Each study involved observing the 

response of both the ewe and the lamb to separation, then the preference of the lamb for the 
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ewe, then the preference of the ewe for the lamb over an alien ewe or lamb (see Chapter 

2.3). 

 

4.2.2 Data analysis 

The preference for the mother/lamb over an alien ewe/lamb was evaluated as the 

percentage of time spent in the CZ and calculated using the formula (time in mother/lamb 

CZ x 100) ÷ (time in mother/lamb CZ + time in alien ewe/lamb CZ). Birth weight data 

were evaluated using REML analysis allowing for nutritional group, sex, singleton/twin 

status and year of birth as fixed effects and ewe ID as random effects. First order 

interactions were tested for inclusion. Lamb data were analysed using REML analysis 

allowing for nutritional group, singleton/twin status, sex, birth weight, time from birth to 

24 h test, year of birth and lambs‘ age at test as fixed effects and lamb ID nested within 

ewe ID as random effects. First order interactions were tested for inclusion. Pre-trial ewe 

body weight (61 d before mating) data were analysed using standard least squares analysis 

allowing for nutritional group and year of lambing. Ewe data were analysed using REML 

analysis allowing for nutritional group, litter size, year of lambing and lamb age at test as 

fixed effects and ewe ID as random effect. First order interactions were tested for 

inclusion. Due to the repeated measures nature of the data, the degrees of freedom for 

lambs‘ age at test and its interaction terms in the analyses were adjusted using Greenhouse-

Geisser epsilon. Data were transformed using square root for the number of vocalisations, 

logit for the percentage of time spent in the CZ and logarithmic transformation for times to 

leave the pen and to reach the CZ to fulfil the assumptions of homogeneity of variance and 

normality of the residuals. Data presented are LSmean ± SEM. 
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4.3. Results 

 

4.3.1 Lambs 

A total of 144 lambs were included in the experiment: 84 singletons (well 

nourished n=25, UN-60+30 n=18, UN-2+30 n=15 and UN-60-0 n=26 lambs) and 60 twins 

(control n=26 and UN-60+30 n=34; two control and two UN-60+30 twin lambs died 

before the 24 h test). One hundred and thirty-one lambs were evaluated at 24 h of age, 137 

at 1 week and 129 at 4 weeks of age.  

The time from birth to the 24 h test was 24 h 22 min ± 31 min (data from 89 lambs 

with time of birth recorded). Time from birth to the 24 h test was similar in all nutritional 

treatments and did not have any effect on the variables evaluated during the 24 h test. 

Nutritional treatment had no significant effect on lamb birth weight (Table 6). 

However, male lambs were heavier than females at birth (6.0 ± 0.1 vs 5.4 ± 0.1 kg, p ≤ 

0.001) and singleton lambs were heavier than twins (6.0 ± 0.1 vs 5.3 ± 0.2 kg, p ≤ 0.001). 

 

Table 6. Body weight of the ewes before nutritional manipulation and effect of 

nutrition group, sex and litter size on birth weight of lambs.  

Nutrition group  Pre-trial ewe 

body weight 

(kg) 

 Lamb birth weight (kg)
 a 

    Male  Female 

    Singleton Twin  Singleton
  Twin 

Control  62.0 ± 0.9  5.9 ± 0.4 5.6 ± 0.2  5.3 ± 0.2 5.2 ± 0.2 

(n)  (39)  (9) (11)  (16) (15) 

UN 60+30  63.7 ± 1.0  6.6 ± 0.3 5.3 ± 0.1  6.0 ± 0.3 5.0 ± 0.2 

(n)  (36)  (10) (15)  (8) (19) 

UN-60-0  60.0 ± 1.2  6.4 ± 0.3   5.3 ± 0.3  

(n)  (26)  (13) N/A  (13) N/A 

UN-2+30  61.0 ± 1.6  6.5 ± 0.4   6.0 ± 0.2  

(n)  (15)  (10) N/A  (5) N/A 

Data are LSmean ± SEM 

N/A = not available 
a 
p ≤ 0.001 for sex effect and p ≤ 0.001 for litter size effect 
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At 24 h of age, 29 lambs did not reach the CZ and were excluded from the ―time to 

reach CZ‖ analysis. Of these, 24 did not leave the start pen (control n=11, UN-60+30 n=6, 

UN-2+30 n=4 and UN-60-0 n=3) and were excluded from the ―time to leave the pen‖ 

analysis. The remaining five lambs left the pen but did not reach the CZ (control n=3 and 

UN-60+30 n=2). At 1 and 4 weeks of age all animals reached the CZ. 

 

Table 7. Lamb vocal reaction to separation from its mother and behavioural response 

during preference test (choice between mother and alien ewe) at 24 h, 1 and 4 weeks 

of age.  

   Male  Female 

 Age  Singleton Twin  Singleton Twin 

Vocalisations in 5 

min (n)
b,c,d

 

24 h  6.93 ± 0.26  7.76 ± 0.31  7.84 ± 0.28  8.29 ± 0.31  

1 week  7.37 ± 0.26  7.95 ± 0.31   8.03 ± 0.27  8.72 ± 0.30  

4 weeks  6.35 ± 0.27 6.85 ± 0.31   6.93 ± 0.27  7.71 ± 0.31 

        

Time to leave the pen 

(s)
a,d

 

24 h  2.94 ± 0.17  2.73 ± 0.19   2.47 ± 0.17 2.58 ± 0.18  

1 week  1.95 ± 0.15 2.03 ± 0.18   1.78 ± 0.16  1.58 ± 0.17  

4 weeks  0.72 ± 0.16  0.69 ± 0.18   0.43 ± 0.16  0.35 ± 0.18  

        

Time to reach CZ 

(s)
d
 

 

24 h  3.13 ± 0.10 3.10 ± 0.11   3.00 ± 0.10  3.08 ± 0.11  

1 week  2.02 ± 0.09 2.18 ± 0.10   2.07 ± 0.09  1.98 ± 0.10  

4 weeks  1.22 ± 0.09  1.18 ±  0.10   1.07 ± 0.09  1.17 ± 0.10  

        

Percentage of time 

the lamb spent in CZ 

with the mother
d
 

24 h  1.43 ± 0.23 1.02 ± 0.26   0.76 ± 0.24  1.23 ± 0.25  

1 week  0.98 ± 0.23 1.18 ± 0.26   0.93 ± 0.23  0.78 ± 0.25 

4 weeks  2.28 ± 0.23  2.56 ± 0.26   2.31 ± 0.23  2.08 ± 0.26  

Data are LSmean ± SEM; CZ = contact zone  
a
p ≤ 0.05, and 

b
p ≤ 0.01 for sex effect 

c
p ≤ 0.05 for litter size effect 

d
p ≤ 0.001 for lamb‘s age effect  

 

 

Nutritional treatment did not affect the number of vocalisations emitted by the 

lambs, time to leave and reach the CZ, or percentage of time the lambs spent in the 

mother‘s CZ (Table 7). On average at the three ages evaluated, female lambs vocalised 

more than males (62.7 ± 3.1 vs 51.9 ± 2.8 vocalisations, p ≤ 0.01) and twins vocalised 
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more than singletons (62.1 ± 3.7 vs 52.5 ± 2.7 vocalisations, p ≤ 0.05). Females also left 

the holding pen faster than males (4.6 ± 0.5 vs 6.3 ± 0.7 s, p ≤ 0.05). Number of 

vocalisations increased from 24 h to 1 week and then decreased by 4 weeks of age (24 h: 

59.4 ± 3.0; 1 week: 64.3 ± 3.1 and 4 weeks: 48.4 ± 2.7 vocalisations, p ≤ 0.001). Time for 

lambs to leave the holding pen decreased with increasing age at testing (24 h: 14.6 ± 1.9 s; 

1 week: 6.3 ± 0.7 s and 4 weeks: 1.7 ± 0.2 s, p ≤ 0.001). Similarly, time to reach the CZ 

decreased as age at test increased (24 h: 21.7 ± 1.6 s; 1 week: 7.9 ± 0.5 s and 4 weeks: 3.2 

± 0.2 s, p ≤ 0.001). The percentage of time that the lambs spent in the mother‘s CZ was 

similar at 24 h and 1 week but increased by 4 weeks of age (24 h: 75.2 ± 3.2%; 1 week: 

72.4 ± 3.3% and 4 weeks: 91.0 ± 1.5%, p ≤ 0.001).  

 

4.3.2 Ewes 

Eighty-four singleton-bearing ewes (well nourished n=25, UN-60+30 n=18, UN-

2+30 n=15 and UN-60-0 n=26) and 32 twin-bearing ewes (control n=14 and UN-60+30 

n=18) were used for the experiment. One singleton ewe (UN-2+30) took 18 s to leave the 

pen at the 24 h test and was excluded as an outlier (all other times to leave pen were 

between 1 and 7 s). Another singleton ewe (UN-60-0) took 152 s to reach the CZ at 4 week 

test and was also excluded as an outlier. 

Pre-trial ewe body weights were similar amongst nutritional groups (Table 6). 

Nutritional treatment had no significant effect on the time the ewes took to leave the pen, 

reach the CZ or the percentage of time spent in the lamb CZ. Twin bearing ewes were 

slower than singleton bearing ewes to reach the CZ (2.9 ± 0.1 vs 2.5 ± 0.1 s, p ≤ 0.01, 

Table 8). At 24 h ewes were slightly slower to leave the pen than at the 1 and 4 weeks (24 

h: 1.2 ± 0.05 s; 1 week: 1.1 ± 0.04 s and 4 weeks: 1.1 ± 0.04 s, p ≤ 0.01; Table 8). Ewes 

were also slower to reach the CZ at the 24 h than at 1 and 4 week test (24 h: 2.9 ± 0.1 s; 1 

week: 2.6 ± 0.1 s and 4 weeks: 2.7 ± 0.1 s, p ≤ 0.05). The percentage of time that the ewes 

spent in the lambs‘ CZ increased at the 1 week and decreased again at the 4 week test (24 

h: 76.8 ± 3.1%; 1 week: 83.6 ± 2.4% and 4 weeks: 58.1 ± 4.5%, p ≤ 0.001).  
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Table 8. Ewe behavioural responses during preference test (choice between own and 

alien lamb) at 24 h, 1 and 4 weeks after lambing.  

 

 

Lamb age  Singleton  Twin 

Time to leave the pen (s)
c
 24 h  0.19 ± 0.04  0.23 ± 0.06 

1 week  0.10 ± 0.04  0.08 ± 0.06 

4 weeks  0.03 ± 0.04  0.11 ± 0.06 

      

Time to reach CZ (s)
a,b

 24 h  1.03 ± 0.04  1.11 ± 0.07 

1 week  0.89 ± 0.04  1.04 ± 0.07 

4 weeks  0.88 ± 0.04  1.08 ± 0.07 

      

Percentage of time the ewe 

spent in CZ with the lamb
d
 

24 h  1.41 ± 0.17  0.99 ± 0.29 

1 week  1.71 ± 0.17  1.54 ± 0.29 

4 weeks  0.68 ± 0.19  -0.03 ± 0.32 

Data are LSmean ± SEM; CZ = contact zone 
a
p ≤ 0.01 for litter size effect 

b
p ≤ 0.05, 

c
p ≤ 0.01 and 

d
p ≤ 0.001 for lamb‘s age effect 

 

 

4.4. Discussion 

 

We evaluated the effects of maternal PCUN, sex and litter size on the offspring 

behavioural response to separation and reunion and on the ewe-lamb bond at 24 h, 1 and 4 

weeks of age. There was no significant effect of maternal PCUN on lamb birth weight or 

on the behaviour of the ewe and lamb. Nutritional treatment of the ewe did not affect lamb 

vocalisations upon separation from its dam, or the time taken for ewe or lamb to leave the 

holding pen, reach the CZ, or on their preference for each other over an alien ewe or lamb 

up to 4 weeks postpartum. However, there were effects of sex, litter size and lambs‘ age at 

test on the ewes‘ and lambs‘ responses to separation and on the ewe-lamb bond. Female 

lambs vocalised more and left the holding pen faster than males. Similarly, twin lambs 

vocalised more than singletons. Time to leave the holding pen, reach the CZ and 

vocalisations decreased with increased age. The lambs spent a similar percent of time near 

the mother‘s CZ at 24 h and 1 week but increased by 4 weeks of age whereas the ewes 
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spent a higher percent of the time in the lambs‘ CZ at 24 h and 1 week and decreased at the 

4 week test.  

There is substantial evidence that undernutrition during fetal life can lead to 

permanent changes in the morphology, physiology and metabolism of the offspring 

(Gardner et al. 2004; Woods et al. 2004; Oliver et al. 2007). In our study, we evaluated the 

same group of animals reported by Todd et al. (2009) in which maternal PCUN (UN-

60+30 group) resulted in altered function of the glucose/insulin axis in the offspring at 10 

months of age. There is also evidence that prolonged undernutrition during fetal life can 

lead to long lasting alterations on the postnatal behaviour of the offspring. For example, 

undernutrition around the time of mating and during pregnancy in rats results in alterations 

in the locomotor activity and feeding behaviour of the offspring at different ages during 

postnatal life (Vickers et al. 2003; Bellinger et al. 2006). In sheep, maternal undernutrition 

during pregnancy (fed 50% of live weight maintenance requirements from d 1 to 95 of 

gestation) results in increased stress responses and impaired cognitive abilities in the 

offspring at 18 months of age (Erhard et al. 2004). In another study in sheep, maternal 

undernutrition from week 4 of gestation resulted in alteration of the expression of maternal 

behaviour at birth without any direct effects on the neonate behavioural development 

(Dwyer et al. 2003).  

In our study, the absence of an effect of maternal PCUN on the attachment between 

ewes and lambs was unexpected, given the evidence from previous studies. One reason for 

this could be that we evaluated the animals in an artificial situation, which might have 

limited the ability of the animals to interact with each other and show more subtle effects 

of the nutritional treatments on the ewe-lamb bond. This could also be due to the different 

duration, intensity and stage in pregnancy at which our animals were exposed to 

undernutrition. In our study, as in previous studies, maternal undernutrition was not severe 

or long enough to affect lamb birth weight (Bloomfield et al. 2003b; Gardner et al. 2004). 

Other studies in sheep have used longer periods of undernutrition during gestation 

and found a reduction in lamb birth weight (Thomson and Thomson 1949; Smeaton et al. 

1985). Low lamb birth weight has been associated with lower lamb ability to recognise the 

mother from an alien ewe at 12 h of age (Nowak et al. 1987) and with impaired neonatal 

behavioural development of the lamb (Dwyer et al. 2003). Lambs with lower birth weights 
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were slower to stand and suckled less frequently during the first 2 h after birth. Since 

suckling activity during the first hours after birth is important for the establishment of the 

lamb's preferential bond to its dam (Nowak et al. 1997b), disruption of normal suckling 

activity during this critical period could impair the establishment of a preferential bond 

between ewes and lambs. Thus prenatal undernutrition could affect the attachment between 

ewes and lambs either directly, by affecting the maternal behaviours expressed at birth, or 

indirectly by affecting lamb birth weight, which in turn has an effect on neonatal 

behaviours important for the establishment of a preferential bond with the mother. 

However, our results show that PCUN does not affect the preference for each other as early 

as 24 h and up to 4 weeks of age, perhaps because it does not affect lamb birth weight.  

We found that female lambs vocalised more in response to separation from the ewe 

and were faster to leave the holding pen than males. There are different possible 

explanations for these differences. The increased vocalisation rate observed in female 

lambs could reflect increased auditory responsiveness to the ewe‘s vocalisations, as it is 

known that lambs respond with increased vocalisation rates to their mother‘s vocalisations 

(Shillito et al. 1983). However, we could not investigate this alternative since we did not 

record ewes‘ vocalisations during the lamb test.  

There are two other possible reasons for these differences; female lambs could have 

a stronger attachment to the mother and display higher vocalisation rates (as a signal of 

need) and leave the holding pen faster reflecting higher mother-seeking behaviour than 

males, or female lambs could be more fearful than males and react more strongly to social 

separation (in this case the mother) and unfamiliar surroundings with increased 

vocalisation and activity. There is evidence that female lambs have a stronger preference 

for the mother than males at 12 h of age (Nowak et al. 1987). However, these findings are 

inconsistent with other studies that did not find differences between males and females in 

the preference for the mother at 12 h (Nowak et al. 1987; Nowak and Lindsay 1990), 24 h 

(Asante et al. 1999) and 3 d of age (Nowak 1990b). Furthermore, we did not find any 

differences between males and females in the time to reach the CZ (attraction to ewes) or 

in preference for their mother.  

In addition, vocal communication in an experimental paradigm may not only 

function as a means of contact between ewe and lamb but also as a social call. It has been 
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argued that during tests in which a lamb is separated from the mother and kept in a pen by 

itself (as was the case in our study) lamb‘s vocalisations may not only be emitted for the 

ewe as a means of lamb recognition but also to make contact with any sheep (Shillito and 

Walters 1987). For these reasons, the differences between males and females observed in 

our study are not likely to be due to a stronger attachment to the mother. Rather, it seems 

that our results reflect a difference in fearfulness between males and females, with females 

responding more strongly to separation from the mother and to unfamiliar surroundings. 

Female sheep are more fearful than males when exposed to fear-inducing situations such as 

social isolation, novelty, startling stimulus and presence of a human, showing increased 

number of high-pitch vocalisations, attempts to escape and increased walking activity in 

lambs (Boissy et al. 2005) and adult sheep (Vandenheede and Bouissou 1993). Exposing 

sheep to social isolation, a startling stimulus and presence of a human are validated tests 

for measuring fear-responses in sheep (Romeyer and Bouissou 1992). 

Similarly, we found that twin lambs vocalised more in response to separation from 

the mother than singletons. This could suggest that twin lambs are more fearful than 

singleton lambs. However, we did not find any differences between singletons and twins in 

the time to leave or reach the CZ, which could suggest increased activity. It is more likely 

that the increased rate of vocalisation in twins observed in our study reflects an increased 

need for maternal care (Dwyer et al. 1998), perhaps in part because maternal attention has 

to be divided between the two lambs (O'Connor et al. 1992). Our data are consistent with a 

previous study showing that twin lambs exhibit higher vocalisation rates than singletons 

during the first 2 h after lambing (Dwyer et al. 1998), but extend those findings to 

demonstrate that the difference is still present at 4 weeks of age.  

In our study, the lambs‘ preference for the mother was similar at 24 h and 1 week 

of age while the animals were kept indoors in individual pens with no direct interaction 

with other animals. Interestingly, lamb‘s preference for the mother increased at 4 weeks of 

age, after a period of 2 weeks in a paddock interacting with other ewes and their lambs and 

with greater space availability. It is possible that this interaction with other ewes and lambs 

and greater space availability could partially explain the stronger preference for the mother 

observed at 4 weeks of age. Previous studies have shown that lambs kept in individual pens 

with their mother from birth have impaired maternal recognition at 24 h of age, compared 

with lambs interacting with other ewes and lambs (Val-Laillet and Nowak 2006). In 
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addition, environmental rearing conditions can alter the lamb‘s ability to recognise the 

mother, with a higher proportion of lambs reared in a paddock being able to recognise the 

mother at 4 weeks of age compared with lambs reared indoors (Poindron and Schmidt 

1984). 

The fact that the lambs and ewes have spent more time together at later ages could 

also explain the increased preference for the mother observed at 4 weeks of age. However, 

the fact that there was no increase in preference from 24 h to 1 week of age suggests that 

this is not the case. Rather, it seems likely that the increase was compensatory for the 

decrease in maternal preference for the lambs observed at 4 weeks of age. This is 

consistent with a previous report in which it was shown that lambs modify their mother-

seeking behaviour to compensate for a more passive seeking behaviour displayed by the 

ewes as age of the lamb increases (Hinch et al. 1987). Lambs at 1 week of age are less 

successful at achieving reunion with their mother in an open field test while the ewes 

actively seek proximity and successfully achieve reunion with their lambs. However, at 4 

weeks of age the seeking pattern shifts and the ewes are less active at seeking proximity 

with the lambs and rarely achieve reunion with their lambs whereas the lambs at this age 

actively seek proximity and are more successful at achieving reunion with their mothers. 

A previous study repeatedly tested the lamb‘s preference for its mother in a two-

choice arena at 24 h and 36 h of age, where the position of the mother was alternated, and 

reported that the lambs spend less time with the mother due to exploration of the area 

where the mother was previously located (Nowak 1994). Lambs seemed to remember the 

previous position of the ewe in the arena and tended to spend more time exploring that 

area. In our study, the lambs were repeatedly tested in a two-choice arena and the position 

of the ewe was randomly assigned for each test. However, the intervals between test and 

re-tests in our study were 7 d and 3 weeks respectively, making it less likely that the lambs 

remembered the previous location of the mother in the arena.  

We did not evaluate the behaviour of the ewe during the preference test of the 

lamb. This could be a confounding factor, since differences in the expression of maternal 

behaviour can affect the lamb‘s preference for its mother in a two-choice test (Terrazas et 

al. 2002). Twenty-four hour old lambs show a strong preference for ewes displaying 

maternal behaviours such as low-pitch vocalisations, which are related to maternal 
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receptivity and acceptance of the lamb. However, we did not find any differences in the 

ewes‘ preference for their lambs at any age evaluated, which suggests that the ewes 

showed appropriate maternal behaviours during the lambs‘ preference tests.  

We could not exclude the possibility that the testing protocol may affect results 

obtained for the ewes‘ preference test in twin ewes, since each twin-bearing ewe had 

experienced the test environment twice (once with each lamb during the lamb‘s preference 

test). However, we expect any effects to be minimal, given that we found no effects of 

litter size on the maternal preference for lambs at any age evaluated.  

Previous maternal experience is known to affect the expression of appropriate 

maternal behaviours at lambing necessary for the establishment of the ewe-lamb bond. 

Ewes with no previous maternal experience are more likely to display aversive behaviours 

directed towards the lamb than ewes with previous maternal experience (Dwyer and 

Lawrence 2000). For this reason, we only included ewes with previous maternal 

experience in our study.  

In summary, we showed that maternal PCUN does not have any effects on the 

offspring‘s behavioural response to separation from the mother, nor in the bond between 

ewes and lambs, evaluated as the preference for each other at 24 h, 1 and 4 weeks of age. 

Nevertheless, there were significant differences between males and females, singletons and 

twins, and changes over time in the lamb response to separation from its mother and ewe-

lamb bond. It is important that these factors are considered in future studies of the effects 

of prenatal events on postnatal behaviour. 
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Chapter 5. Effects of maternal periconceptional 

undernutrition on side preference and cognitive 

flexibility in the offspring 

 

5.1. Introduction 

 

There is a large body of literature showing that exposure to an adverse maternal 

environment during fetal life can alter brain development and lead to permanent changes in 

the behaviour and cognitive abilities of the offspring. In humans, epidemiological studies 

from the Dutch hunger winter (1944-45) have shown that prenatal exposure to 

undernutrition increases the risk of mental disorders such as schizophrenia (Susser et al. 

2008), antisocial personality disorder (Neugebauer et al. 1999) and addiction to alcohol 

and drugs (Franzek et al. 2008). Typically, the alterations in cognitive function are subtle 

and can go undetected. However, where evidence exists it suggests that the timing and 

severity of the prenatal nutritional insult influence the type of behavioural and cognitive 

alterations during adult life. For example, babies of mothers exposed to severe 

undernutrition during the first and second trimesters of pregnancy during the Dutch famine 

were more likely to develop antisocial behaviours as young adults than those exposed to 

severe undernutrition during the last trimester of gestation or those exposed to only 

moderate undernutrition (Neugebauer et al. 1999). 

Studies in animals in more controlled experimental settings support the hypothesis 

that exposure to reduced levels of nutrition during fetal life can lead to permanent 

alterations in behaviour and cognitive abilities later in life. The majority of the studies have 

used rats with different types of maternal nutrient restriction. For example, maternal feed 

intake restriction throughout pregnancy affects the offspring's ability to learn and adapt to 

environmental changes during adulthood (Breier et al. 2005; Landon et al. 2007). Maternal 

protein restriction during pregnancy also affects the ultrasonic call characteristics (Tonkiss 
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et al. 2003), delays eye opening after birth, and impairs the ability to locate the nest (Galler 

et al. 1994) in the young offspring. Offspring from undernourished dams also display 

fewer social behaviours (Almeida et al. 1996c), increased explorative behaviours (Almeida 

et al. 1996a) and impaired cognitive abilities (Tonkiss et al. 1991) as adults. Prenatal 

protein deficiency also exacerbates the sleep disturbances observed after acute stress 

(Duran et al. 2006), and this could be associated with cognitive process alterations (Rauchs 

et al. 2005).  

Although sheep have been used extensively to evaluate the effects of adverse 

prenatal environments on offspring growth, physiology and metabolism (Anthony et al. 

2003; Wallace et al. 2005; Oliver et al. 2007), little is known about the effects of maternal 

undernutrition on the cognitive abilities and behaviour of the offspring in this species. 

However, there is some evidence that maternal undernutrition in sheep can affect ewe-

lamb bonding behaviours at birth (Dwyer et al. 2003) and lead to increased emotional 

reactivity and impaired learning abilities in the offspring at 18 months of age (Erhard et al. 

2004). 

Behavioural lateralisation has gained considerable attention as an indirect measure 

of the effects of adverse prenatal environments on brain development of the fetus. 

Behavioural lateralisation (such as handedness in humans) has been associated with brain 

asymmetries (Beaton 1997; Toga and Thompson 2003) which are thought to reflect genetic 

(Geschwind et al. 2002), environmental (Jones and Martin 2008) and developmental 

factors (Jackson 2008), and also sex hormones (Moffat and Hampson 1996). Recent 

studies have shown that prenatal exposure to maternal stress (Glover et al. 2004), maternal 

depression (Rodriguez and Waldenstrom 2008) and synthetic oestrogenic hormones (Smith 

and Hines 2000) are all associated with increased risk of left and mixed-handedness in 

humans. Similarly, prenatal exposure to maternal stress in rats (Alonso et al. 1991) and 

maternal undernutrition in sheep (Erhard et al. 2004; Simitzis et al. 2009) results in 

atypical side preferences in the offspring. 

Recent studies in sheep have shown that the time around conception is an important 

period during which an adverse maternal environment may result in altered growth, 

metabolism and physiological responses in the late gestation fetus and into postnatal life. 

For example, maternal stress restricted to the time around conception (on d 2 and 3 after 
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mating; Smith et al. 2008) and mild maternal undernutrition (10-15% body weight 

reduction) from -60 to +30 d from mating (Bloomfield et al. 2003b; Oliver et al. 2005) 

both result in altered fetal growth trajectory and shorter gestation length. Offspring of 

undernourished ewes have altered function of the glucose/insulin axis in late gestation 

(Oliver et al. 2001) which persists postnatally and becomes more marked as the animals 

reach adulthood (Todd et al. 2009). However, it is not known if such an early nutritional 

insult can affect the cognitive abilities and laterality in the offspring, and if so, whether 

these alterations persist over time. For these reasons we evaluated the effects of PCUN in 

sheep on the cognitive abilities and side preference of the offspring before and after 

puberty. Since there are differences in behavioural lateralisation between singletons and 

twins in humans (Sicotte et al. 1999) and differences in cognitive abilities between men 

and women (Newhouse et al. 2007) and sheep (Erhard et al. 2004), we investigated the 

effects of PCUN in singleton and twin and in male and female offspring. 

 

5.2. Methods 

 

5.2.1 Animals and treatments 

In this study, we evaluated offspring from control and UN-60+30 ewes only. At 4 

and 18 months of age, we evaluated the side preference and cognitive abilities of the 

animals using a reversal learning task in a left-right choice maze during 3-5 consecutive 

days (Chapter 2.4). Plasma testosterone levels were measured in blood samples taken at 

time of the isolation test (Chapter 2.5), which was between 3 and 10 d prior to this test. 

 

5.2.2 Data analysis 

Side preference of the sheep (side chosen three or more times during the first five 

runs on training day) was compared using Fisher‘s exact test for small samples. The 

proportion of animals changing side preference from 4 to 18 months of age was evaluated 

using Chi-square test. The number of runs required to reach criterion (three correct 
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consecutive choices) on task A (confirmation of task acquisition) and B (reversal learning) 

during two reversal learning sessions (Reversal 1 and 2) were evaluated using Residual 

Maximum Likelihood analysis allowing for nutritional group, litter size, sex, test time (R1 

or R2), season of the year and year of test as fixed effects and ewe (mother) and sheep ID 

as random effects. In addition, at 18 months of age we allowed for the fact that some 

animals had been previously tested at 4 months of age by including a re-test variable as a 

fixed effect. First order interactions were tested for inclusion. Least square means Student 

t-test was used for post hoc comparisons. Data were square root transformed where 

required to approximate normality. Data presented are back-transformed LSmean ± SEM.. 

 

5.3. Results 

 

A total of 87 lambs were included in the experiment at 4 months of age: 49 control 

(18 singletons and 31 twins) and 38 UN-60+30 (18 singletons and 20 twins).  

One control twin female was excluded from the analysis of cognitive ability at four 

months of age due to failure to reach criterion for reversal 1. At 18 months of age a total of 

67 sheep were evaluated in the maze: 38 control (8 singletons and 30 twins) and 29 UN-

60+30 (12 singletons and 17 twins). The number of animals evaluated at 4 and 18 months 

of age is different because at the beginning of this study some animals were older than 4 

months of age and some animals had not reached 18 months of age by the time this study 

was completed.  

 

5.3.1 Side preference 

At 4 months of age, maternal PCUN altered side preference of the offspring, but the 

effects differed by sex and by singleton/twin status (Table 9). In controls, all singleton 

male lambs showed a preference for turning left in the maze, and the majority of twin 

females (89%) showed a preference for turning right. However, side preference in the UN-

60+30 group was close to neutrality for both singleton males (56% turning right) and twin 

females (42% turning right). At 18 months of age, the side preference of the animals was 
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similar in UN-60+30 and control animals (Table 9). The number of animals that changed 

side preference from 4 to 18 months of age was similar in UN-60+30 and control animals, 

and in males and females. However, twins tended to be more likely than singletons to 

change side preference between 4 and 18 months (27.3 vs 6.7%, p = 0.07; Table 9). 

Plasma testosterone concentrations were not detectable in females at 4 and 18 

month of age. 

In males, there was a wide range of testosterone levels in the animals (4 months: 

minimum = 0 and maximum = 4102 pg/ml; 18 months: minimum = 0 and maximum = 

13209 pg/ml) but no differences between nutrition groups (4 months: control = 323 ± 153 

vs UN-60+30 = 823 ± 251 pg/ml and 18 months: control = 1628 ± 536 vs UN-60+30 = 

1294 ± 433 pg/ml) or between singleton and twins (4 months: singleton = 511 ± 159 vs 

twin = 641 ± 292 pg/ml and 18 months: singleton = 2169 ± 779 vs twin = 1183 ± 376 

pg/ml) at both ages. There was also no relationship between plasma testosterone 

concentrations and side preference at 4 or 18 months of age (data not shown). 
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Table 9. Side preference of animals evaluated in the maze with both exits open and change in side preference from 4 to 18 months of 

age. 

  Side preference 

n (%) 

 Animals changing side preference from 4 to 18 

months of age n (%)
b
 

  Age (months)   

  4  18    

  Control UN-60+30  Control UN-60+30  Control UN-60+30 

  Total 

 

Turning 

right 

Total 

 

Turning 

right 

 Total 

 

Turning 

right 

Total 

 

Turning 

right 

 Total Changing side 

preference 

Total Changing side 

preference 

Singleton Male  5 0 (0) 9 5 (56)
a
  4 1 (25) 5 2 (40)  3 0 (0) 3 0 (0) 

 Female 13 8 (62) 9 7 (78)  4 2 (50) 7 5 (71)  4 1(25) 5 0 (0) 

                

Twin Male 13 8 (62) 8 5 (63)  12 4 (33) 6 1 (17)  12 3 (25) 6 3 (50) 

 Female 18 16 (89) 12 5 (42)
a
  18 13 (72) 11 6 (55)  17 4 (24) 9 2 (22) 

a
p ≤ 0.05 for nutritional effect 

b 
p ≤ 0.07 for singleton/twin effect  
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Table 10. Number of runs to reach criterion (three correct consecutive choices) during two tasks (task A: confirmation of task 

acquisition and B: reversal learning) on two reversal learning sessions (Reversal 1 and 2) in a maze. 

  Number of runs to reach criterion 

  Age (months) 

  4  18 

  Control  UN-60+30  Control  UN-60+30 

  Reversal 

1 

Reversal 

2 
n 

 Reversal 

1 

Reversal 

2 
n 

 Reversal 

1 

Reversal 

2 
n 

 Reversal 

1 

Reversal 

2 
n 

Task A Male 3.4 ± 0.2 3.5 ± 0.2 17  3.2 ± 0.2 3.2 ± 0.2 18  3.4 ± 0.2 3.5 ± 0.2 16  3.3 ± 0.2 3.3 ± 0.2 11 

 Female 3.5 ± 0.2 3.4 ± 0.2 31  3.1 ± 0.2 3.2 ± 0.2 18  3.3 ± 0.2 3.4 ± 0.2 22  3.2 ± 0.2 3.2 ± 0.2 17 

                 

Task B
a
 Male 6.0 ± 0.6 6.4 ± 0.6 18  5.9 ± 0.5 6.8 ± 0.6 17  6.1 ± 0.5 5.3 ± 0.4 16  5.7 ± 0.5 5.8 ± 0.5 11 

 Female 6.6 ± 0.5 5.7 ± 0.5 31  7.0 ± 0.6 5.6 ± 0.5 19  6.2 ± 0.5 6.4 ± 0.5 22  6.8 ± 0.5 6.0 ± 0.4 18 

Data are back-transformed LSmean ± SEM 
a
p ≤ 0.05 for sex*reversal-number interaction at 4 months of age 
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5.3.2 Cognitive ability 

5.3.2.1. Four months of age 

On the training day two lambs failed to learn task-A (1 control twin female and 1 

UN-60+30 twin female). However, both lambs reached criterion for task-A/R1 the next 

day.  

One UN-60+30 twin female and one control singleton male required 18 and 17 runs 

respectively to complete task-A on R2 and were excluded from the analysis for task A (all 

other lambs required between 3 and 9 runs to complete the task). One UN-60+30 singleton 

male required 29 runs to complete task B on R1 and was excluded from the analysis for 

task B (all other lambs required between 3 and 20 runs to complete the task). 

The number of runs that the lambs required to reach criterion during the 

confirmation of task acquisition (task A) was similar in males and females and in singleton 

and twins. Likewise, the number of runs that the lambs required to reach criterion during 

the confirmation of task acquisition (task A) and during the reversal task (task B) on both 

reversal learning sessions (R1 and R2) was similar amongst nutritional groups (Table 10). 

However, female lambs improved their speed of learning and required fewer runs to 

complete task B during reversal 2 than during reversal 1 (R1 = 6.8 ± 0.4 vs R2 = 5.6 ± 0.4 

runs, p ≤ 0.05), whereas the males required a similar number of runs to complete task B 

during both reversals (R1 = 5.9 ± 0.5 vs R2 = 6.6 ± 0.5 runs, p = 0.26). 

 

5.3.2.2. Eighteen months of age 

One twin UN-60+30 female required 19 runs to complete task A during R1 and was 

excluded from the analysis of task A (all other sheep took between 3 and 9 runs to 

complete task). The number of runs that the sheep required to reach criterion during the 

confirmation of task acquisition (task A) and during the reversal task (task B) on both 

reversal learning sessions (R1 and R2) was similar in males and females, singletons and 

twins and in control and UN-60+30 animals (Table 10). 
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5.4. Discussion 

 

We evaluated the effects of maternal PCUN, litter size and sex on the side 

preference and cognitive flexibility of the offspring at 4 and 18 months of age. Our results 

showed that maternal PCUN led to changes in certain behaviours of the offspring. 

Maternal PCUN altered the side preference in the offspring at 4 months of age, but these 

effects differed by sex and by singleton/twin status, and were no longer apparent at 18 

months of age. Twins also tended to be more likely than singletons to change side 

preference between 4 and 18 months of age. The cognitive flexibility of the sheep at 4 and 

18 months of age was not affected by nutritional treatment, but differed by sex at 4 months 

of age. 

We found that offspring‘s side preference in the UN-60+30 group was close to 

neutrality compared to the side bias seen in the control group at 4 months of age. These 

findings are similar to previous studies in which maternal undernutrition during the first 

half of gestation (50% feed reduction from d 1 to 95 of pregnancy; Erhard et al. 2004) or 

only during the first month (50% feed reduction during the first 30 d; Simitzis et al. 2009) 

altered side preference in offspring towards neutrality. In our study, the level of feed 

restriction was adjusted for each individual animal to achieve and maintain a 10-15% of 

body weight loss. This allowed us to control for the individual variation in feeding 

conversion rates (found even within homogeneous breed lines of sheep), which cannot be 

controlled with the more commonly used method of reducing a percentage of the estimated 

maintenance feed requirements. In addition, the level of undernutrition we used was much 

less severe than those used previously and less severe than those often found in sheep 

production systems on pasture due to adverse environmental conditions. Thus, our data 

suggest that even mild nutritional limitation of ewes during the periconceptional period can 

result in subtle alterations in the behaviour of the offspring.  

Interestingly, the effects of PCUN on side preference were no longer detectable at 

18 months of age. It has previously been reported that behavioural lateralisation is more 

apparent in lambs between 3 and 6 months of age than in 2-9 year old adult sheep (Versace 

et al. 2007), so that subtle changes in side preference are more likely to be detected during 

early life.  
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We also found that twins tended to be more likely than singletons to change side 

preference between 4 and 18 months of age. There is evidence in humans that twins have 

different behavioural lateralisation patterns from singletons, including a higher incidence 

of left-handedness (Sicotte et al. 1999). In sheep, previous studies evaluating the effects of 

prenatal undernutrition on side preference have evaluated twins only or made no 

distinction between singleton/twin status, making comparisons between studies difficult to 

interpret. We have previously shown that twin sheep have different growth and physiology 

from singletons (Bloomfield et al. 2007; Rumball et al. 2008) and the results from the 

present study suggest that singleton/twin differences could also extend to postnatal 

behavioural laterality. 

The left side bias found in our study in male sheep is consistent with one previous 

report (Beausoleil et al. 2004), but contrasts with the right side bias more commonly 

reported in sheep (Erhard et al. 2004; Versace et al. 2007; Simitzis et al. 2009) and rats 

(Alonso et al. 1991). Interestingly, the studies reporting a right side bias in sheep were 

carried out in the northern hemisphere while the ones reporting a left side bias were carried 

out in the southern hemisphere (both in New Zealand), suggesting that different 

populations of sheep can have different side bias. Differences between sheep breeds could 

explain the differences found in our study as it is known that cerebral laterality and 

handedness have a strong genetic component in humans (Geschwind et al. 2002) and in 

sheep consistent behavioural differences are often found among different breeds (Dwyer 

and Lawrence 2005).  

It is also possible that the methods used to determine side bias contributed to the 

differences between studies. We evaluated side preference as the side that the animals 

chose three or more times out of five runs, and Beausoleil and colleagues evaluated it as 

the side chosen seven or more times out of ten in a Y-maze (Beausoleil et al. 2004) 

whereas the other studies evaluated it as the first choice while entering a T-maze (Erhard et 

al. 2004) or a squared arena (Simitzis et al. 2009). In our study, the side of first choice was 

not necessarily the same as the side bias eventually determined which could explain these 

differences. However, the study by Versace (Versace et al. 2007) evaluated side preference 

as the side chosen nine out of ten runs while avoiding an obstacle and found a right side 

bias, suggesting that evaluation of the first choice does not necessarily explain the 

differences between different reports. 
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 It has been suggested that differences in behavioural laterality could reflect 

differences in prenatal exposure to testosterone (Geschwind and Galaburda 1985). In 

humans, behavioural laterality during adulthood is related to testosterone levels, with left 

handed men and women having lower salivary testosterone levels than right handed 

(Moffat and Hampson 1996). In our study, we did not find an association between 

testosterone levels and side preference, perhaps due to the great variation in testosterone 

levels amongst our animals. This may be because testosterone levels in rams change with 

season (Lincoln and Davidson 1977), but we also did not find an effect of season of testing 

on our results. 

We did not find any effects of maternal PCUN on cognitive flexibility in the 

offspring. Similar findings have been reported in rats, where maternal low protein diet 

prior to mating and throughout gestation did not impair cognitive flexibility in the 

offspring (Tonkiss and Galler 1990), and pan-undernutrition throughout gestation did not 

affect the ability to learn and adapt to environmental changes (Davison et al. 2007). In 

contrast, in sheep, 50% maternal feed reduction from d 1 to 95 of pregnancy impaired the 

cognitive flexibility in male but not female offspring (Erhard et al. 2004). In our study, 

maternal undernutrition was mild (10-15% body weight loss) and restricted to the time 

around conception when fetal nutritional requirements are minimal (Bloomfield et al. 

2003b). This could explain the absence of detectable effects on the cognitive flexibility of 

the offspring. 

However, it is also possible that maternal PCUN may have altered learning and 

memory systems not evaluated by our testing procedure. It has been suggested that 

enduring effects of early undernutrition are more likely to be evident during a reversal 

learning task (Strupp and Levitsky 1995) and this has been demonstrated in sheep (Erhard 

et al. 2004). For this reason, we decided to utilise a reversal learning procedure modified 

from the one described by Erhard et al. (Erhard et al. 2004). In order to avoid the problem 

previously reported where a large number of sheep did not complete the task (Erhard et al. 

2004), we developed a rhombus-shaped maze that facilitated the movement of the sheep 

through the maze by avoiding sharp corners (90 degrees angles; Grandin 1990). We also 

increased the number of runs during the training day to facilitate familiarisation with the 

maze. In our study only one animal (1%) was excluded due to failure to complete the 

reversal learning task, compared to the previous reports of 55% excluded due to failure to 
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complete a reversal learning task or to high levels of distress in a maze (Erhard et al. 

2004). This suggests that the measures taken in our study to ease the passage through the 

maze and increase the familiarisation time during training day were successful in reducing 

the stress involved with the testing procedure, thus allowing the sheep to perform better in 

the learning tasks. It has been shown that sheep with increased emotional reactivity fail to 

learn a reversal task (Erhard et al. 2004). Thus, reducing stress is desirable in tests of 

cognitive function, since it reduces the risk of confounding the effects of prenatal 

undernutrition on stress reactivity with effects on cognitive performance. However, the low 

failure rate in our study could suggest that the test was not complex enough to detect 

potentially subtle differences in cognitive flexibility resulting from PCUN. 

We found that females performed better than males during the reversal learning 

task and required fewer runs to complete reversal 2 than reversal 1 at 4 months of age. This 

is contrary to the results of a previous study in which males performed better than females 

during a reversal learning task at 18 months of age (Erhard et al. 2004). In our study, sex 

differences in cognitive performance were no longer apparent at 18 months of age, 

suggesting that the sex difference in young animals may reflect a difference in maturation 

rates between males and females.  

Our research group has shown that maternal undernutrition restricted to the time 

around conception leads to several prenatal and postnatal alterations in the physiology and 

metabolism of the offspring (Bloomfield et al. 2004; Oliver et al. 2005; Todd et al. 2009). 

In the present study, we showed that maternal PCUN altered side preference in the 

offspring at 4 months of age, suggesting that maternal nutrition around the time of mating 

may have important implications for developmental brain asymmetries. We also report 

differences in behaviour between males and females, between singletons and twins, and 

changes over time. It is important that these factors are taken into account in future studies 

investigating the effects of prenatal nutrition on postnatal behaviour in sheep. 
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Chapter 6.  Effects of maternal periconceptional 

undernutrition on behavioural and physiological 

response to isolation in the offspring 

 

6.1. Introduction 

 

The effects of adverse maternal environments on the development of the fetus and 

their impact on health in adulthood have gained considerable attention. Early 

epidemiological observations led to the hypothesis that exposure to adverse maternal 

environments during critical periods of fetal growth and development increased the risk of 

disease in the adult offspring (Barker 1994). Several studies have explored this hypothesis 

and demonstrated that exposure to adverse maternal environments is associated with 

increased risk of hypertension (Barker 1992) cardiac disease (Barker et al. 1993) glucose 

intolerance (Ravelli et al. 1998) and obesity (Huang et al. 2007) during adulthood. 

One of the possible mechanisms by which prenatal influences can predispose to 

disease in later life is via permanent changes in the HPA axis (Kapoor et al. 2006). 

Permanent up-regulation of the HPA axis could, for example, result in elevated 

glucocorticoid concentrations in the offspring, thus contributing to the risk of hypertension, 

glucose intolerance and obesity. This is supported by the finding of an association between 

reduced birth weight and increased plasma cortisol concentrations in adult human 

populations (Phillips et al. 1998; Reynolds et al. 2001). 

Maternal exposure to undernutrition (Hawkins et al. 2000a), stress (Kapoor et al. 

2006; Entringer et al. 2009b) and synthetic glucocorticoids (Liu et al. 2001) during 

gestation all result in altered HPA axis function in the offspring. Several studies have 

shown that maternal undernutrition at different stages of gestation can disrupt the normal 

development of the fetal HPA axis in sheep (Edwards and McMillen 2002a), rats (Lesage 
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et al. 2001) and guinea pigs (Lingas et al. 1999). For example, in sheep, maternal 

undernutrition during early gestation reduces fetal cortisol response to CRH-AVP 

challenge (Hawkins et al. 2000a) and undernutrition throughout gestation increases 

expression of ACTH receptors in the fetal adrenal gland in late gestation (Edwards et al. 

2002).  There are also a few studies showing that some of these changes persist after birth. 

For example, in sheep, prenatal undernutrition increases cortisol responses to CRH-AVP 

challenge in the offspring at 85 d of age (Hawkins et al. 2000a). In rats, prenatal 

undernutrition blunts the diurnal secretion pattern of plasma ACTH at weaning (Langley-

Evans et al. 1996a) and increases plasma corticosterone concentrations during resting 

conditions, but blunts plasma corticosterone response to dehydration stress during 

adulthood (Vieau et al. 2007).  

However, there is little information on how these alterations apply to physiological 

and behavioural responses to psychological challenges such as stressful situations common 

during normal farming practices. Exposure to repeated stress during gestation in sheep 

leads to increased basal plasma cortisol concentrations in the offspring at 25 d of age and 

subtle alterations in the behavioural response to isolation and novel arena tests at 8 months 

of age (Roussel et al. 2004). Furthermore, undernutrition during the first two thirds of 

gestation in sheep increases the behavioural responses to physical restraint and to novel 

objects in the offspring at 18 months of age (Erhard et al. 2004). 

 The susceptibility of the HPA axis to adverse prenatal environments appears to be 

sex dependent. In guinea pigs, repeated prenatal exposure to synthetic glucocorticoids 

during late gestation reduces HPA axis activity in males but increases HPA axis activity in 

females during adulthood (Liu et al. 2001). A number of other studies have also suggested 

that the effects of maternal undernutrition during gestation are greater on male than on 

female offspring (Lingas and Matthews 2001; Erhard et al. 2004). 

Alterations in HPA axis function following prenatal insults also appear to be age 

dependent, with some changes being evident only during later stages in life. For example, 

in sheep, prenatal undernutrition reduces HPA axis activity during fetal life but increases 

HPA axis activity postnatally (Hawkins et al. 2000a). Similarly, repeated prenatal exposure 

to synthetic glucocorticoids does not alter HPA axis activity in juvenile sheep, but HPA 
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axis activity is increased in early adulthood (1 year; Sloboda et al. 2002) and then 

decreased at 3 years of age (Sloboda et al. 2007).  

Recent studies have shown that maternal undernutrition restricted to the 

periconceptional period can alter the fetal HPA axis and lead to a precocious cortisol surge 

and preterm birth in sheep (Bloomfield et al. 2003b). However, there are no reports of the 

effects of PCUN on the HPA axis function of the postnatal offspring. We therefore aimed 

to determine the effects of PCUN in sheep on HPA axis function and stress-related 

behaviour of the offspring. We also aimed to determine how any observed effects varied 

with the litter size, age and sex of the offspring. 

 

6.2. Methods 

 

6.2.1 Animals and treatments 

In this study, we evaluated the behavioural and physiological response to 5 min 

isolation (Chapter 2.5) in offspring from all nutritional treatments at 4 and 18 months of 

age.  

 

6.2.2 Data analysis 

Data from cortisol baseline, 10 and 60 min, vocalisations and activity were 

evaluated using REML analysis allowing for nutritional group, litter size, sex and year of 

birth as fixed effects and ewe ID as random effects. First order interactions were tested for 

inclusion.  

 

Area under the curve (AUC) for cortisol was calculated using the formula: 

AUC = [10 * ((basal cortisol + 10 min cortisol) / 2)]  

   + [50 * ((10 min cortisol + 60 min cortisol) / 2)]  
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Cortisol AUC was evaluated using REML analysis allowing for nutritional group, 

litter size, sex and year of birth as fixed effects and ewe ID as random effects. To allow for 

differences in basal cortisol concentrations the AUC below basal was calculated using the 

formula: AUC basal =  [60 * ((basal cortisol + 60 min cortisol) / 2)] and included as a 

covariate fixed effect. First order interactions were tested for inclusion. Standing against 

the enclosure‘s walls and attempts to escape were analysed as Poisson variates using a 

GLM allowing for nutritional group, litter size, sex and year of birth, and adjustment for 

overdispersion as required.   

Data were transformed using logarithms for cortisol baseline, 10 min, 60 min and 

cortisol AUCs, and square root transformation for the number of vocalisations (18 months 

of age only) and activity to approximate a normal distribution. Student t-test was used for 

post-hoc comparisons. Data presented are mean ± SEM. 

 

6.3. Results  

 

A total of 130 lambs were included in the experiment at 4 months of age: 79 

singletons (control: n = 19; UN-60-0: n = 25; UN-2+30: n = 17, and UN-60+30: n = 18) 

and 51 twins (control: n = 31, and UN-60+30: n = 20). At 18 months of age a total of 79 

sheep were evaluated: 32 singletons (control: n = 8; UN-60-0: n = 7; UN-2+30: n = 4, and 

UN-60+30: n = 13) and 47 twins (control: n = 30, and UN-60+30: n = 17). The number of 

animals evaluated at 4 and 18 months of age is different because at the beginning of this 

study some animals were older than 4 months of age and some animals had not reached 18 

months of age by the time this study was completed.  

 

6.3.1 Cortisol  

At 4 months of age, nutritional treatment did not affect basal, 10 min or AUC 

cortisol (Table 11). However, there were sex differences, with females having higher 

cortisol concentrations 10 min after isolation (11.3 ± 1.0 vs 7.9 ± 0.5 ng/ml; p = 0.02) and 
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greater cortisol AUC (452.1 ± 36.0 vs 325.1 ± 16.8 ng/ml min, p = 0.04) than males. There 

was also a treatment by sex interaction for cortisol concentrations, primarily due to males 

in the UN-2+30 having higher cortisol concentrations 60 min after isolation than UN-2+30 

females, whereas males in the other nutritional groups had equal or lower cortisol 

concentrations than females (p = 0.04, Table 11).  

At 18 months of age, UN-60+30 animals tended to have lower cortisol 

concentrations 10 min after isolation (control = 16.1 ± 1.5, UN-60-0 = 12.0 ± 2.3, UN-

2+30 = 13.6 ± 7.8 and UN-60+30 = 11.7 ± 1.2 ng/ml, p = 0.09) and had a significantly 

lower cortisol AUC than controls (control = 546.5 ± 46.8, UN-60-0 = 427.2 ± 67.7, UN-

2+30 = 448.5 ± 249.4 and UN-60+30 = 438 ± 42.2 ng/ml min, p = 0.03). Females had 

higher plasma cortisol concentrations than males at all sampling times: Basal (3.9 ± 0.4 vs 

2.6 ± 0.4 ng/ml, p = 0.02), 10 min (17.5 ± 1.3 vs 9.4 ± 0.9 ng/ml, p < 0.0001) and 60 min 

(2.5 ± 0.4 vs 1.9 ± 0.4 ng/ml, p = 0.04) and a greater cortisol AUC (606.6 ± 41.4 vs 343 ± 

31.9 ng/ml min, p < 0.0001).  

Litter size did not affect plasma cortisol concentrations in response to isolation at 4 

or 18 months of age.  

 

6.3.2 Behaviour 

At 18 months of age, the behaviour of three control twin females (not siblings) and 

one UN-60+30 singleton female could not be evaluated due to problems with the video 

equipment. 

 

6.3.2.1. Vocalisations 

At 4 and 18 months of age, there were no effects of nutritional treatment on the 

number of vocalisations emitted by the lambs (Table 12). However, females vocalised 

more than males (4 months: 49.9 ± 2.0 vs 35.9 ± 2.1 vocalisations, p < 0.0001, 18 months: 

20.6 ± 2.4 vs 3.4 ± 1.2 vocalisations, p < 0.0001).  
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Litter size did not affect the number of vocalisations during the isolation test at 4 or 

18 months of age. 

 

6.3.2.2. Activity 

At 4 months, there was no effect of treatment, sex, litter size or year on the number 

of quadrants crossed by the animals. 

At 18 months of age, there were no effects of nutritional treatment or litter size on 

the number of quadrants crossed by the animals. However, female lambs entered more 

quadrants than males during the 5 min isolation period (38.2 ± 2.2 vs 31.1 ± 2.0 quadrants 

crossed, p = 0.008). 

 

6.3.2.3. Standing against the enclosure’s walls 

At 4 and 18 months of age, there were no significant effects of treatment, sex or 

litter size on the number of times the animals stood on the walls.  

 

6.3.2.4. Attempts to escape (jumps): 

At 4 months of age, control animals jumped more than the undernourished animals 

(control = 0.4 ± 0.1, UN-60-0 = 0±0, UN-2+30 = 0.2 ± 0.2 and UN-60+30 = 0.2 ± 0.1 

jumps, p = 0.001). There was a sex by litter size interaction, with males jumping more than 

females amongst singletons, whereas females jumped more than males amongst twins 

(singleton male = 0.3 ± 0.1, singleton female = 0.1 ± 0.1, twin male = 0.2 ± 0.1 and twin 

female = 0.3 ± 0.1 jumps, p = 0.03).  

At 18 months of age, only one UN-60+30 ewe was observed jumping once during 

the 5 min isolation period.  
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Table 11. Effects of ewe periconceptional undernutrition on offspring plasma cortisol concentrations (ng/ml) and area under the 

curve (AUC, ng/ml min) following a 5 min isolation period at 4 and 18 months of age. 

   Age (months) 

         4         18 

Sample Nutrition group  n Male n Female  n Male n Female 

Baseline 
f
 Control  18 4.1 ± 0.9 32 5.4 ± 1.7  16 2.6 ± 0.6 22 3.3 ± 0.5 

 UN-60+30  16 3.5 ± 0.6 22 4.5 ± 0.9  12 2.5 ± 0.6 18 4.6 ± 0.8 

 UN-60-0  11 5.3 ± 1.2 14 5.0 ± 1.1  4 3.5 ± 1.0 3 4.7 ± 1.0 

 UN-2+30  12 4.1 ± 0.8 5 2.9 ± 0.9  3 2.2 ± 1.1 1 1.2 

            

10 min 
a,d,h

 Control  18 7.3 ± 0.9 32 13.3 ± 1.9  16 11.1 ± 1.7 22 19.7 ± 1.9 

 UN-60+30  16 6.8 ± 0.7 22 10.3 ± 1.3  12 8.2 ± 1.2 18 14.0 ± 1.6 

 UN-60-0  11 9.6 ± 1.1 14 8.2 ± 0.7  4 9.1 ± 3.0 3 15.9 ± 2.2 

 UN-2+30  12 8.6 ± 1.2 5 12.1 ± 6.3  3 5.8 ± 0.6 1 37.0 

            

60 min 
c,g

 Control  18 2.2 ± 0.5 32 3.7 ± 0.6  16 1.9 ± 0.4 22 2.0 ± 0.3 

 UN-60+30  16 2.3 ± 0.6 22 4.2 ± 1.0  12 2.2 ± 1.0 18 3.2 ± 0.8 

 UN-60-0  11 3.1 ± 1.0 14 2.7 ± 0.5  4 2.1 ± 0.8 3 1.6 ± 0.2 

 UN-2+30  12 3.6 ± 0.6 5 1.2 ± 0.4  3 0.6 ± 0.02 1 3.1 

            

AUC 
b,e,h

 Control  18 295.8 ± 28.6 32 519.2 ± 65.7  16 393.4 ± 54.7 22 657.9 ± 60.8 

 UN-60+30  16 280.3 ± 26.4 22 437.5 ± 52.5  12 313.0 ± 46.2 18 522.1 ± 55.8 

 UN-60-0  11 390.4 ± 38.8 14 338.2 ± 25.3  4 341.4 ± 89.6 3 541.5 ± 67.6 

 UN-2+30  12 369.1 ± 38.5 5 406.1 ± 199.9  3 199.6 ± 21.2 1 1195.2 

Data are mean ± SEM 
a 

p = 0.09 and 
b 

p = 0.03 for treatment effect at 18 months of age 
c 
p = 0.04 for treatment by sex interaction at 4 months of age 

d 
p = 0.02 and 

e 
p = 0.04 for sex effect at 4 months of age 

f 
p = 0.02, 

g 
p = 0.04 and 

h 
p = 0.0001 for sex effect at 18 months of age 
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Table 12. Effects of sex and ewe periconceptional undernutrition on offspring behaviour during a 5 min isolation period at 4 and 18 

months of age. 

   Age (months) 

          4         18 

Behaviour Nutrition group  n Male n Female  n Male n Female 

Vocalisations (n) 
d
 Control  18 37.5 ± 4.1 32 50.5 ± 3.1  16 1.1 ± 0.6 19 19.2 ± 3.3 

 UN-60+30  16 30.3 ± 3.9 22 51.6 ± 4.1  12 4.8 ± 2.7 17 19.6 ± 3.8 

 UN-60-0  11 40.9 ± 4.1 14 44.9 ± 4.3  4 5.3 ± 3.5 3 27.0 ± 12.7 

 UN-2+30  12 36.5 ± 4.3 5 52.4 ± 4.0  3 7.3 ± 7.3 1 44.0 

            

Activity (n) 
a,c

 Control  18 45.5 ± 4.2 32 41.2 ± 2.6  16 33.6 ± 2.9 19 37.3 ± 2.7 

 UN-60+30  16 33.1 ± 4.4 22 45.3 ± 3.2  12 26.7 ± 3.6 17 37.1 ± 3.9 

 UN-60-0  11 39.7 ± 5.3 14 36.9 ± 3.8  4 35.5 ± 2.0 3 41.0 ± 2.5 

 UN-2+30  12 38.4 ± 5.6 5 53.2 ± 16.1  3 29.0 ± 8.2 1 65.0 

            

Standing against the 

wall (n) 

Control  18 4.7 ± 1.4 32 4.5 ± 1.1  16 4.1 ± 1.2 19 3.3 ± 0.9 

UN-60+30  16 1.4 ± 0.8 22 4.0 ± 1.5  12 1.8 ± 1.0 17 4.2 ± 1.1 

 UN-60-0  11 3.6 ± 1.0 14 2.0 ± 0.7  4 5.0 ± 2.8 3 2.7 ± 1.5 

 UN-2+30  12 0.7 ± 0.5 5 2.2 ± 2.2  3 3.0 ± 3.0 1 0 

            

Jumping (n) 
b,e

 Control  18 0.4 ± 0.2 32 0.3 ± 0.2  16 0 19 0 

 UN-60+30  16 0.2 ± 0.1 22 0.1 ± 0.1  12 0 17 0.1 ± 0.1 

 UN-60-0  11 0 14 0  4 0 3 0 

 UN-2+30  12 0.3 ± 0.3 5 0  3 0 1 0 

Data are mean ± SEM 
a
 The isolation enclosure was divided in quadrants and activity was evaluated as number of quadrants crossed (i.e. when both front legs crossed a quadrant line) 

b 
p = 0.001 for treatment effect at 4 months of age 

c 
p = 0.008 for sex effect at 18 months of age, and 

d
 p = 0.0001 for sex effect at 4 and 18 months of age 

e
 p = 0.03 for sex by litter size interaction at 4 months of age
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6.4. Discussion 

 

We evaluated the effects of maternal PCUN, sex and litter size on the offspring 

behavioural and physiological response to isolation stress at 4 and 18 months of age. 

Maternal PCUN reduced attempts to escape (i.e. jumping) in juvenile offspring and also 

reduced the cortisol AUC in response to isolation stress in post-pubertal offspring. 

Furthermore, behavioural and physiological responses to stress at both ages differed 

between males and females.  

We found that offspring from UN-60+30 ewes tended to have lower cortisol 10 min 

after isolation and had lower cortisol AUC than controls at 18 months but not 4 months of 

age. We have previously shown that maternal PCUN suppresses fetal plasma ACTH 

concentrations in response to a CRH-AVP challenge in late gestation (Rumball et al. 2008) 

and accelerates maturation of the fetal HPA axis (Bloomfield et al. 2004) in sheep. In the 

present study, we have extended those observations into postnatal life and shown that the 

effects of maternal PCUN on the HPA axis of the offspring may be permanent, as it 

suppresses the offspring‘s cortisol response to isolation stress during adulthood. 

Furthermore, the alteration in postnatal HPA axis function is evident during a stressful 

situation that the animals are likely to encounter in normal farming conditions.  

Our results are similar to a previous study in sheep where basal and stimulated 

(CRH-AVP challenge) plasma cortisol concentrations were suppressed in adult offspring 

(3 years of age) from ewes exposed to repeated injections of synthetic glucocorticoids 

during late gestation (Sloboda et al. 2007). Similarly in rats, young offspring from dams 

fed a low protein diet during gestation have suppressed plasma corticosterone 

concentrations in response to isolation (Kehoe et al. 2001). In our study, we did not 

evaluate ACTH concentrations and therefore we could not investigate whether the overall 

reduction in plasma cortisol concentration in response to isolation stress observed in our 

study reflects a reduction in hypothalamic, pituitary or adrenal sensitivity.  

Different results have been reported in sheep (Bloomfield et al. 2003a) where 

severe maternal undernutrition during late gestation and repeated maternal stress during 

early gestation in cattle (Lay et al. 1997b) both resulted in increased HPA axis activity in 
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the adult offspring. It is evident that different timings, durations and types of prenatal 

insults yield different results in tests of postnatal HPA axis activity, making comparisons 

between studies difficult. Nevertheless, it is clear that exposure to an adverse maternal 

environment can alter postnatal HPA axis activity in the offspring, even when the adverse 

environment is caused by mild undernutrition only in the periconceptional period.  

We chose to evaluate plasma cortisol levels 10 min after the isolation period ended, 

as we considered that the stress started at the time of moving individual sheep out of their 

pen and walked them along the corridor towards the enclosure used for the 5 min social 

isolation. In non-lactating sheep, peak cortisol levels are reached between 10 and 20 min 

after 5 min exposure to a barking dog (Cook 1997). However, other studies have reported 

peak cortisol levels 30 min after CRH-AVP challenge in 10 month old sheep (Bloomfield 

et al. 2007) and between 45 and 90 min after ACTH challenge in 4 month old lambs kept 

in metabolism stalls (Bowers et al. 1993). Frequent sampling with short time intervals 

between samples would have provided a more detailed profile of the cortisol response to a 

psychological stress such as the social isolation used in our study, and thus more accurate 

calculation of the area under the curve as a response endpoint. The logistics of the current 

study made this approach not feasible, but this should be considered for future studies. 

We also found that PCUN offspring made fewer attempts to escape (i.e. jumping) 

than control animals at 4 months of age. This reduction in the attempts to escape may 

suggest a reduction in fearfulness in response to isolation stress. Jumping during social 

isolation and novel environments has been interpreted as an attempt to escape and an 

indicator of fear in sheep (Romeyer and Bouissou 1992; Vandenheede et al. 1998; Boissy 

et al. 2005). Consistent with our results, others have reported that offspring from ewes 

exposed to stress during late gestation (transported in isolation twice a week during last 6 

weeks of gestation) showed fewer attempts to escape (i.e. jumping) during the isolation test 

at 1 month of age (Roussel-Huchette et al. 2008). Furthermore, there is evidence in rats 

that adult offspring of protein restricted dams (6% vs 25% casein diet before and 

throughout gestation) display behaviours indicative of reduced fear such as increased 

frequency of exploratory behaviours during an elevated plus-maze test (Almeida et al. 

1996b) and lower latencies to start exploring during an elevated t-maze test (Almeida et al. 

1996a).  
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However, different results have been reported in rats when using an open field test, 

with female adult offspring of dams fed a low protein diet before and throughout gestation 

displaying increased fear levels compared with controls (Trzctnska et al. 1999). Similarly, 

offspring of ewes undernourished from d 1 to 95 of gestation showed increased emotional 

reactivity, evidenced by increased levels of activity during restraint and increased latencies 

to approach a novel stimulus at 18 months of age (Erhard et al. 2004). These conflicting 

results may be due to the different tests used to evaluate emotional reactivity in the 

animals. The context of the test situation may determine the type of behaviours observed, 

since the animals may perform different components of the same behavioural stress 

reaction during different tests (Rodgers 1997).  

These results show that offspring from ewes undernourished around the time of 

conception may reduce the behavioural and physiological response to stress. However, the 

implications of such alterations on animal welfare are unknown and require further 

investigation. 

We found that females had higher cortisol concentrations than males at 4 and 18 

months of age. These findings are similar to previous studies in sheep where females 

exhibit higher plasma cortisol concentrations in response to isolation (Turner et al. 2002) 

and to hormonal challenges such as ACTH injection (van Lier et al. 2003) than males. 

These differences in stimulated plasma cortisol concentrations between males and females 

could be associated with differences in circulating gonadal steroids (van Lier et al. 2003; 

Tilbrook and Clarke 2006).  

Similarly, we found that females vocalised more at 4 and 18 months of age and 

were more active than males at 18 months of age. This is consistent with our previous 

study were we showed that female lambs have a stronger behavioural stress responses than 

males and that this difference is evident as early as 24 h after birth and persists at least up 

to 4 weeks of age (Chapter 4). Furthermore, these differences are not only evident during 

social isolation, but also during tests involving novelty or approaching/avoiding a human, 

where adult female sheep are more active, attempt to escape more often and vocalise more 

than males (Vandenheede and Bouissou 1993; Boissy et al. 2005). These findings highlight 

the importance of studying both sexes separately when assessing the effects of prenatal 

interventions on postnatal physiology and behaviour. 
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We found that at 4 months of age, UN-2+30 males had higher cortisol 

concentrations than UN-2+30 females in response to isolation, whereas males in all other 

nutritional groups had plasma cortisol concentrations similar to or lower than in females. It 

is not clear why HPA activity was only affected in male offspring of ewes undernourished 

for a relatively short period immediately after mating. However, it has been proposed that 

males grow faster in early gestation (Mittwoch 1993; Bukowski et al. 2007) and may 

therefore be more vulnerable than females to the effects of adverse maternal environments 

during early stages of development. Prolonged (90 d) mild undernutrition similar to that 

used in this study can lead to marked suppression of maternal plasma cortisol 

concentrations (Jaquiery et al. 2006), and this may directly affect embryo cortisol exposure 

in early gestation before the development of the placental barrier. Furthermore, we have 

previously shown that a short (10 d) period of severe undernutrition in late gestation sheep 

led to more profound alterations to the HPA axis in the adult offspring than did a more 

prolonged period of undernutrition (Bloomfield et al. 2003a). Therefore, it is possible that 

differing concentrations of maternal glucocorticoids during early stages of embryo 

development, along with differing fetal sex-related growth patterns, may explain our 

observations that the experimental group experiencing the shortest period of undernutrition 

but after conception showed the greatest effects on later HPA axis function only in the 

male offspring. 

At 4 months of age, singleton males attempted to escape (i.e. jumped) more often 

than singleton females whereas twin males made fewer attempts to escape than twin 

females. These findings suggest that sex differences in behavioural stress reactivity 

(Vandenheede and Bouissou 1993; Boissy et al. 2005) may differ between singletons and 

twins. This is consistent with our findings of differences between singletons and twins in 

behavioural stress response to separation from the mother (Chapter 4) and behavioural 

lateralisation patterns (Chapter 5). Furthermore, we have previously shown that postnatal 

growth and HPA axis function also differ in singletons and twins (Bloomfield et al. 2007). 

Therefore, our results suggest that sex differences in stress reactivity may also differ 

between singleton and twins. These results highlight the importance of taking into account 

sex and litter size when evaluating the effects of prenatal undernutrition on postnatal 

behaviour and physiology of the offspring. 
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Social isolation is considered to be one of the most stressful situations in gregarious 

animals such as sheep (Forkman et al. 2007), resulting in several behavioural and 

physiological changes. In sheep, these changes are characterised behaviourally by 

increased vocalisations, attempts to escape, activity and/or immobility (Romeyer and 

Bouissou 1992) and physiologically by activation of the HPA axis resulting in elevated 

plasma cortisol (Parrott et al. 1994). However, the relationship between the behavioural 

reaction and HPA axis activity is not always consistent, with a number of studies failing to 

find an agreement between the behaviour and HPA axis reactivity in response to stress 

(Liebsch et al. 1998). Our data show postnatal changes in HPA axis activity in response to 

isolation that are consistent with the behavioural changes in the offspring of 

undernourished ewes. Furthermore, we have expanded our initial observations that 

maternal PCUN alters fetal HPA axis activity (Bloomfield et al. 2004) and shown that 

maternal PCUN also alters postnatal HPA axis and behavioural reactivity in the offspring.  

In summary, our research group has previously shown that mild maternal 

undernutrition around the time of conception alters prenatal and postnatal physiology and 

metabolism (Bloomfield et al. 2004; Rumball et al. 2008; Todd et al. 2009). In the present 

study, we expand those observations and demonstrate that mild maternal PCUN also 

suppresses offspring‘s pre-puberty stress behavioural reaction and post-puberty cortisol 

secretion in response to isolation stress. We also report sex and litter size differences, 

which should be considered when evaluating effects of prenatal nutrition on postnatal 

behaviour and HPA axis activity in sheep.  
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Chapter 7.  Effects of maternal periconceptional 

undernutrition on offspring behavioural reaction to a 

human approach/avoidance test 

 

7.1. Introduction 

 

Regular animal handling is an inevitable part of farming. Animals with increased 

fear of humans therefore present a major concern for animal welfare. Animals with 

increased fear responses usually respond more strongly to routine handling procedures, 

resulting in difficult handling of the animals and higher risk of injury for themselves and 

the people working with them (Le Neindre et al. 1996). A variety of tests has been used to 

assess emotional reactivity (fearfulness) in animals including social isolation, restraint, 

exposure to a novel arena and approach/avoidance to humans (reviewed by Forkman et al. 

2007). The approach/avoidance arena test has been validated for use in sheep for assessing 

the aversiveness of various stimuli such as humans, sheep, dogs and immobile objects 

(Erhard 2003; Beausoleil et al. 2005). This test involves a rectangular arena with a group 

of companion sheep and a novel stimulus between the gate separating the companion sheep 

and the test area. The sheep tested is presented with a conflict situation between 

approaching the companion sheep and avoiding the novel stimulus (e.g. human).  

Some behavioural components of emotional reactivity in animals are genetically 

determined and highly heritable (Boissy et al. 2005). Sheep that have been selected for 

improved lamb survival also exhibit lower behavioural responses to humans in an arena 

test (Kilgour and Szantar-Coddington 1997). There are also sex and litter size differences 

in the behavioural response to stress. Males usually exhibit lower behavioural responses 

than females to a variety of potentially stressful stimuli such as separation from the mother 

(chapter 4), and social isolation and novel environments after weaning (Boissy et al. 2005) 
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and during adulthood (Vandenheede and Bouissou 1993). Similarly, twin lambs have a 

stronger behavioural response to separation from their mother than singletons (Chapter 4).  

Recent evidence suggests that adverse maternal environments can alter behavioural 

stress reactivity in the offspring. Adverse maternal environments such as undernutrition 

and stress during gestation can modify the behavioural response to stress in the offspring in 

various species including sheep (Erhard et al. 2004; Roussel-Huchette et al. 2008), goats 

(Roussel et al. 2005a) and rats (Almeida et al. 1996b). For example in sheep, maternal 

undernutrition (50% food reduction) during the first two thirds of gestation results in 

offspring with increased behavioural response to restraint and slower approach to a novel 

stimulus at 18 months of age (Erhard 2004). However, it is not known if maternal 

undernutrition restricted to the time around conception can affect the offspring‘s 

fearfulness to humans, which is of most relevance in the farming environment. For these 

reasons, we evaluated the effects of PCUN in sheep on the behavioural response to a 

human in an arena test. We also aimed to determine how any observed effects varied with 

the litter size, age and sex of the offspring. 

 

7.2. Methods 

 

7.2.1 Animals and treatments 

In this study, the approach/avoidance response to a human in an arena test (Chapter 

2.6) was evaluated in offspring from all nutritional treatments at 4 and 18 months of age.  

 

7.2.2 Data analysis 

Time to first approach the human, mean distance from the human and vocalisations 

were evaluated using REML analysis allowing for nutritional treatment, sex, litter size and 

year as fixed effects and ewe (mother) ID as random effect. First order interactions were 

tested for inclusion. Number of defecations and urinations were analysed as Poisson 

variates using a GLM allowing for nutritional group, sex, litter size and year of birth, and 
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adjustment for overdispersion as required. Data were transformed using logarithms for 

time to first approach the human and square root transformation for the number of 

vocalisations to approximate a normal distribution. Data presented are mean ± SEM. 

 

7.3. Results  

 

At 4 months of age, four lambs were excluded from the analysis: three lambs jumped a 

wall and escaped from the arena during the test (singleton male -60+30, two singleton 

female controls) and the test had to be stopped. Similarly, the test had to be stopped for one 

singleton male UN-60+30 at 4 months of age and five rams at 18 months of age (two twin 

control, one singleton control, one singleton UN-60+30 and one singleton UN-60-0) due to 

repeated butting of the person standing in the arena. The total number of animals evaluated 

in each group is given in Table 13.  

 

7.3.1 Time to first approach the human 

At 4 months of age, two lambs (one male twin control and one male singleton UN-

2+30) did not approach the human during the 10 min test and were excluded from the 

analysis. Similarly, at 18 months of age four sheep (one male twin control and its female 

sibling, and one twin and one singleton UN-60+30 females) did not approach the human 

and were also excluded from the analysis. 

At 4 months of age, there was no significant effect of treatment or sex on the time 

to first approach the human. However, singleton lambs tended to approach the human 

faster than twins (71.8 ± 10.0 vs 91.4 ± 17.1 s, p = 0.09). 

At 18 months of age, there was no significant effect of treatment or litter size on the 

time to first approach the human. However, females approached the human faster than 

males (60.4 ± 10.8 vs 100.9 ±17.5 s, p = 0.02). 
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Table 13. Number of animals evaluated in the approach avoidance test at 4 and 18 

months of age. 

  Age (months) 

  4  18 

  Male  Female  Male  Female 

Nutrition 

group 

 Singleton Twin  Singleton Twin  Singleton Twin  Singleton Twin 

Control  5 10  12 16  3 10  4 17 

UN-60+30  7 7  7 12  5 6  7 11 

UN-60-0  11 0  14 0  3 0  3 0 

UN-2+30  10 0  6 0  3 0  1 0 

 

 

7.3.2 Mean distance from human 

At 4 and 18 months of age, there was no significant effect of treatment, sex or litter 

size on the mean distance kept from the human during the arena test (Table 14).  

 

7.3.3 Vocalisations 

At 4 and 18 months of age, there was no significant effect of treatment or litter size 

on the number of vocalisations (Table 14). However, females vocalised more than males at 

both ages (4 months: 83.6 ± 4.0 vs 59.2 ± 4.1 vocalisations and 18 months: 25.4 ± 3.4 vs 

3.8 ± 1.7 vocalisations, both p = 0.0001). 

 

7.3.4 Defecations 

At 4 and 18 months of age, there was no significant effect of treatment or litter size 

on the number of defecations (Table 14). However, at 18 months of age, females tended to 

defecate more than males (2.3 ± 0.3 vs 1.6 ± 0.3 defecations, p = 0.08). 
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7.3.5 Urinations 

At 4 and 18 months of age, there was no significant effect of treatment or litter size 

on the number of urinations (Table 14). However, at 18 months of age, males urinated 

more than females (1.7 ± 0.2 vs 1.0 ± 0.1 urinations, p = 0.02). 
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Table 14. Effects of sex and ewe periconceptional undernutrition on offspring 

approach/avoidance behaviour at 4 and 18 months of age. 

   Age (months) 

   4  18 

Behaviour Nutrition 

group 

 n Male n Female  n Male n Female 

Time to first 

approach 

human (s) 
a,b

 

Control  15 83.6 ± 38.9 28 56.8 ± 16.3  13 93.8 ± 29.8 21 71.3 ± 19.5 

UN-60+30  14 92.1 ± 24.0 19 106.6 ± 25.8  11 132.3 ± 31.0 18 51.6 ± 11.3 

UN-60-0  11 96.8 ± 28.6 14 71.8 ± 21.4  3 45.0 ± 15.0 3 50.0 ± 5.0 

 UN-2+30  10 76.7 ± 19.6 6 47.5 ± 21.0  3 70.0 ± 5.0 1 15 

            

Mean distance 

from human 

(m) 

Control  15 4.1 ± 0.3 28 3.6 ± 0.2  13 4.4 ± 0.4 21 4.7 ± 0.3 

UN-60+30  14 4.3 ± 0.2 19 3.9 ± 0.2  11 4.4 ± 0.3 18 4.4 ± 0.4 

UN-60-0  11 4.1 ± 0.2 14 3.9 ± 0.3  3 5.3 ± 0.9 3 4.0 ± 0.6 

 UN-2+30  10 3.7 ± 0.3 6 4.1 ± 0.5  3 3.4 ± 1.1 1 3.4 

            

Vocalisations 

(n) 
d
 

Control  15 49.7 ± 8.5 28 84.6 ± 6.0  13 5.1 ± 3.2 21 24.1 ± 3.7 

UN-60+30  14 59.1 ± 7.4 19 75.7 ± 8.2  11 3.0 ± 2.6 18 20.8 ± 5.4 

UN-60-0  11 66.7 ± 8.0 14 93.1 ± 8.5  3 1.7 ± 0.9 3 45.3 ± 21.3 

 UN-2+30  10 65.1 ± 9.1 6 81.8 ± 11.7  3 3.7 ± 3.7 1 76.0 

            

Defecations 

(n) 
c
 

Control  15 2.1 ± 0.3 28 1.9 ± 0.3  13 1.8 ± 0.5 21 2.2 ± 0.3 

UN-60+30  14 1.6 ± 0.3 19 1.9 ± 0.4  11 1.5 ± 0.4 18 2.5 ± 0.4 

 UN-60-0  11 1.3 ± 0.4 14 1.1 ± 0.3  3 1.0 ± 0.6 3 2.7 ± 1.3 

 UN-2+30  10 1.6 ± 0.3 6 2.5 ± 1.0  3 2.0 ± 0.6 1 0 

            

Urinations (n) 
b
 

Control  15 1.7 ± 0.4 28 1.2 ± 0.2  13 1.9 ± 0.3 21 1.0 ± 0.2 

UN-60+30  14 1.3 ± 0.3 19 1.5 ± 0.2  11 1.4 ± 0.4 18 0.9 ± 0.2 

 UN-60-0  11 1.7 ± 0.4 14 0.9 ± 0.2  3 1.7 ± 0.9 3 1.3 ± 0.3 

 UN-2+30  10 1.7 ± 0.2 6 1.7 ± 0.4  3 2.0 ± 0.6 1 2 

Data are mean ± SEM 
a
 p = 0.09 for litter size effect at 4 months of age 

b 
p = 0.02 and 

c
 p = 0.08 for sex effect at 18 months of age 

d 
p = 0.0001 for sex effect at 4 and 18 months of age 
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7.4. Discussion 

 

We evaluated the effects of maternal PCUN, sex and litter size on the offspring 

approach/avoidance response to a human in an arena test at 4 and 18 months of age. 

Maternal PCUN did not affect the offspring‘s behavioural reaction in response to a human 

in an arena test. However, we found that behavioural responses at both ages differed 

between males and females. The absence of an effect of maternal PCUN on the fear to 

humans was unexpected, given our previous findings that offspring from all 

undernourished groups jumped less than controls and offspring from UN-60+30 ewes had 

lower cortisol concentrations in response to isolation (Chapter 6). We therefore expected 

that the PCUN groups, which appeared to have lower stress responses to isolation, may 

have lower latency to approach the human and lower behavioural reactivity in this 

approach/avoidance test.  

We found that sheep in our study approached the human within 1.5 min of entering 

the arena, which is much faster than the time reported in a previous study where sheep 

selected for low and high behavioural reactivity approach the human within 4.5 min and 9 

min after entering the arena, respectively (Beausoleil et al. 2008). This suggest that the 

approach/avoidance test did not provide a very sensitive test of emotional reactivity in our 

animals because they had become very accustomed to close human contact and to regular 

handling from a young age. In addition, the animals were brought indoors to individual 

pens for 2 weeks for the tests at 4 and 18 months. This meant that food was provided 

during this period by humans, which could have acted as a positive reinforcement for the 

human presence (Boivin et al. 2000). Even without this reinforcement, human presence 

may not have been an aversive stimulus. It has been shown that sheep show slightly more 

aversion to a human than to a goat in an arena test and show the greatest aversion to a dog 

(Beausoleil et al. 2005). Therefore, in our experiment it is likely that the combination of 

the relatively low aversiveness of the human, together with the possible association of 

humans with food, could have affected our results by reducing its aversiveness of the 

human during the test.  

It is also possible that the approach/avoidance arena test did not provide a very 

sensitive test of stress response in these animals because, rather than being an aversive 
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stimulus, the human may have actually been perceived by the sheep as a companion in the 

unfamiliar surroundings. It has been suggested that the behavioural response in an arena 

test is essentially that of the response to social isolation (Forkman et al. 2007), which is a 

common feature in many tests of fearfulness in sheep (Vierin and Bouissou 2003).  

However, if in our animals that were very accustomed to human contact, the human was 

perceived not as an aversive stimulus but as a companion, then this may explain the 

differences between our findings in this test and those from the isolation test (Chapter 6). 

In fact, we had to modify the test and prevent direct sight of the companion animals from 

the test area because in a pilot study, the test animals approached the companion sheep 

immediately, suggesting there was almost no aversion to the human in the arena. It is 

possible, therefore, that the approach/avoidance test in this circumstance may not have 

assessed neither a response to a substantial conflict, nor a response to isolation, but rather 

may have assessed exploration of a novel environment.  

There is evidence to suggest that exposure to adverse prenatal environments can 

alter explorative behaviour. For example, pre and postnatal exposure to sewage pollutants 

increases exploratory behaviour in an arena test in young sheep (Erhard and Rhind 2004). 

In rats, there are conflicting data about the effects of prenatal insults on exploratory 

behaviour. For example, offspring from dams fed a low protein diet during gestation had 

increased exploratory behaviour in an elevated plus maze at 70 d of age (Almeida et al. 

1996b). In contrast, another study found that female offspring display reduced exploration 

during an arena test (Trzctnska et al. 1999).  

We found that females vocalised more than males at both ages and at 18 months of 

age approached the human faster and tended to defecate more. These results are consistent 

with our previous studies in which females displayed behaviours indicative of increased 

emotional reactivity soon after birth (Chapter 4) with differences persisting into adulthood 

(Chapter 6). Our results are consistent with previous studies reporting that females display 

more exploratory behaviour than males (Erhard and Rhind 2004), spend more time close to 

a human, and display higher fear responses during an arena test (Vierin and Bouissou 

2003). Our findings may be interpreted as females having increased emotional reactivity to 

a novel environment, as suggested by increased vocalisations and defecations, and also 

increased need for social contact, as suggested by the short latency to approach the human, 
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assuming that the human might have been perceived as a companion rather than an 

aversive stimuli (Price and Thos 1980).  

However, at 18 months of age males urinated more than females. This was 

inconsistent with all our other findings, and we are not aware of any other reports of 

greater behavioural responses to arena tests in males. The reasons for this unexpected 

finding are not clear. 

We found no differences between singletons and twins in behavioural responses to 

the arena test. This was unexpected, since other tests in this cohort of animals have shown 

differences in behavioural responses to isolation (Chapter 6) and to social separation 

(Chapter 4). However, the limited sensitivity of the arena test for our animals, as discussed 

above, may have contributed to our findings. In future studies, a more aversive stimulus 

may be better suited for detecting subtle effects of litter size on the behaviours of interest. 

In summary, we have previously shown that maternal PCUN results in multiple 

postnatal alterations in the behaviour (Chapters 1, 5 and 6) and physiology (Chapter 6) of 

the offspring. However, such an early nutritional insult does not appear to have any effects 

on the offspring‘s behavioural reaction in response to a human in an arena test at 4 and 18 

months of age. Nevertheless, there were significant sex differences on the behavioural 

reaction to a human, which should be considered in future studies of the effects of adverse 

prenatal environments on postnatal behaviour. 
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Chapter 8. General discussion 

 

The aim of the work described in this thesis was to evaluate the effects of maternal 

PCUN on three main aspects of offspring postnatal behavioural development: 

establishment and maintenance of a selective ewe-lamb bond; cognitive function (i.e. 

learning ability and behavioural laterality); and behavioural and physiological reaction to 

stress. 

 The study of ewe nutrition around the periconceptional period is of interest 

because in sheep production on pasture the animals are often exposed to periods of low 

nutrient availability that coincide with the post weaning period, when ewes may have low 

nutrient reserves. Previous studies have focused on the effects of maternal undernutrition 

during various periods of gestation on offspring outcomes. These studies showed that 

offspring from ewes undernourished during gestation have reduced birth weight and 

slower neonatal behavioural development (Dwyer et al. 2003), impaired cognitive abilities 

and increased behavioural (Erhard et al. 2004) and HPA axis (Hawkins et al. 2000a) 

reactivity during adult life. More recently, our research group has shown that maternal 

undernutrition restricted to the time around conception can alter fetal physiology and 

metabolism regardless of the nutritional status of the ewes during the remainder of 

gestation. Maternal undernutrition restricted to the time around conception alters growth 

(Harding 1997), physiology and metabolism (Oliver et al. 2001; Oliver et al. 2005), and 

HPA axis maturation (Bloomfield et al. 2004) in the fetus, with some of these alterations 

persisting into adulthood (Todd et al. 2009). However, the effects of such an early 

nutritional challenge on early behavioural development and its potential long-term 

consequences for offspring cognitive processes and stress reactivity are unknown. 

Understanding potential effects on offspring development is important as these behavioural 

components have important implications for sheep production and the welfare of the 

animals. 
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Furthermore, we chose to evaluate cognitive function (Chapter 5) and stress 

reactivity (Chapters 6 and 7) in offspring before and after puberty as there is evidence that 

some effects of prenatal challenge appear to be age dependent, with some changes being 

evident only during adulthood (Sloboda et al. 2002; Todd et al. 2009).  

 

8.1. Effects of periconceptional undernutrition on the ewe-lamb bond 

 

The first two studies (Chapters 3 and 4) of this thesis evaluated a) the establishment 

and b) the maintenance of a selective ewe-lamb bond. These two components of the ewe-

lamb bond were chosen as both have important implications for lamb survival. There is 

evidence that maternal undernutrition during gestation can alter ewe and lamb bonding 

behaviours at birth (Dwyer et al. 2003). However, the effects of an early nutritional 

challenge, such as maternal PCUN, on the establishment and maintenance of a selective 

ewe-lamb bond are unknown. The time around lambing is the only period during which, 

under natural conditions, ewes are receptive and attracted to newborn lambs (Arnold and 

Morgan 1975) and a selective ewe-lamb bond can be established (Alexander et al. 1986). 

The establishment of such bond requires the expression of appropriate behaviours from 

both ewe and lamb (Dwyer et al. 1999). Once the period of receptiveness is finished, ewes 

will selectively nourish their own lambs only and will actively reject alien lambs (Shillito 

and Alexander 1975). A variety of factors such as breed, previous maternal experience, 

litter size and nutrition can affect the correct expression of ewe-lamb bonding behaviours 

and potentially impair the formation of an exclusive bond. The absence of a selective ewe-

lamb bond is characterised by a reduced ability to recognise each other and lower 

preference for each other (Nowak 1990b; Nowak et al. 1997b). For these reasons, we 

evaluated the expression of appropriate ewe-lamb bonding behaviours immediately after 

lambing, and the existence of a selective bond, evaluated as the preference for each other 

over an alien ewe/lamb, at 24 h, 1 and 4 weeks of age. 

 In the first study (Chapter 3), we evaluated behaviours from ewe and lamb that are 

important for the establishment of the ewe-lamb bond. Such behaviours include: a) 

maternal care, evaluated as the number of low pitch vocalisations and time that the ewes 
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spent grooming the lamb and b) lamb behavioural development, evaluated as times to first 

stand and suckle, frequency of suckles, time standing and vocalisations. We chose to 

evaluate these behaviours immediately after lambing because timely expression of these 

behaviours is critical for the establishment of a selective bond and for survival of the lamb.  

In the second study (Chapter 4), we confirmed the persistence of a selective bond 

between ewes and lambs using a two-choice test in a triangular arena. We chose this test as 

it is a widely accepted method used to evaluate aspects of the ewe-lamb bond such as the 

response to separation from each other and the preference for each other over an alien 

ewe/lamb (Nowak et al. 1987; Nowak 1990b; Terrazas et al. 2002). Previous studies using 

a two-choice test in a T-maze found that the procedure in that type of arena were not 

suitable to evaluate ewe recognition by the lambs (Lindsay and Fletcher 1968).  

We found that maternal PCUN increased suckling behaviour and reduced the time 

to first suckle in males during the first 2 h after birth. However, these alterations in 

neonatal behavioural development at birth did not affect the establishment of a selective 

bond between ewes and lambs, as evidenced by the lack of effects of PCUN on the 

selective preference for each other over an alien ewe/lamb at 24 h, 1 and 4 weeks of age. 

Others have reported that lambs that are faster to suckle and suckle more often have 

reduced mortality rates (Dwyer et al. 2001) and establish a stronger ewe-lamb bond 

(Nowak et al. 1997b). However in our study, the ewes were kept with their lambs in 

individual cages which may have facilitated the formation of an ewe-lamb bond (Putu et 

al. 1988). Therefore, it is possible that any alterations caused by PCUN were compensated 

by the long period of close contact that the ewes and lambs had in our study. In 

conventional sheep farms, the ewes are usually kept in groups where parturient ewes 

would try to seek solitude for a couple of hours before and after lambing to bond with their 

lamb and later return and reunite with the flock (Dwyer and Lawrence 2005). In this 

scenario, interference by other ewes at the time of lambing is more likely to occur, as it is 

known that peri-parturient ewes are attracted to amniotic fluids (Levy et al. 1983). It is 

therefore possible that in a conventional sheep farm the effects of PCUN on neonatal 

behavioural development could have more persistent effects on the ewe-lamb bond at older 

ages, with potential implications for lamb survival.  
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One limitation with these studies is the fact that the animals were in confinement 

and in an artificial setting, with no direct interaction with other animals, during the 

observations at lambing and during the testing period at 24 h, 1 and 4 weeks of age. It is 

possible that any effects of periconceptional undernutrition on the ewe-lamb bonding 

behaviours at birth may have been more evident under a more natural setting/environment 

where space availability is greater, ewes can move away from the birth site, and 

interactions with other peri-parturient ewes are common. For example, lamb abandonment 

and interference by other ewes at lambing are problems often encountered in sheep kept at 

pasture and that increase lamb mortality rates (Alexander et al. 1983b; Alexander et al. 

1990). Therefore, subtle alterations on the ewe-lamb bond and neonatal behavioural 

development could have a greater impact on the incidence of lamb abandonment and lamb 

mortality in sheep kept at pasture. In our study, the animals were kept in individual pens 

that allowed close contact with the lamb and eliminated interference by other ewes during 

the bonding period. Furthermore, we tested the preference for each other over an alien ewe 

in an arena test. This created an artificial and stressful situation for the animals, which 

could have confounded our results. Future studies should take this into account and 

consider alternative methodologies to assess ewe-lamb bonding such as measurements of 

the distance kept from each other at pasture and close spatial associations over time (Hinch 

et al. 1987). 

 

8.2. Effects of periconceptional undernutrition on cognitive abilities 

 

The third study (Chapter 5) focused on two main aspects of the offspring‘s 

cognitive function: a) cognitive flexibility on a reversal learning task, and b) behavioural 

laterality evaluated as the side preference in a two-choice test. Previous studies have 

shown that undernutrition during gestation impairs cognitive abilities in the offspring in 

rats (Breier et al. 2005; Landon et al. 2007) and sheep (Erhard et al. 2004). We chose to 

evaluate cognitive flexibility as it has been suggested that long-term effects of early 

undernutrition are more likely to be evident during tests evaluating reversal learning 

(Strupp and Levitsky 1995). Recent studies in sheep have confirmed this and showed that 

maternal undernutrition during gestation impairs reversal learning in the adult offspring 
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(Erhard et al. 2004). We chose to evaluate behavioural laterality in the offspring as new 

evidence suggests that adverse prenatal environments can affect laterality (Glover et al. 

2004), which is thought to be associated with brain asymmetry (Beaton 1997). Therefore, 

studying the effects of maternal PCUN on reversal learning and laterality in the offspring 

could give us a good understanding of the type of alterations, if any, of cognitive function 

after such an early nutritional challenge. We designed a new shape of maze and modified a 

testing procedure previously described to evaluate reversal learning and laterality in sheep 

(Erhard et al. 2004). These modifications were necessary as a previous study reported 

problems with a large number of animals not completing the test and showing increased 

behavioural stress responses during the test procedure (Erhard et al. 2004).  

We found that maternal PCUN did not affect learning ability in the offspring. 

However, maternal PCUN altered behavioural laterality in pre-pubertal offspring. A 

previous study showed that maternal PCUN followed by undernutrition in late gestation 

impaired fetal brain growth (Harding 1997). Thus, it is possible that fetal brain 

development is impaired after maternal PCUN, but only subtle alterations in cognitive 

function are observed postnatally after such an early nutritional challenge. These 

observations are consistent with those in other situations, such as preterm birth, where mild 

very early insults can be associated with altered laterality even in the absence of 

measurable cognitive deficit (O'Callaghan et al. 1993). 

One limitation of this study is the fact that our sheep were very habituated to living 

in individual pens and to frequent handling. These, together with the novel maze design 

and modified test procedures, both intended to reducing stress responses, made it less 

likely that the animals experienced high levels of stress during the test. Generally, this is a 

desirable characteristic in tests of cognitive abilities because high levels of circulating 

glucocorticoids are associated with impaired cognitive abilities in humans (Lupien et al. 

1999) and animals (Mendl 1999). However, there is evidence to suggest that the effects of 

adverse prenatal environments on cognitive function become evident only under the 

influence of high levels of circulating glucocorticoids (Entringer et al. 2009a). Therefore, 

it is possible that using animals less habituated to handling and confinement, and thus 

more likely to show increased stress responses to the maze and procedures, could have 

make it easier to detect subtle differences in cognitive abilities amongst nutritional 

treatments.  
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8.3. Effects of periconceptional undernutrition on stress reactivity 

 

The fourth and fifth studies (Chapters 6 and 7) focused on two different aspects of 

the offspring‘s stress reactivity: a) response to social isolation and b) an 

approach/avoidance to a human. These two components of stress reactivity were chosen 

because previous studies showed that maternal PCUN altered maturation of the fetal HPA 

axis (Bloomfield et al. 2004) but the implications for postnatal stress reactivity and 

responses to a psychological challenge were not known. Social isolation was chosen 

because this is one of the most stressful situations for sheep and it was therefore expected 

to induce a strong behavioural and physiological stress reaction in the animals. The test of 

approach/avoidance behaviour to a human was chosen since fear of humans is an 

important component of the fear response in sheep. Isolation and fear of humans are both 

directly relevant to sheep handling and farming and therefore have implications for animal 

welfare. 

We found that maternal PCUN altered behaviour and plasma cortisol 

concentrations in response to acute stress, but without altering the behavioural indicators 

of fear of humans. This could be due to the different nature and degree of stress imposed 

by each test. Social isolation is known to elicit a strong behavioural and physiological 

reaction in all gregarious species including sheep (Romeyer and Bouissou 1992). The 

approach/avoidance to a human test may have been perceived as a less aversive situation 

than isolation and therefore be less likely to reveal any differences in fearfulness amongst 

nutritional groups. One factor contributing to this is likely to be that the animals used in 

our studies were handled on a regular basis for an extended period of time starting from a 

very early age. This could have contributed to the apparent lack of fear to humans 

observed in the approach/avoidance test as there is evidence that sheep handled on a 

regular basis have a shorter flight distance from humans (Hargreaves and Hutson 1990b).  

Our results suggest that feeding strategies that limit maternal nutrition around the 

time of mating in sheep farms may decrease stress reactivity in the offspring; an outcome 

that may have positive implications for animal welfare, since reduced stress responses are 

desirable traits for sheep production and animal welfare (Swanson 1995; Jensen et al. 

2008). Thus, although previous studies have shown that maternal PCUN has a number of 
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effects on offspring development that may be disadvantageous in sheep production 

systems, this may not necessarily apply to the effects on stress reactivity. 

 

There are some limitations common to all the studies reported in this thesis. For 

example, we could not exclude the contribution of individual housing as a further stressor 

during the period of maternal undernutrition. This was necessary in order to control food 

intake individually to achieve and maintain a 10-15% body weight reduction during the 

period of undernutrition. However, we expected the effects of individual housing to be 

minimal. Individual housing can alter the physiology and behaviour in sheep mainly 

because it restricts space availability and social contact/interaction. For example, sheep 

kept in individual metabolism stalls often have restricted movement in which animals can 

not perform normal behaviours such as turning around, fully extending the legs while lying 

in lateral recumbency, and have limited side to side movement of the head, which leads to 

behavioural and physiological alterations (Bowers et al. 1993). In our study, the animals 

had enough space to perform a wide range of behaviours, could move freely, turn around 

and achieve full extension of the legs during lateral recumbency, which was expected to 

reduce the effects of space restriction. Individual housing also leads to restricted social 

contact/interaction and there is evidence that the absence of visual and tactile contacts with 

conspecifics are the main factors influencing the stress response to social isolation (Mears 

and Brown 1997). Furthermore, individual housing systems that allow auditory, visual and 

tactile contact with conspecifics do not have a negative impact on behaviour and body 

weight gain in lambs (Villeneuve et al. 2009). In addition, projecting photos of faces of 

familiar sheep to socially isolated sheep is enough to reduce the behavioural and 

physiological stress responses (Costa et al. 2004). In our study, animals had visual and 

olfactory contact through the mesh walls and could have restricted physical contact with 

sheep in adjacent pens (i.e. nose contact through the mesh walls and through the water 

trough access) and this type of sensory interaction was expected to minimise the impact of 

individual housing. 

Another possible limitation of the studies presented in this thesis is the fact that not 

all animals were tested and re-tested at all ages and in all behavioural test. This was due to 

the logistics of the experiments, given that animals were born over three consecutive years 
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and were studied from lambing and until 18 months of age in five different experiments. 

Although we aimed to evaluate all animals at all ages and in all tests, this was not always 

possible due to limited personnel to complete all tests when these overlapped in timing, 

sick or dead animals and equipment failure.  Furthermore, the number of animals evaluated 

at the different ages is different because at the beginning of these studies some animals 

were already older than required for the tests up to 4 months of age and some animals had 

not reached 18 months of age by the time this thesis was completed. We cannot exclude a 

possible contribution of re-testing of some but not all animals to the results reported here. 

However, any effects of re-testing animals is likely to be small, given the small difference 

between nutritional groups in number of animals being re-tested, and the fact that this was 

not biased towards any particular treatment group.  

 

Two behavioural aspects that were not evaluated in this thesis, but that are of great 

interest, are feeding motivation and the implications of altered behavioural laterality for 

animal welfare. There is evidence to suggest that feeding motivation is higher in offspring 

from undernourished mothers. For example, offspring from rats undernourished 

throughout gestation (30% of an ad libitum diet) eat significantly more than offspring from 

rats fed ad libitum throughout gestation, and this difference is evident from an early age 

and persist into adulthood (from 22 to 125 d of age) (Vickers et al. 2000). However, the 

effects of maternal undernutrition restricted to the time around mating on feeding 

motivation in the offspring are not known.  

In Chapter 5, we report alterations in behavioural laterality in PCUN offspring, 

which suggests that brain hemisphere dominance may be altered in the PCUN offspring. 

Behavioural lateralisation is often associated with brain hemisphere dominance (i.e. 

dominant hemisphere is contralateral to the behavioural side bias), which could have 

potential implications for animals welfare (Rogers 2010). For example, animals 

predominantly react to aversive stimuli on the left visual (Robins and Phillips 2009) and 

auditory (Siniscalchi et al. 2008) hemi-field, and this has been interpreted as right brain-

hemisphere dominance for processing aversive stimuli. It could be argued that animals 

with a stronger lateralisation might display stronger positive or negative emotional states 

than animals with a weak or no lateralisation. However, the implications of altered 
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behavioural laterality, such as the one observed after maternal PCUN (Chapter 5), on 

positive and negative emotional states in sheep are not known and warrant further study.  

 

 

8.4. Conclusion 

 

These studies demonstrate that maternal nutritional status around the time of 

conception alters neonatal behavioural and physiological development and cognitive 

function in the offspring. The effects of relatively mild maternal PCUN, such as used in 

this study, are subtle and change with postnatal age, but are detectable with appropriate 

and careful testing. For example, there were effects on ewe-lamb bonding behaviours at 

birth but no long-term effects on later ewe-lamb bond; effects on laterality in pre-pubertal 

offspring but not on reversal task learning; and suppression of pre-puberty behavioural and 

post-puberty physiological response to isolation but not of fear responses to humans. 

Importantly, these effects are independent of birth weight, supporting previous arguments 

that adverse intrauterine environment can have long-lasting effects on postnatal behaviour 

and physiology without necessarily affecting size at birth. Furthermore, there are important 

interactions between effects of maternal nutrition and offspring sex and litter size that have 

not previously been adequately described. Our studies suggest that nutrition of the ewe 

around the time of conception may have important implications for animal production and 

welfare of the offspring. 
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Chapter 9. Appendices 

 

9.1. Appendix 1. Publications arising from this thesis 

 

9.1.1 Scientific meeting abstracts 

Hernandez, C. E., M. H. Oliver, F. H. Bloomfield, S. Held, J. E. Harding and L. R. 

Matthews (2007). Periconceptional undernutrition in sheep increases aversion to humans 

and modifies laterality in the offspring. 41st International Congress of the International 

Society for Applied Ethology, Merida, Mexico, ISAE 2007. 

Hernandez, C. E., M. H. Oliver, F. H. Bloomfield, L. R. Matthews and J. E. 

Harding (2008). Effects of sex, twinning and periconceptional ewe nutrition on lamb 

behavioural reactions to separation from the ewe. 42nd International Congress of the 

International Society for Applied Ethology, University College Dublin, Ireland, 

Wageningen Academic Publishers. 

Hernandez, C. E., L. R. Matthews, M. H. Oliver, F. H. Bloomfield and J. E. 

Harding (2009). Effects of sex and periconceptional ewe nutrition on offspring behavioural 

and physiological response to isolation 43rd Congress of the International Society for 

Applied Ethology, Cairns, Queensland, Australia, Organising Committee of the 43rd ISAE 

congress. 

 

9.1.2 Journal publications 

Hernandez, C. E., J. E. Harding, M. H. Oliver, F. H. Bloomfield, S. D. E. Held and 

L. R. Matthews (2009). "Effects of litter size, sex and periconceptional ewe nutrition on 

side preference and cognitive flexibility in the offspring." Behav Brain Res 204(1): 82-87. 
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Hernandez, C. E., L. R. Matthews, M. H. Oliver, F. H. Bloomfield and J. E. 

Harding (2009). "Effects of sex, litter size and periconceptional ewe nutrition on the ewe-

lamb bond." Appl Anim Behav Sci 120(1-2): 76-83. 

Hernandez, C. E., L. R. Matthews, M. H. Oliver, F. H. Bloomfield and J. E. 

Harding (2010). "Effects of sex, litter size and periconceptional ewe nutrition on offspring 

behavioural and physiological response to isolation." Physiol Behav. In Press. doi: 

10.1016/j.physbeh.2010.08.020. 
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