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ABSTRACT 22 

Nutrition is of fundamental importance in reproductive function of female beef cattle. 23 

Nutrition determines live weight (LW) and body condition score (BCs) and both were 24 

found more than 50 years ago to underpin fertility in pubertal heifers and postpartum 25 

cows. In heifers, LW at weaning and average daily gain (ADG) after weaning 26 

determines age and LW at puberty, and subsequent lifetime fertility. In cows, BCS at 27 

parturition is the most important factor that determines the period to re-conception 28 

postpartum. Nutrition establishes systemic metabolic homeostasis. Metabolic hormones 29 

such as leptin, IGF1 and Ghrelin act as signaling factors that regulate activity of GnRH 30 

neurons in the hypothalamus. The release of GnRH and function of the reproductive 31 
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endocrine system is determined by the balance of positive signals (IGF1, leptin) and 32 

negative signals (Ghrelin) at GnRH neurons. Metabolic factors also directly influence 33 

ovarian follicles, oocytes and embryos. Saturated fatty acids (FAs) are detrimental to 34 

oocytes and embryos whilst unsaturated FAs may be beneficial. The ratio of FAs 35 

(saturated, monounsaturated, polyunsaturated) is likely the key to optimal reproductive 36 

function. Nutrition controls the levels of metabolic hormones (leptin, IGF1, Ghrelin) 37 

and metabolic factors (FAs) and both have major roles in reproduction in female beef 38 

cattle. 39 

 40 

1. Introduction 41 

Wiltbank and colleagues were the first to report that reproductive function in female 42 

beef cattle is strongly influenced by nutrition [1]. Mature Hereford cows fed a high 43 

energy diet before and after calving had a substantially greater re-conception rate than 44 

cows fed a low energy diet [1]. Whitman [2] conducted a separate analysis using the 45 

same data which showed the body condition of cows at calving was the key 46 

determinant of postpartum re-conception, rather than changes in live weight (LW) 47 

before and/or after calving. These landmark studies stimulated global research on the 48 

interrelationships between nutrition, metabolic condition, and re-conception in the 49 

postpartum cow. 50 

Young heifers are highly important for continued genetic improvement in beef 51 

production systems. Proper nutritional management of heifers early in life is critical for 52 

age at puberty and lifetime reproductive performance [3-6]. Indicators of future fertility 53 

are LW at weaning and average daily gain (ADG) after weaning [7-9]. Optimal timing 54 

of puberty in beef heifers requires an ADG of 0.6 to 0.7 kg/day [7]. 55 
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In heifers [10,11] and cows [12,13] nutrition determines systemic metabolic 56 

homeostasis and it also regulates the ratio of adipose tissue and muscle. Metabolic 57 

hormones from adipose (leptin), liver (IGF1) and gut (Ghrelin) are now recognized as 58 

major regulators of reproductive function in females [10,14-16]. 59 

The present paper brings together studies on nutrition, body condition, metabolic 60 

status, and reproduction in heifers and cows. There has been a progressive increase in 61 

understanding of how nutrition establishes the balance of metabolic hormones which 62 

act at the brain to exert control of the reproductive endocrine system [17]. Nutrition 63 

also influences the amounts of metabolic substrates that act directly at ovarian follicles, 64 

oocytes and embryos. The paper cites early studies which have remained fundamental 65 

and stimulated research that has produced major advances in the nutritional 66 

management of female beef cattle for fertility. Many of the references are highly cited 67 

in the literature and have been brought together for the first time in the present paper. 68 

 69 

2. Young heifer 70 

Reproductive organs are the last major organs to develop and therefore can be 71 

influenced by nutrition and LW early in life [18]. Nelore (Bos indicus) heifers that 72 

reached puberty had a higher reproductive tract score (RTS) compared with heifers that 73 

had not reached puberty [9,19]. Other studies in beef heifers reported that RTS at first 74 

mating was associated with a higher pregnancy rate, greater calf weaning weight, and 75 

higher re-conception at the second mating [20,21]. In one study, a combination of RTS 76 

and pelvic area provided a better prediction of fertility than RTS alone [22]. 77 

The nutritional management of Bos taurus beef heifers to attain puberty, conceive, 78 

and achieve first calving at around 2 years is highly important as it optimizes lifetime 79 

reproductive performance [6,23]. As already noted, LW at weaning, and ADG after 80 
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weaning, are strongly related to age and LW at puberty [7,8]. Bos indicus (Brahman) 81 

heifers on improved pastures achieved puberty at an earlier age than heifers on standard 82 

pastures [11]. Similarly, Nelore (Bos indicus) heifers that received a feedlot diet after 83 

weaning reached puberty earlier than the breed average [24]. Improved nutrition after 84 

weaning reduced age at puberty in Nelore heifers genetically selected for delayed 85 

puberty; however, puberty still occurred later than in heifers genetically selected for 86 

early puberty [25]. Nutrition and LW gain in young heifers is related to the deposition 87 

of adipose tissue and BCS [19]. Heifers with improved feed conversion efficiency tend 88 

to be relatively lean and reach puberty later than the breed average [26]. This presents a 89 

potential dilemma in the genetic selection and breeding of efficient cattle for improved 90 

sustainability, but without compromising fertility (see Section 4). 91 

 92 

3. Postpartum cow 93 

The resumption of fertile ovarian cycles after calving is critically important in order 94 

for cows to re-conceive and calve annually. Ovarian follicular growth and ovulation 95 

during postpartum rely on the re-establishment of normal patterns of gonadotrophin 96 

secretion [27]. The secretion of LH is low immediately after calving and a progressive 97 

increase in LH pulse frequency and amplitude leads to the first ovulation postpartum 98 

[28,29]. Suckling delays the return of LH secretion necessary for ovulation [30,31]. 99 

Suckling does not influence the LH response to exogenous GnRH indicating that 100 

suckling-induced suppression of LH acts at the brain [32]. Removal of the suckling 101 

stimulus by early weaning can be used to induce resumption of cyclic ovarian activity 102 

in postpartum beef cows [33,34]. 103 

Many studies have looked at the relationship of nutrition and body condition score 104 

(BCS) to reproduction postpartum in beef cows. This followed early recognition of the 105 
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importance of nutrition [35]. It can be concluded from these studies that BCS at calving 106 

is arguably the single most important factor linked to the timely resumption of fertile 107 

ovulations postpartum [36-39]. Morrison and coworkers [40] reported that changes in 108 

LW and BCS in the last trimester of pregnancy were of lesser importance than actual 109 

BCS at calving in determining re-conception postpartum in beef cows. Cows with 110 

moderate to good BCS at calving can undergo a decline in BCS when suckling 111 

postpartum, yet have a higher re-conception rate than cows with poor BCS at calving 112 

[41,42]. In fact, cows with poor BCS at calving were reported to lose less body 113 

condition postpartum but still had lower fertility [41,42] (Figure 1). Cows with 114 

relatively good BCS at calving tend to wean heavier and healthier calves and this has 115 

important implications for young heifers destined to become breeders [43]. The BCS of 116 

cows provides a good index of subcutaneous fat and metabolic condition [44]. 117 

 118 

[INSERT FIGURE 1] 119 

 120 

4. Feed efficiency and reproduction 121 

Research on feed utilization efficiency in beef cattle was pioneered by Paul Arthur 122 

and Robert Herd [45-51]. The efficiency of feed utilization is of fundamental 123 

importance in the selection and breeding of cattle that require less input, and therefore 124 

less cost, per unit of production output [49]. Feed utilization efficiency in young cattle 125 

is a measure of the difference between actual feed intake and the expected intake based 126 

on metabolic body weight and growth [52]. This is expressed as net feed intake (NFI) 127 

or residual feed intake (RFI) [53]. Differences in RFI among cattle are thought to be 128 

due to differences in appetite, digestion, metabolism, thermoregulation and general 129 

activity [54-56]. 130 
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After 1.5 generations of selection for RFI Angus cows with relatively low RFI 131 

(good feed efficiency) tended to have less rib fat than cows with high RFI [53]. 132 

Similarly, Angus heifers divergently selected for low RFI for 3 generations had 133 

approximately 50% less fat at the rump and ribs [56] (see also [26]). Given that adipose 134 

mass determines blood concentrations of leptin which has a positive action at GnRH 135 

neurons (Section 5), cows and heifers with a low RFI (more efficient) would be 136 

predicted to have reduced reproductive performance. Indeed, Angus, Angus crossbred, 137 

and Hereford heifers with a relatively high RFI (less efficient) showed earlier puberty 138 

than contemporary heifers with a low RFI [57] (see also [26]). A similar finding was 139 

reported for Angus-Hereford and Charolais-Maine Anjou heifers [57]. Cows of the 140 

latter genotypes with low RFI conceived and calved later than cows with a high RFI 141 

[59]. In contrast to these findings of a negative relationship between feed efficiency and 142 

fertility in heifers and cows, Arthur and coworkers [53] did not find a relationship 143 

between RFI and reproductive performance in Angus cows. Blair and coworkers [60] 144 

also did not find a relationship between RFI and fertility in Angus heifers sired by 145 

either low RFI or high RFI bulls. Notwithstanding the latter studies, it is biologically 146 

sound to hypothesize that female cattle with high feed utilization efficiency (low RFI), 147 

associated with reduced adipose tissue and reduced leptin in blood [61-64], would have 148 

lower fertility. Fertility and calving rate are main drivers of profit in beef enterprises 149 

and these traits are in potential conflict with the selection of cattle for feed utilization 150 

efficiency. There is an urgent need for research on how improvements in feed 151 

utilization efficiency can be achieved without compromising fertility in breeder cattle. 152 

 153 

  154 
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5. Metabolic hormones and reproduction 155 

The central role of the liver in modulating reproductive function in females through 156 

secretion of IGF1 is arguably the best understood relationship between a metabolic 157 

organ and reproduction. Ovarian follicles have an absolute reliance on blood derived 158 

IGF1 to complete growth and maturation before ovulation [65-67]. At cells, IGF1 binds 159 

to IGF1 receptors (IGF1R) and IGF1R haplotypes are associated with age at puberty in 160 

Brahman heifers [68]. Brahman heifers [13] and postpartum Droughtmaster cows [14] 161 

on improved subtropical pastures had elevated blood IGF1 which was associated with 162 

earlier age at puberty and shorter postpartum anestrus, respectively. Elevated IGF1 163 

early in life was related to earlier onset of puberty in Parda de Montaña and Pirenaica 164 

beef heifers [69,70]. Relationships between disorders of the liver and ovarian function 165 

have been extensively studied in dairy cows. In the ‘fat cow syndrome’ [71] fat 166 

accumulates in hepatocytes and disrupts normal liver function. This leads to reduced 167 

secretion of IGF1 and a lack of normal ovarian follicular activity [72]. Cows in positive 168 

energy balance have greater blood concentrations of IGF1 compared with cows in 169 

negative energy balance that have reduced IGF1 [73-75]. Negative energy balance and 170 

reduced IGF1 is associated with reduced fertility [73-75]. 171 

Adipose is an important endocrine tissue that impacts reproduction primarily 172 

through leptin [76,77]. Arguably the most important role of leptin in beef cattle is 173 

control of the onset of puberty [78]. Leptin acts through the receptor GPR54 which is 174 

present on kisspeptin (KISS1) neurons in the hypothalamus [79,80]. Kisspeptin binds to 175 

GnRH neurons and stimulates GnRH release [81] (Figure 2). As prepubertal heifers 176 

grow and mature they deposit adipose which leads to increasing concentrations of 177 

leptin in blood. Leptin then reaches a threshold and stimulates sufficient kisspeptin 178 

release for pubertal maturation of GnRH neurons. The leptin-kisspeptin-GnRH neuron 179 
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pathway provides the endocrine explanation for the critical BW hypothesis which links 180 

body condition (fat-muscle ratio) to puberty in females [82]. The release of LH after 181 

injection of kisspeptin has been demonstrated in cows and heifers [83]. In a recent 182 

report, leptin was shown to regulate GnRH receptors on gonadotrope cells in the 183 

anterior pituitary gland [84], suggesting that leptin can act at both the brain and 184 

pituitary. 185 

[INSERT FIGURE 2] 186 

 187 

The hormone Ghrelin is secreted by the gastro-intestinal tract (‘gut’) and has been 188 

implicated as a metabolic signal for feed intake and energy balance [85,86]. Blood 189 

concentrations of Ghrelin in cattle are elevated during restricted feed intake and 190 

negative energy balance [87,88]. Ghrelin receptors are present in the hypothalamus and 191 

it has been proposed that Ghrelin pathways also regulate GnRH neurons. 192 

Insulin and glucose are other metabolic hormones and metabolic factors which are 193 

influenced by nutrition and impact on reproduction in female beef cattle [89,90]. 194 

Brahman heifers on improved subtropical pastures had greater blood concentrations of 195 

insulin and glucose than heifers on standard pastures [11]. Droughtmaster cows that 196 

calved in BCS 3.0-3.5 (scale 1-5) had greater blood concentrations of insulin and 197 

glucose than cows in BCS 2.0-2.5 [13]. The Brahman heifers on improved pastures 198 

showed puberty earlier and the Droughtmaster cows with higher BCS had a shorter 199 

postpartum anestrus. Insulin stimulates cellular uptake of glucose which reduces blood 200 

concentrations. The finding that insulin and glucose were both elevated in heifers and 201 

cows on good nutrition was interpreted to indicate that these animals had a different 202 

insulin-glucose metabolic homeostasis setting than their contemporaries on poorer 203 

nutrition [11,13]. Parda de Montaña heifers with elevated glucose at weaning had an 204 
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earlier age at puberty [69]. It was proposed that Bos taurus and Bos indicus cattle may 205 

differ in the effects of insulin and IGF1 on reproductive function [91]. 206 

 207 

6. Integration of metabolic hormone action at the brain 208 

The mechanisms whereby leptin, IGF1 and Ghrelin interact at the brain to regulate 209 

the activity of GnRH neurons are not fully understood. Present information indicates 210 

that leptin and IGF1 stimulate GnRH secretion whilst Ghrelin suppresses GnRH 211 

secretion. Receptors for IGF1 are found on GnRH neurons and IGF1 can directly 212 

influence GnRH secretion [92]. The positive action of leptin on GnRH is mediated by 213 

the neuropeptides kisspeptin, galanin-like peptide (GALP) and proopiomelanocortin 214 

(POMC, precursor of α-MSH) [93-95]. The negative actions of Ghrelin are mediated by 215 

neuropeptide Y (NPY) [96]. This understanding of neuropeptide mediation of 216 

metabolic hormone signaling is likely an oversimplification and new information will 217 

emerge from further studies [15]. 218 

A model for pubertal transition in heifers proposes that before puberty Ghrelin 219 

predominates and NPY mediates a suppressive action on GnRH neurons [97] (Figure 220 

3). As heifers grow and deposit adipose tissue, leptin increases and kisspeptin, GALP 221 

and POMC collectively start to have a stimulatory action on GnRH neurons. During the 222 

prepubertal-pubertal transition the balance shifts to leptin dominance which leads to 223 

increased GnRH secretion and activation of the reproductive endocrine system [97-100] 224 

(Figure 4). Target of rapamycin (mTOR) and Creb1-regulated transcription coactivator-225 

1 (Crtc1) are thought to be involved in the actions of leptin at the brain in mammals 226 

[10,97,101]. 227 

[INSERT FIGURE 3] 228 

[INSERT FIGURE 4]  229 



 

10 
 

The gonadostat hypothesis for puberty proposed that sensitivity of the 230 

hypothalamus to estrogen negative feedback declines at the pubertal age in females, 231 

and is followed by increased gonadotropin secretion and initiation of cyclic ovarian 232 

activity. This hypothesis was initially tested in rats [102] and later in beef heifers [103]. 233 

Given contemporary knowledge concerning the balance of positive and negative signals 234 

at GnRH neurons, it is feasible that the pubertal increase in gonadotropin secretion 235 

occurs as a result of greater stimulatory action at GnRH neurons, without a change in 236 

sensitivity per se to estrogen negative feedback . The gradual increase in LH secretion 237 

from 1 week of age until puberty in Hereford-Friesian heifers, without a notable 238 

increase around puberty [104], would be consistent with a progressive increase in 239 

positive signaling at the hypothalamus from leptin in growing heifers that are 240 

depositing adipose (Section 4). 241 

 242 

7. Follicles, oocytes and embryos 243 

The metabolic environment of ovarian follicles has a major influence on growth and 244 

maturation of oocytes, and also subsequent embryonic development [105-110]. 245 

Particularly important is the fatty acid (FA) profile of both follicles and oocytes [111]. 246 

The present consensus is that saturated FAs are detrimental to oocyte and embryo 247 

development and unsaturated FAs could be beneficial [106,112-117]. Cumulus cells 248 

surrounding oocytes have particularly high concentrations of FAs and it was suggested 249 

the cumulus accumulates FAs as a mechanism to protect oocytes for saturated FAs 250 

[118,119]. 251 

Prepubertal heifers were reported to have lower amounts of FAs in follicular fluid 252 

than cows and cow oocytes had greater lipid content [120]. It was suggested that these 253 

differences could explain the higher quality of oocytes from cows compared with 254 
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heifers. It was also proposed that the relative amounts of different FAs (saturated, 255 

monosaturated, polyunsaturated) determine oocyte fertilizing capacity and embryo 256 

developmental potential [120,121]. The latter study [120] utilized slaughterhouse 257 

ovaries and the genotype and condition of heifers and cows was unknown. Lactating 258 

Holstein-Friesian cows had greater amounts of saturated FAs in follicular fluid than 259 

heifers which was thought to explain reduced fertility of oocytes from cows [106]. 260 

Further studies are required to elucidate relationships between the FA profiles of blood, 261 

follicular fluid, and oocytes, and impact on oocytes and embryos. Profiling of the 262 

metabolome in different fluids could provide some of the answers [106,122-124]. 263 

Dietary intervention has been used to influence the endogenous FA profile in 264 

lactating dairy cows. It would appear that diets high in unsaturated FAs can improve 265 

oocyte and embryo quality in high milk yield cows [120,125-126]. Notwithstanding 266 

these findings, further studies are required to better understand how dietary intervention 267 

can help achieve a positive FA balance in lactating cows [127]. 268 

 269 

8. Summary 270 

A large body of knowledge has accumulated over the past 50 years on relationships 271 

between nutrition, metabolic condition, and reproductive function in beef cattle. It has 272 

become apparent that nutritional management should be used strategically to keep 273 

cattle in positive energy balance, rather than a ‘rescue’ strategy for cattle that have 274 

entered negative energy balance. In young heifers, this means ensuring an optimal LW 275 

and BCS at weaning and an ADG of 0.6 to 0.7 kg/day from weaning to puberty. Heifers 276 

should ideally have 2 to 4 ovarian cycles before their first mating [128]. Mating should 277 

occur early in their first breeding season to allow sufficient time for a return to fertile 278 

cycles and re-conception to establish annual calving. First-parity cows need particular 279 
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nutritional attention in the third trimester of pregnancy to ensure a BCS of 3.0 to 3.5 280 

(scale 1-5) at parturition. This can help prevent an extended period of postpartum 281 

anestrus in suckled first-calf cows that have yet to reach mature body size. The activity 282 

of adipose tissue, liver and ‘gut’ reflects metabolic condition. Hormones from these 283 

tissues (leptin, IGF1, Ghrelin) are important regulators of reproduction both in the brain 284 

and at somatic tissues. The ratio of fatty acids (saturated, monounsaturated, 285 

polyunsaturated) in follicular fluid determines oocyte quality and embryo development. 286 

A balance is needed between nutrition, metabolic condition, production (meat, milk), 287 

and reproduction. The genetic selection and breeding of dairy cows for high milk yield 288 

has pushed lactating cows into clinical negative energy balance (poor metabolic health) 289 

and severely disrupted the metabolic resilience boundary that balances production with 290 

reproduction [129]. The selection of beef cattle for high feed utilization efficiency 291 

[130] produces leaner animals and has the potential to reduce fertility in females. The 292 

experience in dairy cattle, and to a lesser extent beef cattle, provides a salient lesson 293 

that there are limits to the capacity of cattle to achieve high production, and also 294 

reproduce. The body of knowledge now available on relationships between nutrition, 295 

metabolic condition and reproduction, provides the opportunity to develop new 296 

strategies that achieve production imperatives without compromising fertility in female 297 

beef cattle. This will require a complementary blend of genomics and management. 298 

 299 

Acknowledgements 300 

The authors gratefully acknowledge the contribution of postgraduates to research in 301 

our laboratories that is included in this review. Special thanks to Dr Emanuela 302 

Sermolino for generously producing the figures.  303 



 

13 
 

References 304 

[1] Wiltbank JN, Rowden WW, Ingalls JE, Geegoey KE, Koch RM. Effect of 

energy level on reproductive phenomena of mature Hereford cows. J Anim 

Sci 1962;21:219-225. 

[2] Whitman RW. Weight change, body condition and beef cow reproduction. 

PhD Thesis, Colorado State University 1975. 

[3] Patterson DJ, Perry RC, Kiracofe GH, Bellows RA, Staigmiller RB, Corah 

LR. Management considerations in heifer development and puberty. J Anim 

Sci 1992;70:4018-4035. 

[4] Bagley CP. Nutritional management of replacement beef heifers: a review. J 

Anim Sci 1993;71:3155-3163. 

[5] Diskin MG, Kenny DA. Optimising reproductive performance of beef cows 

and replacement heifers. Animal 2014;8:27-39. 

[6] Wathes DC, Pollott GE, Johnson KF, Richardson H, Cooke JS. Heifer fertility 

and carry over consequences for life time production in dairy and beef cattle. 

Animal 2014;8:91-104. 

[7] Ferrell CL. Effects of postweaning rate of gain on onset of puberty and 

productive performance of heifers of different breeds. J Anim Sci 

1982;55:1272-1283. 

[8] Greer RC, Whitman RW, Staigmiller RB, Anderson DC. Estimating the 

impact of management decisions on the occurrence of puberty in beef heifers. 

J Anim Sci 1983;56:30-39. 

[9] Monteiro FM, Mercadante MEZ, Barros CM, Satrapa RA, Silva JAV, 

Oliveira LZ, Saraiva NZ, Oliveira CS, Garcia JM. Reproductive tract 

development and puberty in two lines of Nellore heifers selected for 

postweaning weight. Theriogenology 2013;80:10-17. 

[10] Roa J, Tena-Sempere M. Energy balance and puberty onset: emerging role of 

central mTOR signaling. Trends Endocrinol Metab 2010;21:519-528. 

[11] Samadi F, Blache D, Martin GB, D’Occhio MJ. Nutrition, metabolic profiles 

and puberty in Brahman (Bos indicus) beef heifers. Anim Reprod Sci 

2014;140:134-142. 

[12] Vizcarra JA, Wettemann RP, Spitzer JC, Morrison DG. Body condition at 

parturition and postpartum weight gain influence luteal activity and 

concentrations of glucose, insulin, and nonesterified fatty acids in plasma of 

primiparous beef cows. J Anim Sci 1998;76:927-936. 

[13] Samadi F, Phillips NJ, Blache D, Martin GB, D’Occhio MJ. Interrelationships 

of nutrition, metabolic hormones and resumption of ovulation in multiparous 

suckled beef cows on subtropical pastures. Anim Reprod Sci 2013;137:137-

144. 

[14] Tena-Sempere M. KiSS-1 and reproduction: Focus on its role in the metabolic 

regulation of fertility. Neuroendocrinology 2006;83:275-281. 

[15] Celik O, Aydin S, Celik N, Yilmaz M. Peptides: Basic determinants of 

reproductive function. Peptides 2015;72:34-43. 

[16] Kawwass JF, Summer R, Kallen CB. Direct effects of leptin and adiponectin 

on peripheral reproductive tissues: a critical review. Mol Hum Reprod 

2015;21:617-632. 

[17] Clement F. Multiscale mathematical modeling of the hypothalamo-pituitary-

gonadal axis. Theriogenology 2016;86:11-21. 
  305 



 

14 
 

[18] Patterson DJ, Perry RC, Kiracofe GH, Bellows RA, Staigmiller RB, Corah 

LR. Management considerations in heifer development and puberty. J Anim 

Sci 1992;70:4018-4035. 

[19] Baruselli PS, Ferreira RM, Colli MHA, Elliff FM, Sa Filho MF, Vieira L, 

Freitas BGD. Timed artificial insemination: current challenges and recent 

advances in reproductive efficiency in beef and dairy herds in Brazil. Anim 

Reprod 2017;14:558-571. 

[20] Holm DE, Thompson PN, Irons PC. The value of reproductive tract scoring as 

a predictor of fertility and production outcomes in beef heifers. J Anim Sci 

2009;87:1934-1940. 

[21] Holm DE, Nielen M, Jorritsma R, Irons PC, Thompson PN. Evaluation of 

pre-breeding reproductive tract scoring as apredictor of long term 

reproductive performance in beef heifers. Prev Vet Med 2015;118:56-63. 

[22] Holm DE, Nielen M, Jorritsma R, Irons PC, Thompson PN. Ultrasonographic 

reproductive tract measures and pelvis measures as predictors of pregnancy 

failure and anestrus in restricted bred beef heifers. Theriogenology 

2016;85:495-501. 

[23] Gasser CL. Considerations on puberty in replacement beef heifers. J Anim Sci 

2013;91:1336-1340. 

[24] Nepomuceno DD, Pires AV, Ferraz Jr MVC, Biehl MV, Goncalves JRS, 

Moreira EM, Day ML. Effect of pre-partum dam supplementation, creep-

feeding and postweaning feedlot on age at puberty in Nellore heifers. Liv Sci 

2017;195:58-62. 

[25] Ferraz Jr MVC, Pires AV, Santos MH, Silva RG, Oliveira GB, Polizel DM, 

Biehl MV, Sartori R, Nogueira GP. A combination of nutrition and genetics is 

able to reduce age at puberty in Nelore heifers to below 18 months. Animal 

2018;12:569-574. 

[26] Randel RD, Welsh Jr TH. Interactions of feed efficiency with beef heifer 

reproductive development. J Anim Sci 2013;91:1323-1328. 

[27] Wettermann RP. Postpartum endocrine function of cattle, sheep and swine. J 

Anim Sci 1980;51(Suppl 2):2-15. 

[28] Lamming GE, Wathes DC, Peters AR. Endocrine patterns of the post-partum 

cow. J Reprod Fertil 1981;30(Suppl):155-170. 

[29] Yavas Y, Walton JS. Postpartum acyclicity in suckled beef cows: A review. 

Theriogenology 2000;54:25-55. 

[30] Hinshelwood MM, Dierschke DJ, Hauser ER. Effect of suckling on the 

hypothalamic-pituitary axis in postpartum beef cows, independent of ovarian 

steroids. Biol Reprod 1985;32:290-300. 

[31] Williams GL. Suckling as a regulator of postpartum rebreeding in catte: A 

review. J Anim Sci 1990;68:831-852. 

[32] Williams GL, Kotwica J, Slanger WD, Olson DK, Tilton JE, Johnson LJ. 

Effect of suckling on pituitary responsiveness to gonadotropin-releasing 

hormone throughout the early postpartum period of beef cows. J Anim Sci 

1982;54:594-602. 

[33] Bellows RA, Short RE, Urick JJ, Pahnish OF. Effects of early weaning on 

postpartum reproduction of the dam and growth of calves born as multiples or 

singles. J Anim Sci 1974;39:589-600. 
  306 



 

15 
 

[34] Martins PGMA, Arthington JD, Cooke RF, Lamb CG, Araujo DB, Torres 

CAA, Guimaraes JD, Mancio AB. Evaluation of beef cow and calf separation 

systems to improve reproductive performance of first-calf cows. Liv Sci 

2012;150:74-79. 

[35] Dunn TG, Kaltenbach CC. Nutrition and the postpartum interval of the ewe, 

sow and cow. J Anim Sci 1980;51(Suppl 2):29-39. 

[36] De Rouen SM, Franke DE, Morrison DG, Wyatt WE, Coombs DF, White 

TW, Humes PE, Greene BB. Prepartum body condition and weight influences 

on reproductive performance of first-calf beef cows. J Anim Sci 

1994;72:1119-1125. 

[37] Hess BW, Lake SL, Scholljegerdes EJ, Weston TR, Nayigihugu V, Molle 

JDC, Moss GE. Nutritional controls of beef cattle reproduction. J Anim Sci 

2005;83(E Suppl):E90-E106. 

[38] Crowe MA. Resumption of ovarian cyclicity in post-partumbeef and dairy 

cows. Reprod Dom Anim 2008;43 (Suppl 5):20-28. 

[39] Crowe MA, Diskin MG, Williams EJ. Parturition to resumption of ovarian 

cyclicity: comparative aspects of beef and dairy cows. Animal 2014;8:40-53. 

[40] Morrison DG, Spitzer JC, Perkins JL. Influence of prepartum body condition 

score change on reproduction in multiparous beef cows calving in moderate 

body condition. J Anim Sci 1999;77:1048-1054. 

[41] Graham JF. The effect of body condition of beef cows at calving and post 

calving nutrition on calf growth rate and cow fertility. Proc Aust Soc Anim 

Prod 1982;14:309-312. 

[42] Ayres H, Ferreira RM, Torres-Junior JRS, Demetrio CGB, Sa Filho MF, 

Gimenes LU, Penteado L, D’Occhio MJ, Baruselli PS. Inferences of body 

energy reserves on conception rate of suckled Zebu beef cows subjected to 

timed artificial insemination followed by natural mating. Theriogenology 

2014;82:529-536. 

[43] Corah LR, Dunn, Kaltenbach CC. Influence of peripartum nutrition on the 

reproductive performance of beef females and the performance of their 

progeny. J Anim Sci 1975;41:819-824. 

[44] Ayres H, Ferreira RM, Torres-Junior JRS, Demetrio CGB, de Lima, Baruselli 

PS. Validation of body condition score as a predictor of subcutaneous fat in 

Nelore (Bos indicus) cows. Liv Sci 2009;123:175-179. 

[45] Arthur PF, Herd RM, Wright J, Xu G, Dibley K, Richardson EC. Net feed 

conversion efficiency and its relationship with other traits in beef cattle.  

Proc Aust Soc Anim Prod 1996;21:107-110. 

[46] Arthur PF, Archer JA, Herd RM, Melville GJ. Response to selection for net 

feed intake in beef cattle. Proc Assoc Adv Anim Breed Genet 2001;14:135-

138. 

[47] Arthur PF, Archer JA, Johnston DJ, Herd RM, Richardson EC, Parnell PF. 

Genetic and phenotypic variance and covariance components for feed intake, 

feed efficiency, and other postweaning traits in Angus cattle. J Anim Sci 

2001;79:2805-2811. 

[48] Arthur PF, Herd RM. Residual feed intake in beef cattle. R Bras Zootec 

2008;37:269-279. 

[49] Herd RM, Archer JA, Arthur PF. Reducing the cost of beef production 

through genetic improvement in residual feed intake: Opportunity and 

challenges to application. J Anim Sci 2003;81:E9-E17. 
  307 



 

16 
 

[50] Archer JA, Richardson EC, Herd RM, Arthur PF. Potential for selection to 

improve efficiency of feed use in beef cattle: a review. Aust J Agric Res 

1999;50:147-161. 

[51] Arthur PF, Herd RM. Efficiency of feed 16tilization by livestock – 

Implications and benefits of genetic improvement. Can J Anim Sci 

2005;85:281-290. 

[52] Arthur PF, Pryce JE, Herd RM. Lessons learnt from 25 years of feed 

efficiency research in Australia. Proc 10
th

 World Con Genet App Liv Prod 

2014; 

[53] Arthur PF, Herd RM, Wilkins JF, Archer JA. Maternal productivity of Angus 

cows divergently selected for post-weaning residual feed intake. Aust J Exp 

Agric 2005;45:985-993. 

[54] Herd RM, Oddy VH, Richardson EC. Biological basis for variation in residual 

feed intake in beef cattle. 1. Review of potential mechanisms. Aust J Exp 

Agric 2004;44:423-430. 

[55] Richardson EC, Herd RM. Biological basis for variation in residual feed 

intake in beef cattle. 2. Synthesis of results following divergent selection. 

Aust J Exp Agric 2004;44:431-440. 

[56] Lines DS, Pitchford WS, Bottema CDK, Herd RM, Oddy VH. Selection for 

residual feed intake affects appetite and body composition rather than 

energetic efficiency. Anim Prod Sci 2018;58:175-184. 

[57] Shaffer KS, Turk P, Wagner WR, Felton EED. Residual feed intake, body 

composition, and fertility in yearling heifers. J Anim Sci 2011;89:1028-1034. 

[58] Basarab JA, Colazo MG, Ambrose DJ, Novak S, McCartney D, Baron VS. 

Residual feed intake adjusted for backfat thickness and feeding frequency is 

independent of fertility in beef heifers. Can J Anim Sci 2011;91:573-584. 

[59] Basarab JA, McCartney D, Okine EK, Baron VS. Relationships between 

progeny residual fed intake and dam productivity traits. Can J Anim Sci 

2007;87:489-502. 

[60] Blair EE, Bormann JM, Moser DW, Marston TT. Relationship between 

residual feed intake and female reproductive measurements in heifers sired by 

high-or low-residual feed intake Angus bulls. The Prof Anim Sci 2013;29:46-

50. 

[61] Nkrumah JD, Keisler DH, Crews Jr DH, Basarab JA, Wang Z, Li C, Price 

MA, Okine EK, Moore SS. Genetic and phenotypic relationships of serum 

leptin concentration with performance, efficiency of gain, and carcass merit of 

feedlot cattle. J Anim Sci 2007;85:2147-2155. 

[62] Perkins SD, Key CN, Garrett CF, Foradori CD, Bratcher CL, Kriese-

Anderson LA, Brandebourg TD. Residual feed intake studies in Angus-sired 

cattle reveal a potential role for hypothalamic gene expression in regulating 

feed efficiency. J Anim Sci 2014;92:549-560. 

[63] Foote AP, Hales KE, Kuehn LA, Keisler DH, King DA, Scackelford SD, 

Wheeler TL, Freetly HC. Relationship of leptin concentrations with feed 

intake, growth, and efficiency in finishing steers. J Anim Sci 2015;93:4401-

4407. 

[64] Foote AP, Tait Jr RG, Keisler DH, Hales KE, Freetly HC. Leptin 

concentrations in finishing beef steers and heifers and their association with 

dry matter intake, average daily gain, feed efficiency, and body condition. 

Dom Anim Encrinol 2016;55:136-141. 
  308 



 

17 
 

[65] Ginther OJ, Beg MA, Bergfelt DR, Kot K. Activin A, estradiol, and free 

insulin-like growth factor I in follicular fluid preceding the experimental 

assumption of follicle dominance in cattle. Biol Reprod 2002;67:14-19. 

[66] Fortune JE, Rivera GM, Yang MY. Follicular development: the role of the 

follicular microenvironment in selection of the dominant follicle. Anim 

Reprod Sci 2004;82-83:109-126. 

[67] Ginther OJ. The theory of follicle selection in cattle. Dom Anim Encrinol 

2016;57:85-99. 

[68] Fortes MR, Li Y, Collis E, Zhang Y, Hawken RJ. The IGF1 pathway genes 

and their association with age of puberty in cattle. Anim Genet 2013;44:91-

95. 

[69] Rodriguez-Sanchez JA, Sanz A, Tamanini C, Casasus I. Metabolic, 

endocrine, and reproductive responses of beef heifers submitted to different 

growth strategies during the lactation and rearing periods. J Anim Sci 

2015;93:3871-3885. 

[70] Rodriguez-Sanchez JA, Sanz A, Ferrer J, Casasus I. Influence of postweaning 

feeding management of beef heifers on performance and physiological 

profiles through rearing and first lactation. Dom Anim Endocrinol 

2018;65:24-37. 

[71] Morrow DA. Fat cow syndrome. J Dairy Sci 1976;59:1625-1629. 

[72] Rukkwamsuk T, Kruip TAM, Wensing T. Relationship between overfeeding 

and overconditioning in the dry period and the problems of high producing 

dairy cows during the postpartum period. Vet Quart 1999;21:71-77. 

[73] Spicer LJ, Tucker WB, Adams GD. Insulin-like growth factor-I in dairy cows: 

Relationships among energy balance, body condition, ovarian activity, and 

estrous behavior. J Dairy Sci 1990;73:929-937. 

[74] Lucy MC, Beck J, Staples CR, Head HH, De La Sota RL, Thatcher WW. 

Follicular dynamics, plasma metabolites, hormones and insulin-like growth 

factor I (IGF-I) in lactating cows with positive or negative energy balance 

during the preovulatory period. Reprod Nutr Dev 1992;32:331-341. 

[75] Beam SW, Butler WR. Energy balance and ovarian follicle development prior 

to the first ovulation postpartum in dairy cows receiving three levels of 

dietary fat. Biol Reprod 1997;56:133-142. 

[76] Kawwass JF, Summer R, Kallen CB. Direct effects of leptin and adiponection 

on peripheral reproductive tissues; a critical review. Mol Human Reprod 

2015;21:617-632. 

[77] Symonds ME, Dellschaft N, Pope M. Birtwistle M, Alagal R, Keisler D, 

Budge H. Developmental programming, adiposity, and reproduction in 

ruminants. Theriogenology 2016;86:120-129. 

[78] Wylie ARG. Leptin in farm animals: where are we and where can we go? 

Animal 2011;5:246-267. 

[79] Tena-Sempere M. The roles of kisspeptin and G protein-coupled receptor-54 

in pubertal development. Curr Opin Pediat 2006;18:442-447. 

[80] Tena-Sempere M. KiSS-1 and reproduction: Focus on its role in the metabolic 

regulation of fertility. Neuroendocrinology 2006;83:275-281. 

[81] Roseweir AK, Millar RP. The role of kisspeptin in the control of 

gonadotrophin secretion. Hum Reprod Update 2009;15:203-212. 

[82] Keisler DH, Daniel JA, Morrison CD. The role of leptin in nutritional status 

and reproductive function. J Repord Fert (Suppl) 1999;54:425-435. 
  309 



 

18 
 

[83] Zieba DA, Amstalden M, Williams GL. Regulatory roles of leptin in 

reproduction and metabolism: A comparative review. Dom Anim Endocrinol 

2005;29:166-185. 

[84] Odle AK, Akhter N, Syed MS, Allensworth-James ML, Benes H, Castillo 

AIM MacNicol MC, MacNicol AM, Childs GV. Gonadotropin-releasing 

hormone receptors as a metabolic checkpoint and gateway to reproductive 

competence. Front Endocrinol 2018;8(367):1-13. 

[85] Ferrini F, Salio C, Lossi L, Merighi A. Ghrelin in central neurons. Cur 

Neuropharm 2009;7:37-49. 

[86] Delporte C. Structure and physiological actions of Ghrelin. Scientifica: 

2013;Article ID 518909:1-25. 

[87] Wertz-Lutz AE, Knight TJ, Pritchard RH, Daniel JA, Clapper JA, Smart AJ, 

Trenkle A, Beitz DC. Circulating ghrelin concentrations fluctuate relative to 

nutritional status and influence feeding behavior in cattle. J Anim Sci 

2006;84:3285-3300. 

[88] Bradford BJ, Allen MS. Negative energy balance increases periprandial 

ghrelin and growth hormone concentrations in lactating dairy cows. Dom 

Anim Endocrinol 2008;34:196-203. 

[89] Laskowski D, Sjunnesson Y, Humbolt P, Anderson G, Gustafsson H, Bage R. 

The functional role of insulin in fertility and embryonic development – What 

can we learn from the bovine model? Theriogenology 2016;86:457-464. 

[90] Grimard B, Humbolt P, Ponter AA, Mialot JP, Sauvant D, Thibier M. 

Influence of postpartum energy restriction on energy status, plasma LH and 

oestradiol secretion and follicular development in suckled beef cows. J 

Reprod Fert 1995;104:173-179. 

[91] Sartori R, Gimenes LU, Monteiro Jr PLJ, Melo LF, Baruselli PS, Bastos MR. 

Metabolic and endocrine differences between Bos 18aurus and Bos indicus 

females that impact the interaction of nutrition with reproduction. 

Theriogenology 2016;86:32-40. 

[92] DiVall SA, Williams TR, Carver SE, Koch L, Bruning JC, Kahn CR, 

Wondisford F, Radovick S, Wolfe A. Divergent roles of growth factors in the 

GnRH regulation of puberty in mice. The J Clin Invest 2010;120:2900-2909. 

[93] Gottsch ML, Clifton DK, Steiner RA. Galanin-like peptide as a link in 

the integration of metabolism and reproduction. Trends Endocrinol 

Metab 2004;15:215-221. 

[94] Quennell JH, Mulligan AC, Tups A, Liu X, Phipps SJ, Kemp CJ, Herbison 

AE, Grattan DR, Anderson GM. Leptin indirectly regulates gonadotropin-

releasing hormone neuronal function. Endocrinology 2009;150:2805-2812. 

[95] Crown A, Clifton DK, Steiner RA. Neuropeptide signaling in the integration 

of metabolism and reproduction. Neuroendocrinology 2007;86:175–182. 

[96] Lebrethon MC, Aganina A, Fournier M, Gerard A, Parent AS, Bourguignon 

JP. Effects of in vivo and in vitro administration of ghrelin, leptin and 

neuropeptide mediators on pulsatile gonadotrophin-releasing hormone 

secretion from male rat hypothalamus before and after puberty. J 

Neuroendocrinol 2006;19:181-188. 

[97] Roa J, Garcia-Galiano D, Castellano JM, Gaytan F, Pinilla L. Metabolic 

control of puberty onset: New players, new mechanisms. Mol Cell Endocrinol 

2010;324:87-94. 
  310 

http://loop.frontiersin.org/people/464048
https://www.frontiersin.org/Journal/10.3389/fendo.2017.00367/full
https://www.frontiersin.org/Journal/10.3389/fendo.2017.00367/full
https://www.frontiersin.org/Journal/10.3389/fendo.2017.00367/full


 

19 
 

[98] Amstalden M, Cardoso RC, Alves BRC, Williams GL. Hypothalamic 

neuropeptides and the nutritional programming of puberty in heifers. J Anim 

Sci 2014;92:3211-3222. 

[99] Cardoso RC, Alves BR, Prezotto LD, Thorson JF, Tedeschi LO, Keisler DH, 

Amstalden M, Williams GL. Reciprocal changes in leptin and NPY during 

nutritional acceleration of puberty in heifers. J Endocrinol 2014;223:289-298. 

[100] Perry GA. Factors affecting puberty in replacement beef heifers. 

Theriogenology 2016;86:373-378. 

[101] Castellano JM, Bentsen AH, Mikkelsen JD, Tena-Sempere M. Kisspeptins: 

Bridging energy homeostasis and reproduction. Brain Res 2010;1364:129-

138. 

[102] Ramirez VD, McCann SM. Comparison of the regulation of luteinizing 

hormone secretion in immature and adult rats. Endocrinology 1963;72:452-

464. 

[103] Day ML, Imakawa K, Garcia-Winder M, Zalesky DD, Schanbacher BD, 

Kittok RJ, Kinder JE. Endocrine mechanisms of puberty in heifers: estradiol 

negative feedback regulation of luteinizing hormone secretion. Biol Reprod 

1984;31:332-41. 

[104] Dodson SE, McLeod BJ, Haresign W, Peters AR, Lamming GE. Endocrine 

changes from birth to puberty in the heifer. J Reprod Fert 1988;82:527-538. 

[105] Ferguson EM, Leese HJ. A potential role for triglyceride as an energy source 

during bovine oocyte maturation and early embryo development. Mol Reprod 

Dev 2006;73:1195-1201. 

[106] Bender K, Walsh S, Evans ACO, Fair T, Brennan L. Metabolite 

concentrations in follicular fluid may explain differences in fertility between 

heifers and lactating cows. Reproduction 2010;139:1047-1055. 

[107] Dunning KR, Russell DL, Robker RI. Lipids and oocyte developmental 

competence: the role of fatty acids and β-oxidation. Reproduction 

2014;148:R15-R27. 

[108] Laskowski D, Sjunnesson Y, Humblot P, Anderson G. The functional role of 

insulin in fertility and embryonic development-What can we learn from the 

bovine model? Theriogenology 2016;86:457-464. 

[109] Warzych E, Pawlak P, Pszczola M, Cieslak A, Madeja ZE, Lechniak D. 

Interactions of bovine oocytes with follicular elements with respect to lipid 

metabolism. Anim Sci J 2017;88:1491-1497. 

[110] Ribeiro ES. Lipids as regulators of conceptus development: Implications for 

metabolic regulation of reproduction in dairy cattle. J Dairy Sci 

2018;101:3630-3641. 

[111] Sturmey RG, Reis A, Leese HJ, McEvoy TG. Role of fatty acids in energy 

provision during oocyte maturation and early embryo development. Reprod 

Dom Anim 2009;44(Suppl 3):50-58. 

[112] Van Hoeck V, Sturmey RG, Bermejo-Alvarez P, Rizos D, Gutierrez-Adan A, 

Leese HJ, Bols PEJ, Leroy JLKR. Elevated non-esterified fatty acid 

concentrations during bovine oocyte maturation compromise early embryo 

physiology. Plos ONE 2011;6:e23183 

[113] Van Hoeck V, Leroy JLMR, Alvarez MA, Rizos D, Gutierrez-Adan A, 

Schnorbusch K, Bols PEJ, Leese HJ, Sturmey RG. Oocyte development 

failure in response to elevated nonesterified fatty acid concentrations: 

mechanistic insights. Reporduction 2013;145:33-44. 
  311 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Day%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Imakawa%20K%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia-Winder%20M%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zalesky%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schanbacher%20BD%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kittok%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kinder%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=6478017
https://www.ncbi.nlm.nih.gov/pubmed/6478017


 

20 
 

[114] Van Hoeck V, Bols PEJ, Binelli M, Leroy JLMR. Reduced oocyte and 

embryo quality in response to elevated non-esterified fatty acid 

concentrations: A possible pathway to subfertility? Anim Reprod Sci 

2014;149:19-29. 

[115] Santos JEP, Cerri RLA, Sartori R. Nutritional management of the donor cow. 

Theriogenology 2008;69:88-97. 

[116] Ferguson EM, Leese HJ. A potential role for triglyceride as an energy source 

during bovine oocyte maturation and early development. Mol Reprod Dev 

2006;73:1195-1201. 

[117] McKeegan PJ, Sturmey RG. The role of fatty acids in oocyte and early 

embryo development. Reprod Fertil Dev 2011;24:59-67. 

[118] Aardema H, Lolicato F, van de Lest CHA, Brouwers JF, Vaandrager AB, van 

Tol HTA, Roelen BAJ, Vos PLAM, Helms JB, Gadella BM. Bovine cumulus 

cells protect maturing oocytes from increased fatty acid levels by massive 

intracellular lipid storage. Biol Reprod 2013;88(article 164):1-15. 

[119] Lolicato F, Brouwers JF, van de Lest CHA, Wubbolts R, Aardema H, Priore 

P, Roelen BAJ, Helms JB, Gadella BM. The cumulus cell layer protects the 

bovine maturing oocyte against fatty acid-induced lipotoxicity. Biol Reprod 

2014;92(article 16):1-16.  

[120] Warzych E, Pawlak P, Pszczola M, Cieslak A, Madeja ZE, Lechniak D. 

Prepubertal heifers versus cows – The differences in the follicular 

environment. Theriogenology 2017;87:36-47. 

[121] Aardema H, Vos PLAM, Lolicato F, Roelen BAJ, Knijn HM, Vaandrager 

AB, Helms JB, Gadella BM. Oleic acid prevents detrimental effects of 

saturated fatty acids on bovine oocyte developmental competence. Biol 

Reprod 2011;85:62-69. 

[122] Singh R, Sinclair KD. Metabolomics: Approaches to assessing oocyte and 

embryo quality. Theriogenology 2007;68S:S56-S62. 

[123] Revelli A, Piane LD, Casano S, Molinari E, Massobrio M, Rinaudo P. 

Follicular fluid content and oocyte quality; from single biochemical markers 

to metabolomics. Reprod Biol Endocrinol 2009;7:1-13. 

[124] Lonergan P, Fair T, Forde N, Rizos D. Embryo development in cattle. 

Theriogenology 2016;86:270-277. 

[125] Fouladi-Nashta AA, Gutierrez CG, Gong JG, Garnsworthy PC, Webb R. 

Impact of dietary fatty acids on oocyte quality and development in lactating 

dairy cows. Biol Reprod 2007;77, 9-17. 

[126] Cerri RLA, Juchem SO, Chebel RC, Rutigliano HM, Bruno RGS, Galvao 

KN, Thatcher WW, Santos JEP. Effect of fat source differing in fatty acid 

profile on metabolic parameters, fertilization, and embryo quality in high-

producing dairy cows. J Dairy Sci 2009;92:1520-1531. 

[127] Leroy JLMR, Sturmey RG, Van Hoeck V, De Bie J, McKeegan PJ, Bols PEJ. 

Dietary fat supplementation and the consequences for oocyte and embryo 

quality: Hype or significant benefit for dairy cow reproduction? Reprod Dom 

Anim 2014;49:353-361. 

[128] Byerley DJ, Staigmiller RB, Berardinelli JG, Short RE. Pregnancy rates of 

beef heifers bred either on pubertal or third estrus. J Anim Sci 1987;65:645-

650. 
  312 



 

21 
 

[129] Leroy JLMR, Vanholder T, Van Knegsel ATM, Garcia-Ispierto I, Bols PEJ. 

Nutrient prioritization in dairy cows early postpartum: Mismatch between 

metabolism and fertility? Reprod Dom Anim 2008;43(Suppl 2):96-103. 

[130] Archer JA, Reverter A, Herd RM, Johnston DJ, Arthur PF. Genetic variation 

in feed intake and efficiency of mature beef cows and relationships with 

postweaning measurements. 7
th

 World Con Gen Appl Liv Prod 

2002;Communication 10-07. 

 313 
  314 



 

22 
 

Figure legends 315 
 316 

 317 

Figure 1. Relationships between BCS at calving, change in BCS postpartum, and the 318 

probability of pregnancy in multiparous Nelore beef cows mated using fixed-319 

time AI at day 42 postpartum. The cows with highest BCS at calving were 320 

the cows with greatest loss of BCS postpartum and cows with the lowest 321 

BCS at calving were the cows with lesser loss, or gain, of BCS postpartum 322 

(Adapted from [42]). 323 

 324 

Figure 2. Model for the role of kisspeptin and Kiss1 neurons in mediating the effects of 325 

leptin on GnRH secretion (Adapted from [14]). 326 

 327 

Figure 3. Model for the actions of Ghrelin and leptin during energy insufficiency 328 

(Ghrelin) and energy sufficiency (leptin) that can be used to conceptualize 329 

the roles of Ghrelin and leptin before and after puberty (Adapted from [97]). 330 

 331 

Figure 4. Model for the interrelationship of leptin, kisspeptin (Kiss), POMC and NPY 332 

during the prepubertal-pubertal transition in heifers (Adapted from [98]). 333 

 334 

 335 
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Figure 1 337 
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