CIHEAM

Options Méditerranéennes

Focus feeding to improve reproductive performance in male and female
sheep and goats: how it works and strategies for using it

Blache D., Martin G.B.
in

Papachristou T.G. (ed.), Parissi Z.M. (ed.), Ben Salem H. (ed.), Morand-Fehr P. (ed.).
Nutritional and foraging ecology of sheep and goats

Zaragoza : CIHEAM | FAO/ NAGREF
Options Méditerranéennes : Série A. Séminaires Méditerranéens; n. 85

2009
pages 351-364

Article available on line | Article disponible en ligne a I’adresse :

http://om.ciheam.org/article.php? DPDF=801028

To cite this article /| Pour citer cetarticle

Blache D., Martin G.B. Focus feeding to improve reproductive performance in male and female
sheep and goats: how it works and strategies for using it. In : Papachristou T.G. (ed.), Parissi
ZM. (ed.), Ben Salem H. (ed.), Morand-Fehr P. (ed.). Nutritional and foraging ecology of sheep and
goats. Zaragoza : CIHEAM / FAO / NAGREF, 2009. p. 351-364 (Options Méditerranéennes : Série A.
Séminaires Méditerranéens; n. 85)

CIHEAM

s
s ot b M2 By

http://www.ciheam.org/
http://lom.ciheam.org/

CIHEAM



http://om.ciheam.org/article.php?IDPDF=801028
http://www.ciheam.org/
http://om.ciheam.org/

Focus feeding to improve reproductive
performance in male and female sheep and
goats — How it works and strategies for using it

D. Blache and G.B. Martin

UWA Institute of Agriculture M082, Faculty of Natural & Agricultural Sciences, University of Western Australia,
35 Stirling Highway, Crawley, WA 6009 (Australia)

Abstract. Sheep and goat production in Mediterranean regions is increasingly reliant on "focus feeding"
strategies for improving reproductive performance while maximising pasture utilisation and returns on
investment in supplements. The strategies have been developed through the integration of four research areas.
First, is the nutritional needs for each stage of the reproductive process, from conception to puberty to the start
of productive life. Second is the links between reproduction and energy homeostasis, an area of research that
led us to the concept of "metabolic status" and a better understanding of: (i) the main physiological (hormonal,
neuronal) processes; (ii) genetic influences on the sensitivity of reproduction to changes in metabolic status; and
(iii) temporal relationships among these interactions. The main conclusion from this work is that animals use
multiple signals (insulin, leptin, ghrelin, kisspeptin) to measure the quantity, quality and timing of variations in
metabolic status. The third research area is practical strategies for early adoption by farmers of some aspects of
"focus feeding": improving sperm production, ovulation rate and colostrum production. Fourth, we are
investigating factors preventing adoption of the riskier aspects of "focus feeding”, with an emphasis on two
areas: (i) the effects of nutrition on embryo mortality, fetal programming of adult performance, and postnatal
survival; and (ii) low-cost techniques for controlling the timing of pregnancy in flocks and herds so that nutritional
management can be focused and cost-effective for each stage of the reproductive process. These techniques
include ultrasound and a hormone-free option, the male effect.

Keywords. Nutrition — Reproduction — Embryo — Fetus — Metabolic status — Small ruminants.

La supplémentation ciblée pendant une courte période pour améliorer les performances de
reproduction chez le méle et la femelle des ovins et caprins — Comment agit-elle et les stratégies de son
utilisation

Résumé. La production ovine et caprine dans les zones méditerranéennes dépend de plus en plus des
stratégies de supplémentation ciblée pendant une courte période pouvant a la fois améliorer la reproduction,
optimiser l'utilisation des parcours et réduire le recours aux suppléments. Ces stratégies reposent sur quatre
axes de recherche. Les deux premiers axes concernent : (i) les besoins nutritionnels pendant la reproduction,
de la conception a la puberté jusqu'au début de la carriere de production ; et (ii) les relations entre la
reproduction et I'homéostasie énergétique. Ce travail a conduit au concept d'état métabolique pour mieux
comprendre : (i) les mécanismes physiologiques (hormonaux et nerveux) ; (ii) les effets génétiques sur la
sensibilité de la fonction de reproduction face a I'état métabolique ; et (iii) les relations temporelles entre ces
interactions. La principale conclusion est que les signaux utilisés pour mesurer le niveau, la qualité et la
rythmicité de I'état métabolique sont multiples (insuline, leptine, ghréline, kisspeptine). Le troisieme axe cible les
stratégies pratiques pour l'adoption par les éleveurs d'effets connus de la supplémentation ciblée pendant une
courte période comme I'amélioration de la production de sperme, du taux d'ovulation, et de la production de
colostrum. Enfin, les facteurs qui empéchent I'adoption des aspects risqués de la supplémentation ciblée
pendant une courte période ont été étudiés, principalement : (i) les effets de la nutrition sur la mortalité
embryonnaire, la programmation foetale des performances de l'adulte et la survie postnatale ; et (ii) les
techniques peu colteuses, comme l'ultrasonographie et I'effet bélier, qui aident a contrbler et synchroniser la
gestation afin que la conduite alimentaire soit plus précise et plus rentable.

Mots-clés. Nutrition — Reproduction — Embryon — Foetus — Etat métabolique — Petits ruminants.
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| — Introduction

An energy cost is attached to the physiological and behavioural components of the reproductive
process as illustrated by the poor reproductive success observed in sheep and goats raised under
conditions where nutritional inputs are limited (Lindsay et al., 1993). It is possible to improve the
reproductive performance of sheep and goats by using short, targeted feeding regimes, "focussed
feeding" (Martin et al., 2004). Successful focussed feeding targets the underlying mechanisms that
have evolved to allow sheep and goats to reproduce in changeable environments. However,
reproductive performance can be optimised further, the biological limits of the animal being
theoretically the only limitation to the development of new strategies. In this paper, we consider
strategies that are already in use, such as nutritional stimulation of ovulation rate or sperm
production, and the biology behind them, and we propose research to further improve reproductive
capacity.

Il — Energy requirements for reproduction

Reproduction is considered energetically more demanding for females than males because of the
requirements for gestational development and milk production, but nutritional limitations affect the
reproductive process in both genders. The genders differ in the timing of maximum energy demand
—in males, high energy intake boosts spermatogenesis before fertilization and provides energy
reserves to support sexual and aggressive behaviour during mating (review: Martin and Walkden-
Brown, 1995). In females, most energy is invested after fertilization, often with a considerable delay
(Horton and Rowsemitt, 1992). For example, in grazing ewes, the process of ovulation has no
impact on energy balance and the first 3 months of gestation costs only 3% of daily energy
expenditure, but the cost builds rapidly to 20% over the last 2 months before parturition (Fierro and
Bryant, 1990).

Therefore, for maximum efficiency, the nutrition of the animal must be precisely matched to each
stage of the reproductive process. The availability of energy within the animal is usually quantified
as "energy balance" —the difference between the pool of disposable energy and the amount of
energy expended, including the demands for maintenance. However, this concept gives the
impression that the situation is passive. We thus prefer to use the term "metabolic status" —it
includes an integrative dimension that is illustrated by the number and variety of physiological
control processes that influence reproductive function (Fig. 1).

lll — Physiological basis of the links between metabolic status and
reproduction — The blueprints for focussed feeding strategies

To be successful, reproduction must at least exceed the lower limit at which a constant number of
animals is maintained and this is only feasible if the reproductive regulatory systems resonate with
the metabolic regulatory systems (Blache et al., 2007a). This requires a level of fine-tuning that is
made possible by interactions among a multiplicity of hormonal and neural signals, the genetic
make-up of the animal and a temporal component that is an important aspect of nutrition-
reproduction cross-talk.

1. Hormonal, metabolite and neuronal pathways

In the control of the reproductive process, the secretion of hypothalamic GnRH, and consequently
pituitary LH and FSH, is central to both sexes. When the production of GnRH pulses increases
above a threshold frequency, in response to external or internal factors, males will produce sperm
and females will ovulate. The system that controls GnRH secretion is also the final common
pathway via which gonadal activity is influenced by most factors that have a high-level impact on
reproductive strategy, including socio-sexual cues, photoperiod, and energy balance (review: Martin
et al., 1994, 2004). However, some of the tissues involved in the process of reproduction, including
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the pituitary gland, gonads and mammary glands, can also respond to metabolic inputs
independently of changes in the GnRH signals, although not to the extent of switching the
reproductive process on or off. The GnRH signal is always dominant, so the systems that regulate
reproduction via changes in GnRH pulse frequency need to respond accurately, and in an
integrative fashion, to changes in metabolic status. To perform their integrative roles, metabolic
regulatory systems originating from a variety of organs use a variety of signals such as nutrients,
hormones, and neural connections.

"Reproductive axis"

Pituitary
Brain gland —>>| Gonads

AN A

ke

o

L Reserves

"Metabolic status"

Fig. 1. Schematic representation of the relationship between metabolic
status and reproductive axis. Arrows represent signalling systems
utilising hormones, metabolites or neuronal inputs. Metabolic
status comprises three compartments connected to each other by
similar signalling systems. All signals coming from metabolic
status converge on reproductive axis. This convergence is: 1)
physical because the hormones and metabolites circulate in
blood; 2) structural because the same organs (eg brain) can be
affected by multiple signals; 3) temporal because the signals can
act in cascade over time, one signal affecting the production of
another. The interactions between signals can operate on a very
short time scale but also can be time-delayed by the "metabolic
memory".

A.Direct inputs by nutrients

Critical nutrients, such as amino acids, fatty acids and carbohydrates can signal the amount of
energy that is readily available, from digestion and from stores. A diverse variety of somewhat
uncoordinated experimental observations in this field makes it difficult to provide a coherent overall
picture. For example, in goats, deprivation of lipid availability at cellular level does not reduce the
activity of GnRH neurons (Ohkura et al., 2004) whereas, in rams, supplements of fatty acids, a
major currency in energy transactions in ruminants, increase GnRH secretion (Blache et al., 2000).
In female sheep, pulsatile LH secretion is not affected by intravenous infusion of neurotransmitter
precursors or large-neutral amino acids (Downing et al., 1995, 1996, 1997). The role of glucose is
also not clear —in male sheep, intra-abomasal, intracerebral and intravenous infusions of glucose
failed to stimulate LH secretion (Miller et al., 1995; Boukhliq et al., 1997). In contrast, in goats and
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young sheep, glucose deprivation at cellular level (using 2-deoxyglucose) or peripheral level (using
insulin injections), decreases GnRH neuronal activity (Kittok, 1999; Ohkura et al., 2004). Overall,
nutrients seem to have permissive effects on GnRH secretion because highly deficient situations
are strongly inhibitory, but these experimental models are often extreme and might not reflect
normal processes in grazing animals. On the other hand, some nutrient-based signals could trigger
the endocrine systems described below and stimulate the reproductive axis.

B. Endocrine systems linking metabolic status and GnRH secretion

Reproduction can be influenced by many metabolic endocrine systems because each component
of metabolic status produces specific hormonal signals, many of which have been shown to affect
the reproductive endocrine axis. In the next section, the hormonal systems have been grouped
according to their relationship with the three compartments of metabolic status for energy (Fig. 1)
although, as discussed below, none of the hormonal systems are affected by changes in only one
compartment.

a] Endocrine factors linked to the amount of energy readily available

Insulin secretion is affected by the amount of energy available and it is involved in the control of
reproduction in male sheep: (i) a high plane of nutrition leads to high concentrations of insulin in
both plasma and cerebrospinal fluid (Miller et al., 1998; Zhang et al., 2004, 2005); (ii) with a
restricted diet or with diabetes, infusion of a low dose of insulin into the third cerebral ventricle
increases LH pulse frequency to values similar to those seen in well-fed animals (Miller et al., 1995,
2002; Tanaka et al., 2000); (iii) insulin receptors are present in the hypothalamus (Blache et al.,
2002); and (iv) following an acute dietary supplement, the increase in insulin secretion coincides
with the increase in LH pulse frequency (Zhang et al., 2004). Thus, the accumulated evidence
strongly suggests a major role for insulin in the GnRH response to variations in metabolic status.
Insulin may also act at ovarian level (Downing et al., 1995).

The suggestion that GH could provide nutritional inputs to brain centres that control gonadotrophic
outputs (Monget and Martin, 1997) is supported by the presence of mRNA for GH receptors in the
bovine hypothalamus and pituitary gland (Lucy et al., 1998). Energy balance certainly affects
plasma concentrations of GH under a wide variety of conditions (Bossis et al., 1999) but, in male
sheep at least, it is not likely to be involved in the stimulation of GnRH secretion because an
increase in nutrition induces a decrease in plasma GH concentrations (Miller et al., 1998).

IGF-I and its receptor have been found in the rat hypothalamus (Schechter et al., 1994) so IGF-I
might play a direct role in the control of GnRH neurons. Concentrations of IGF-I are affected by diet
in male sheep and peripheral administration of physiological doses of IGF-I inhibits LH secretion,
but this is probably through an action at pituitary level rather than by a change in GnRH pulse
frequency (Adam et al., 1998). Indeed, IGF-I concentrations in blood and CSF are not affected by
diet (Miller et al., 1998) and we have been unable to demonstrate that IGF-I infusion into the third
ventricle affects LH pulse frequency (Blache et al., 2000). It therefore seems unlikely that, in male
sheep at least, IGF-I is involved in the effects of changes in nutritional status on the brain's
reproductive centres.

A most interesting candidate is ghrelin, a gut hormone that is the endogenous ligand of the GH
secretagogue (GHS) receptor. In rodents, the distribution of GHS receptors overlaps that of GhnRH
in the arcuate nucleus (St-Pierre et al., 2003) and ghrelin decreases the secretion of LH
(Fernandez-Fernandez et al., 2004). Interestingly, ghrelin and GHS receptors are also expressed in
the testis of humans and rats (Tena-Sempere, 2005) and, in sheep, ghrelin secretion is inhibited by
an increase in feed intake and stimulated by fasting (Sugino et al., 2004). In cows, ghrelin
concentrations decrease during progress from early to mid- to late lactation, suggesting greater
ghrelin production during the postpartum period of negative energy balance (Itoh et al., 2005).
Clearly, we need research on the role of ghrelin and reproduction in small ruminants, especially
because ghrelin seems to be responsive to all three components of energy balance (intake, storage
and expenditure).
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b] Endocrine signals linked to the amount of energy reserves

The role played by adipose tissue in metabolic homeostasis has evolved from that of a passive
energy reserve to that of a very active endocrine regulator of a many functions, including
thermoregulation, food intake, metabolism, immunity, and cardiovascular function, as well as
reproduction (Ahima, 2005). Of the 20 or more endocrine products of adipose tissue, leptin seems
to be the most important regulator of reproductive activity in ruminants (review: Chilliard et al.,
2005). On the other hand, leptin is also the most studied of the adipocyte hormones and future
research might reveal key roles for the others. The expression and release of leptin, and the
sensitivity of gonadal and brain tissues to leptin, are all altered by short- and long-term changes in
metabolic status. Moreover, numerous experiments in female and male sheep have shown that
leptin can affect the neuroendocrine systems that control the activity of the reproductive axis
(reviews: Adam et al., 2003; Chilliard et al., 2005). A recent study in dairy cattle has illustrated the
close link between leptin concentrations and LH pulse frequency during the post-partum period
(Kadokawa et al., 2006), although a triggering role for leptin in the termination of anoestrus is not
always supported (Chagas et al., 2006). Leptin is also found in the blood and milk of lactating
goats, and milk leptin decreases dramatically after parturition, but its role is yet to be elucidated
(Whitley et al., 2005). The consensus emerging from the large body of literature is that the role of
leptin is permissive rather than triggering (Blache et al., 2007a). A most important observation is
that, in ovariectomised ewes fed a restricted diet for almost a year, LH pulse frequency responds to
re-feeding before any increase in leptin concentrations is detected (Szymanski et al., 2007)
suggesting that leptin is not involved in rapid GnRH responses to sudden increases in energy
availability.

Adiponectin, another hormone exclusively produced by adipose tissue, stimulates energy
expenditure without any effect on feed intake when it is infused into the cerebral ventricle of the rat,
in contrast to leptin (Ahima, 2005). In male rat pituitary cells in culture, adiponectin reduces the
expression of GNRH receptor and decreases the secretion of LH (Malagén et al., 2006). An effect of
adiponectin on the activity of GnRH neurons is yet to be demonstrated.

c] Endocrine signals linked to energy expenditure

Thyroid hormones play a role in the seasonality of reproduction in sheep and goats, probably
through inputs into endogenous cerebral rhythms (Karsch et al., 1995; Walkden-Brown et al.,
1996). In goats, circulating thyroid hormones are a good indicator of metabolic status (Todini et al.,
2007). However, in mature male sheep, the concentrations of thyroid hormones in plasma and CSF
are not affected by an acute nutritional supplement that increases LH pulse frequency, suggesting
that they play no role in the rapid response of the GnRH neurons (Miller et al., 1998; Zhang et al.,
2004, 2005). Overall, there is little evidence for thyroid hormones being important in the link
between energy balance and reproduction in adults.

d] Interactions among the signalling systems

Several levels of integration are needed because metabolic status at any given time depends on
the status of all three key compartments —intake, storage and expenditure. Essential interactions
are managed by several hormonal systems, perhaps best exemplified by leptin secretion because it
is affected by intake and expenditure as well as storage (mass of adipose tissue). Leptin can
stimulate the activity of three other endocrine systems involved in controlling the reproductive axis:
(i) pancreatic insulin in fasted cattle (Zieba et al., 2003); (ii) pituitary GH in female sheep (Henry et
al.,, 2001) but not normal-fed cattle (Zieba et al., 2005); and (iii) thyroid hormones (Flier et al.,
2000). In addition, leptin secretion is affected by hormonal systems such as insulin, thyroid, growth
factors and stress hormones (Zieba et al.,, 2005). Leptin expression and secretion are also
controlled by the products of digestion and absorption, and by autonomic neural activity (Penicaud
et al., 2000).
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C. Brain pathways

It is important to note that the ultimate level of integration is within the central nervous system (Fig.
1). The brain mechanisms involved in the sensing of metabolic status, and in the connection of
metabolic status to GnRH neuronal activity, are poorly understood. Some sort of "metabolic sensor"
is thought to be localised in the arcuate nucleus and median eminence because receptors for leptin
and insulin are found in these areas (Blache et al., 2002; Chilliard et al., 2005). Possible links, such
as neuropeptite-Y neurons, have been identified between GnRH cells and the neurons containing
insulin and leptin receptors. Other neuropeptides, such as cocaine-and amphetamine-regulated
transcript, pro-opiomelanocortin, and agouti-related peptide, all involved in the control of feed
intake, could be acting as "metabolic sensors", integrating peripheral signals and regulating the
GnRH pulse generator (reviews: Blache et al., 2002, 2006). A most promising candidate is the
recently discovered neuropeptide, kisspeptin —the kisspeptin receptor is found in over 75% of
GnRH neurons in male rats (Irwig et al., 2004) and kisspeptin can be seen as major player in the
processing of inputs into the systems that regulate GnRH and LH secretion (Messager et al., 2005).

IV — Genetic influences on the sensi tivity of reproductive function to
changes in metabolic status

In perhaps all small ruminants, the timing of reproduction is affected by photoperiod, but some
genotypes respond more strongly than others, often reflecting the geography of their origin. For
example, the breeding season of the Merino is primarily controlled by integration of an endogenous
annual rhythm with responses to changes photoperiod, just as it is in the Suffolk, but Merinos are
not as strongly affected by photoperiod as Suffolks, reflecting the latitude of their historical origins
(Martin et al.,, 2002). The effect of genotype on responsiveness to photoperiod also affects
responsiveness to nutritional stimuli (Blache et al., 2003). In Merino rams, the time of year has no
major influence on the response of the GnRH neurons to stimulation by nutrition. In contrast, in
Suffolk rams, LH pulse frequency responds to a feed supplement during the breeding season, but
not during the non-breeding season when the reproductive axis is dominated by the inhibitory
effects of photoperiod (Martin et al., 2002). Thus, nutrition can only influence the GnRH pulse
generator when there is no inhibitory effect of photoperiod, either because the photoperiod is
stimulatory for photosensitive genotypes, or because it is virtually irrelevant (genotypes that are not
very photosensitive). It is our view that photoperiod exerts a "filtering" effect on both nutritional and
social inputs, and that this filtering effect is determined by genotype (Blache et al., 2003).

1. Temporal components inherent in interactions with metabolism

Dynamic aspects of the responses to nutritional inputs, the effects of time per se, need to be
considered if we are to understand the long-term effects of nutrition on reproduction (e.g., fetal
programming). In rams, the GnRH response to an abrupt change in nutrition is initially rapid and
robust, but then fades over the next few weeks (Martin et al., 1994; Zhang et al., 2004). The rapidity
of the response is consistent with the dynamics of the autonomic nervous system and could involve
input from the digestive viscera to the brain via the vagus nerve, as is the case for satiety
responses following a meal (Woods et al., 2004). However, hormonal systems can also react very
quickly to the absorption of some nutrients (e.g., volatile fatty acids, glucose). In rams, plasma
insulin concentrations respond about 3 h before GnRH following an abrupt increase in intake
(Zhang et al., 2004). In contrast, the long-term effect of nutrition on the testis, measured on a scale
of weeks, seems to be independent of changes in the primary, GnRH-based, control system (Hétzel
et al.,, 1995). The mechanism involved has not been studied further but, again, leptin might be
implicated because, in the rat at least, the testis contains leptin receptors and leptin can inhibit
testicular steroidogenesis (Tena-Sempere et al., 2001). On an annual timescale, the role of
nutritional inputs, as well as the types of response to those inputs, can vary substantially, especially
in genotypes that undergo seasonal changes in appetite (Rhind et al., 2002). Control systems that
might mediate these effects could include ghrelin, leptin and the brain neuropeptides listed above

356 Options Méditerranéennes, A / no. 85



because their expression is modulated by photoperiod (Adam et al., 2000; Alila-Johansson et al.,
2004).

In sheep, previous metabolic status influences the reproductive response of the animals to an
increase in energy availability. With respect to adipose stores in mature rams, animals in low body
condition, but not high body condition, show a robust and repeatable increase in LH pulse
frequency in response to an increase in intake. In low body condition, the leptin response is blunted
but the response to insulin is not (Zhang et al., 2005). These observations suggest that: (i) neither
insulin nor leptin are necessary for inducing an increase in GnRH pulse frequency in response to an
increase in food intake; and (ii) leptin secretion does not always respond to an influx of nutrients.
This is consistent with the notion of a "metabolic memory" that modulates the stimulatory effect of
nutrient intake according to the level of energy reserves or energy expenditure (Blache et al.,
2007b). Recently, the processes that might underpin "metabolic memory" have been investigated in
sheep and cattle and the data suggest that leptin and insulin play central roles (Chilliard et al.,
2005). In addition to leptin and insulin, "metabolic memory" could involve growth factors and
nutrients (e.g., short-chain fatty acids) that affect leptin secretion in whole-animal studies and in
isolated adipocytes (Chilliard et al., 2005).

V — Strategies for focus feeding that are ready for adoption

Decades of research on nutrition-reproduction interactions have led to the development of "focus
feeding", the success of which depends on the timing and quality of the dietary stimulus as well as
the metabolic history of the animals (particularly "metabolic memory"). Focus feeding is already
being used to boost sperm production, increase ovulation rate and improve offspring survival (Fig.
2).

Focus feeding

v

Ovulation
rate
Embryo Organ
Sperm survival development Colostrum
production
|
-8 0 6 12 18 24 32
weeks Birth

Fig. 2. Targets for focus feeding that are known to affect reproductive output in small ruminants.
Timing, quantity and quality of supplements are not indicated because they vary between sheep
and goats, and among genotypes and environments. Redrawn after Martin et al. (2004).

1. Sperm production and sexual behaviour

Feeding supplements to rams and bucks for 8 weeks before mating ensures that their testicular
size and sperm production are maximal (review: Martin and Walkden-Brown, 1995). These
responses are reliable in genotypes that are not dominated by photoperiod, but also can be used in
more photoperiod-sensitive breeds, such as the Corriedale (Pérez-Clariget et al., 1998; Martin et
al., 2002). Feeding before mating needs to be well controlled for both sexes because the sexual
behaviour of males and females is reduced by severe decreases in intake. The effect of severe
under-nutrition in the ram has been attributed to general weakness (Parker and Thwaites, 1972).
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On the other hand, over-nutrition decreases mating behaviour simply because the increase in
weight leads to clumsiness (Okolski, 1975). Among adult ewes, severe undernutrition may alter
sexual behaviour because poor body condition leads to irregular oestrous cycles or acyclicity (Allen
and Lamming, 1961).

2. Maximize potential litter size

Nutrition can increase potential litter size by increasing ovulation rate in both goats and sheep.
There are responses to long-term increases in body weight, the "static effect", and also responses
to very short and well-timed supplements (e.g., 4 days in the final stages of the oestrous cycle), the
"acute effect” (review: Scaramuzzi et al., 2006). Both the "static" and "acute" effects of nutrition
alter ovarian folliculogenesis (Vinoles et al., 2002, 2005), apparently via direct actions on the ovary
by leptin, IGF-I, insulin, and glucose (review: Scaramuzzi et al., 2006).

In addition to increasing the number of offspring produced during each breeding season, the total
number of offspring produced over a lifetime can be increased in both goats and sheep by using a
high plane of nutrition to advance the time of puberty (Fasanya et al., 1992; Robinson et al., 2006).
In Savanna Brown goats, at least, this seems to be independent of body weight (Fasanya et al.,
1992).

3. Colostrum production and lamb survival

Increases in litter size are economically and ethically justified only if all the offspring survive until
sale or reproductive maturity. The survival of lambs is mainly compromised during the first few
hours after birth because of the massive heat loss, especially during the coolest months of the year.
To produce heat, the lamb will utilise brown fat but that represents only 2.0-4.5% of its body weight
so is quickly depleted (review: Nowak and Poindron, 2006). It is therefore essential for the lamb to
have access to a high quantity of quality colostrum during the first hours after birth. The colostrum
provides energy and immunoglobulins and, in addition, it will facilitate the establishment of the ewe-
lamb bond (Dwyer et al., 2003; Nowak and Poindron, 2006). The problems caused by inadequate
fat reserves and colostrum are exacerbated in twin-bearing ewes (Nowak and Poindron, 2006), so
feeding strategies have been designed to optimise birth weight and colostrum production. This
"focus feeding" needs to be fine-tuned for single- and twin-bearing females, and for different
genotypes (Nowak and Poindron, 2006). The necessary degree of precision is only possible if the
number of fetuses is known (ultrasonography) and if there is a good synchronisation of conceptions
in the flock or herd. In ewes, colostrum production during the first 12 hours after parturition can be
doubled by feeding 30% above maintenance requirements for the final 10 days before parturition
(review: Banchero et al.,, 2006). However, the nature of the supplement is crucial —starchy
feedstuffs such as maize have been shown to stimulate colostrum production, but protein-rich lupin
grain is less reliable (review: Banchero et al., 2006). The need for precision management is clear
because, at the end of pregnancy, over-nutrition can increase birth mass and cause distocia.

VI — Development of the next phase of focus feeding

Nutrition during pregnancy also affects embryo survival and fetal programming of adult
performance. Paradoxically, both under- and over-feeding are listed among the factors suggested
to cause embryo loss in the first few weeks after fertilisation (Abecia et al., 2006). Overfeeding
seems to change the liver blood flow and consequently increase the clearance of progesterone
(Parr et al., 1993). Underfeeding is thought to act on progesterone delivery to the uterus which is
important for the development of the placenta and fetus (Abecia et al., 2006). Remarkably, there is
an additive effect of under-nutrition before and after mating. Underfeeding from 60 days before until
30 days after conception, which induces only a moderate 15% loss of body mass in ewes,
increases the number of premature births, with some lambs born up to 20 days before term
(Bloomfield et al., 2003). Whilst demonstrating the importance of nutrition, this phenomenon raises
questions about mechanisms that lead to delayed responses to subtle changes in body weight. The
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"Bloomfield effect" might be one of the most dramatic illustrations of the concept of "metabolic
memory".

Effects of nutrition over longer time scales are clearly evident in "fetal programming". It has long
been known that low birth weight is associated with poor life-time performance in production
animals (review: Bell, 1984) mainly because inadequate nutrition of the mother during the
development of the fetal organs (days 60 and 120 of pregnancy) will alter the function of those
organs in later life. In humans, under-nutrition during pregnancy alters many physiological functions
at adult age, including those that control metabolism and the hypothamalo-pitutary-adrenal axis
(McMillen and Robinson, 2005). In sheep, the number of Sertoli cells is reduced by around 20% in
lambs born from undernourished mothers (Bielli et al., 2002) suggesting that the male reproductive
axis could be programmed during fetal life. Undernutrition can also have serious effects on the
metabolism of the offspring —lambs from undernourished ewes have a greater requirement for
amino acids early in life and are insulin-resistant (Greenwood et al., 2002). Surprisingly, over-
nourished adolescent ewes also give birth to low liveweight lambs that show metabolic dysfunction
and impaired regulation of food intake later in life (Wallace, 2000; Bouret and Simerly, 2006).
Changes in insulin sensitivity and in the hormonal balance that controls the metabolic status of
animals should have dramatic consequences on animals born with low live weight, particularly their
ability to accurately regulate their reproductive function in response to variations in nutrition.

1. Low-cost techniques for controlling and synchronising the reproductive
process

The main limitation of focus feeding is the need for accurate timing to ensure the success and
economic viability of feed supplements. One option for controlling the time of ovulation is the "male
effect" —the induction of ovulation by the sudden introduction of novel males to ewes or does that
are reproductively quiescent because they are out of season or lactating (review: Walkden-Brown
et al., 1999). In addition to giving us control over the timing of births, the male effect offers
synchronised mating (adequate for Al) and therefore synchronised parturition in the flock or herd.
Although attractive from the perspective of "clean, green and ethical" management, the male effect
has several limitations that require serious research input (review: Martin et al., 2004). Most
important are variation in the proportion of females that respond and, during the first cycle after the
introduction of the male, the high frequency of non-functional corpora lutea accompanied by an
unpredictable display of fertility and oestrus (review: Chemineau et al., 2006).

Advances are being made, however, we now know that the mode of presentation of the male to the
females can affect the efficiency of the male effect as shown by work done during the transition
period between non-breeding and breeding seasons (Hawken et al., 2007). Ewes can be
synchronised by a sequence of three short (24 h) exposures to vasectomised rams every 17 days,
leading to over 90% of the ewes lambing during a 10-day period. This does not match the
outcomes with pharmacological synchronisation (3-4 days), but it is better than a randomly cycling
flock and within the constraints necessary for implementing focus feeding.

We also know now that previous experience with mature rams can improve the responses of young
ewes to the male stimulus (Gelez and Fabre-Nys, 2006b). The emerging knowledge of the brain
pathways involved in the male effect (Gelez and Fabre-Nys, 2006a) offers new avenues to improve
its efficiency and therefore its value for farmers.

A major problem is that the "male effect" is particularly effective in some genotypes, particularly
those of Mediterranean origin (e.g., Merino), and either marginally useful or completely ineffective in
others. In very seasonal genotypes, the male effect might be ineffective because of the poor quality
of the signals (behavioural, olfactory, visual) from the rams, as has been suggested for the "buck
effect” (Delgadillo et al., 2006). Importantly, the responses depend on the nutrition of the animals
and, in seasonal genotypes, the response is blocked when the animals are under long days (Blache
et al., 2003; Véliz et al., 2006). The nature of the interactions among the male effect, nutrition and
photoperiod needs to be investigated further.
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VIl — Conclusions

Breeds that have evolved in environments where nutritional supplies vary over time, such as the
Mediterranean region, are the best breeds for "clean, green and ethical" animal production.
Because they are well adapted to the climate, they are very responsive environmental manipulation
as a method for controlling and improving their reproductive output. Based on solid knowledge of
the physiology responsible for the natural tuning of reproductive function to metabolic status,
research will leads us towards simple, flexible and low-cost nutritional tools with which producers
can improve the reproduction of their flock or herd. The timing of the dietary treatments and the
nature of the diet will need to be defined according to the requirements of the animal, a basic rule in
nutrition, but also according to the past history of the animals because of the carry-over effects of
nutrition that are illustrated by metabolic memory and fetal programming. Finally, it is important to
remember that these tools can only increase reproductive output within biological limits and that
they should be developed with specific respect to the genotype of animal and its environment.

Acknowledgements

We would like to thank the students and staff of Animal Science (University of Western Australia)
for their enthusiasm, generous assistance and endless discussions, all of which make the present
review possible. For the last 25 years, our research has been supported by the National Health &
Medical Research Council, the Australian Research Council, the CSIRO Division of Animal
Production, the Australian Wool Corporation, Meat & Livestock Australia, and the University of
Western Australia.

References

Abecia J.A., Sosa C., Forcada F. and Meikle A., 2006. The effect of undernutrition on the establishment of
pregnancy in the ewe. In: Reprod. Nutr. Develop., 46. p. 367-378.

Adam C.L., Archer Z.A. and Miller D.W., 2003. Leptin actions on the reproductive neuroendocrine axis in
sheep. In: Reprod. Suppl., 61. p. 283-297.

Adam C.L., Findlay P.A. and Moore A.H., 1998. Effects of insulin-like growth factor-1 on luteinizing hormone
secretion in sheep. In: Anim. Reprod. Sci., 50. p. 45-56.

Adam C.L., Moar K.M., Logie T.J., Ross A.W., Barrett P., Morgan P.J. and Mercer J.G., 2000. Photoperiod
regulates growth, puberty and hypothalamic neuropeptide and receptor gene expression in female Siberian
hamsters. In: Endocrinology, 141. p. 4349-4356.

Ahima R.S., 2005. Central actions of adipocyte hormones. In: T. Endocr. Metabol., 16. p. 307-313.

Alila-Johansson A., Eriksson L., Soveri T. and Laakso M.L., 2004. Daily and annual variations of free fatty
acid, glycerol and leptin plasma concentrations in goats (Capra hircus) under different photoperiods. In:
Comp. Biochem. Physiol. A, 138(2). p. 119-131.

Allen D.M. and Lamming G.E., 1961. Nutrition and reproduction in the ewe. In: J. Agric. Sci. (Camb.), 56. p.
69-79.

Banchero G.E., Pérez Clariget R., Bencini R., Lindsay D.R., Milton J.T.B. and Martin G.B., 2006. Endocrine
and metabolic factors involved in the effect of nutrition on the production of colostrum in female sheep. In:
Reprod. Nut. Develop., 46. p. 447-460.

Bell A\W., 1984. Factors controlling placental and fetal growth and their effects on future production. In: Lindsay
D.R. and Pearce D.T. (eds). Reproduction in Sheep. Cambridge, UK: Cambridge University Press. p. 144-152.

Bielli A., Pérez R., Pedrana G., Milton J.T.B., Lépez A., Blackberry M., Duncombe G., Rodriguez-Martinez
H. and Martin G.B., 2002. Low maternal nutrition during pregnancy reduces the numbers of Sertoli cells in
the newborn lamb. In: Reprod. Fertil. Develop., 14. p. 333-337.

Blache D., Adam C.L. and Martin G.B., 2002. The mature male sheep: A model to study the effects of nutrition
on the reproductive axis. In: Skinner D.C., Evans N.P. and Doberska C. (eds). Large Mammals as
Neuroendocrine Models, Society for Reproduction and Fertility, Cambridge, Reproduction Suppl., 59. p.
219-233.

Blache D., Chagas L.M., Blackberry M.A., Vercoe P.E. and Martin G.B., 2000. Metabolic factors affecting the
reproductive axis in male sheep. In: J. Reprod. Fertil., 120. p. 1-11.

Blache D., Chagas L.M. and Martin G.B., 2007a. Nutritional inputs into the reproductive neuroendocrine
control system — A multidimensional perspective. In: Juengel J.I., Murray J.F. and Smith M.F. (eds).
Reproduction in Domestic Ruminants VI. Nottingham, UK: Nottingham University Press. p. 123-139.

360 Options Méditerranéennes, A / no. 85



Blache D., Grandison M.J., Masters D.G., Dynes R.A., Blackberry M.A. and Martin G.B., 2007b.
Relationships between metabolic endocrine systems and voluntary feed intake in Merino sheep fed a high
salt diet. In: Aust. J. Agric. Res., 47. p. 544-550.

Blache D., Zhang S. and Martin G.B., 2003. Fertility in males: Modulators of the acute effects of nutrition on
the reproductive axis of male sheep. In: Campbell B.K., Webb R., Dobson H. and Doberska C. (eds).
Reproduction in Domestic Ruminants V. Cambridge, UK: Society for Reproduction and Fertility. p. 387-402.

Blache D., Zhang S. and Martin G.B., 2006. Dynamic and integrative aspects of the regulation of reproduction
by metabolic status in male sheep. In: Reprod. Nut. Develop., 46. p. 379-390.

Bloomfield F.H., Oliver M.H., Hawkins P., Campbell M., Phillips D.J., Gluckman P.D., Challis J.R.G. and
Harding J.E., 2003. A periconceptional nutritional origin for noninfectious preterm birth. In: Science, 300. p.
606.

Bossis |, Wettemann R.P., Welty S.D., Vizcarra J.A., Spicer L.J. and Diskin M.G., 1999. Nutritionally
induced anovulation in beef heifers: Ovarian and endocrine function preceding cessation of ovulation. In: J.
Anim. Sci., 77. p. 1536-1546.

Boukhlig R., Martin G.B., White C.L., Blackberry M.A. and Murray P.J., 1997. Role of glucose, fatty acids
and protein in the regulation of testicular growth and the secretion of gonadotrophin, prolactin,
somatotrophin and insulin in the mature ram. In: Reprod. Fertil. Develop., 9. p. 515-524.

Bouret S.G. and Simerly R.B., 2006. Developmental programming of hypothalamic feeding circuits. In: Clin.
Gen., 70. p. 295-301.

Chagas L.M., Rhodes F.M., Blache D., Gore P.J.S., MacDonald K.A. and Verkerk G.A., 2006. Precalving
feeding and body condition effects on metabolic responses and postpartum anestrus interval in grazing
primiparous dairy cows. In: J. Dairy Sci., 89. p. 1981-1989.

Chemineau P., Pellicer-Rubio M.T., Lassoued N., Khaldid G. and Monniaux D., 2006. Male-induced short
oestrous and ovarian cycles in sheep and goats: A working hypothesis. In: Reprod. Nut. Develop., 46. p.
417-429.

Chilliard Y., Delavaud C. and Bonnet M., 2005. Leptin expression in ruminants: Nutritional and physiological
regulations in relation with energy metabolism. In: Domest. Anim. Endocr., 29. p. 3-22.

Delgadillo J.A., Flores J.A., Véliz F.G., Duarte G., Vielma J., Herndndez H. and Fernandez I.G., 2006.
Importance of the signals provided by the buck for the success of the male effect in goats. In: Reprod. Nut.
Develop., 46. p. 391-400.

Downing J.A., Joss J. and Scaramuzzi R.J., 1995. A mixture of the branched chain amino acids leucine,
isoleucine and valine increases ovulation rate in ewes when infused during the late luteal phase of the
oestrous cycle: An effect that may be mediated by insulin. In: J. Endocr., 145. p. 315-323.

Downing J.A., Joss J. and Scaramuzzi R.J., 1996.  The effects of N-methyl-D,L-aspartic acid and aspartic acid
on the plasma concentration of gonadotrophins, GH and prolactin in the ewe. In: J. Endocr., 149. p. 65-72.

Downing J.A., Joss J. and Scaramuzzi R.J., 1997.  Ovulation rate and the concentrations of LH, FSH, GH,
prolactin and insulin in ewes infused with tryptophan, tyrosine or tyrosine plus phenylalanine during the
luteal phase of the oestrous cycle. In: Anim. Reprod. Sci., 45. p. 283-297.

Dwyer C.M., Lawrence A.B., Bishop S.C. and Lewis M., 2003.  Ewe-lamb bonding behaviours at birth are
affected by maternal undernutrition in pregnancy. In: B. J. Nut., 89. p. 123-136.

Fasanya O.0.A., Molokwu E.C.I., Eduvie L.O. and Dim N.I., 1992.  Dietary supplementation in the Savanna
brown goat. 1. Effect on attainment of puberty in the doe. In: Anim. Reprod. Sci., 29. p. 157-166.

Fernandez-Fernandez R., Tena-Sempere M., Aguilar E. and Pinilla L., 2004.  Ghrelin effects on gonadotropin
secretion in male and female rats. In: Neurosci. Letters, 362. p. 103-107.

Fierro L.C. and Bryant F.C., 1990. Grazing activities and bioenergetics of sheep on native range in Southern
Peru. In: Small Rumin. Res., 3. p. 135-146.

Flier J.S., Harris M. and Hollenberg A.N., 2000. Leptin, nutrition, and the thyroid: The why, the wherefore, and
the wiring [comment]. In: J. Clin. Invest., 105. p. 859-861.

Gelez H. and Fabre-Nys C., 2006a. Neural pathways involved in the endocrine response of anestrous ewes to
the male or its odor. In: Neuroscience, 140. p. 791-800.

Gelez H. and Fabre-Nys C., 2006b. Role of the olfactory systems and importance of learning in the ewes'
response to rams or their odors. In: Reprod. Nut. Develop., 46. p. 401-415.

Greenwood P.L., Hunt A.S., Slepetis R.M., Finnerty K.D., Alston C., Beermann D.H. and Bell A.W., 2002.
Effects of birth weight and postnatal nutrition on neonatal sheep. Ill. Regulation of energy metabolism. In: J.
Anim. Sci., 80. p. 2850-2861.

Hawken P.A.R., Evans A.C.O. and Beard A.P., 2007. Short-term, repeated exposure to rams during the
transition into the breeding season improves the synchrony of mating in the breeding season. In: Anim.
Reprod. Sci., 106. p. 333-344. doi:10.1016/j.anireprodsci.2007.05.009.

Henry B.A., Goding J.W., Tilbrook A.J., Dunshea F. and Clarke 1.J., 2001. Intracerebroventricular infusion of
leptin elevates the secretion of luteinising hormone without affecting food intake in long-term food-restricted
sheep, but increases growth hormone irrespective of bodyweight. In: J. Endocr., 168. p. 67-77.

Nutritional and foraging ecology of sheep and goats 361



Horton T.H. and Rowsemitt C.N., 1992. Natural selection and variation in reproductive physiology. In: Tomasi
T.E. and Horton T.H. (eds). Mammalian Energetics: Interdisciplinary Views of Metabolism and
Reproduction. Ithaca, NY, USA: Comstock Pub. Associates. p. 160-185.

Hotzel M.J., Walkden-Brown S.W., Blackberry M.A. and Martin G.B., 1995. The effect of nutrition on
testicular growth in mature Merino rams involves mechanisms that are independent of changes in GnRH
pulse frequency. In: J. Endocr., 147. p. 75-85.

Irwig M.S., Fraley G.S., Smith J.T., Acohido B.V., Popa S.M., Cunningham M.J., Gottsch M.L., Clifton D.K.
and Steiner R.A., 2004. Kisspeptin activation of gonadotropin releasing hormone neurons and regulation of
KiSS-1 mRNA in the male rat. In: Neuroendo., 80. p. 264-272.

Itoh F., Komatsu T., Yonai M., Sugino T., Kojima M., Kangawa K., Hasegawa Y., Terashima Y. and Hodate
K., 2005. GH secretory responses to ghrelin and GHRH in growing and lactating dairy cattle. In: Dom. Anim.
Endocr., 28. p. 34-45.

Kadokawa H., Blache D. and Martin G.B., 2006. Plasma leptin levels correlate positively with pulsatile LH
secretion in early postpartum Holstein dairy cows. In: J. Dairy Sci., 89. p. 3020-3027.

Karsch F.J., Dahl G.E., Hachigian T.M. and Thrun L.A., 1995.  Involvement of thyroid hormones in seasonal
reproduction. In: J. Reprod. Fertil. Suppl., 49. p. 409-422.

Kittok R.J., 1999. Effect of glucose availability on pulsatile luteinizing hormone release in rams before and after
castration. In: Anim. Reprod. Sci., 55. p. 35-45.

Lindsay D.R., Martin G.B. and Williams I.H., 1993. Nutrition and reproduction. In: King G.J. (ed.).
Reproduction in Domesticated Animals. Amsterdam, The Netherlands: Elsevier. p. 459-491.

Lucy M.C., Boyd C.K., Koenigsfeld A.T. and Okamura C.S., 1998. Expression of somatotropin receptor
messenger ribonucleic acid in bovine tissues. In: J. Dairy Sci., 81. p. 1889-1895.

Malagén M.M., Rodriguez-Pacheco F., Martinez-Fuentes A.J., Tovar S., Pinilla L., Tena-Sempere M.,
Diéguez C. and Castafio J.P., 2006. Regulation of pituitary cell function by the adipokine adiponectin. In:
Front. Neuroendo., 27. p. 35.

Martin G.B., Hotzel M.J., Blache D., Walkden-Brown S.W., Blackberry M.A., Boukliq R., Fisher J.A. and
Miller D.W., 2002. Determinants of the annual pattern of reproduction in mature male Merino and Suffolk
sheep: Modification of response to photoperiod by annual cycle of food supply. In: Reprod. Fertil. Develop.,
14. p. 165-175.

Martin G.B., Rodger J. and Blache D., 2004. Nutritional and environmental effects on reproduction in small
ruminants. In: Reprod. Fertil. Develop., 16. p. 491-501.

Martin G.B. and Walkden-Brown S.W., 1995. Nutritional influences on reproduction in mature male sheep and
goats. In: J. Reprod. Fertil. Suppl., 49. p. 437-449.

Martin G.B., Walkden-Brown S.W., Boukhliq R., Tjondr onegoro S., Miller D.W., Fisher J.S., Hotzel M.J.,
Restall B.J. and Adams N.R., 1994. Non-photoperiodic inputs into seasonal breeding in male ruminants.
In: Davey K.G., Peter R.E. and Tobe S.S. (eds). Perspectives in Comparative Endocrinology. Ottawa,
Canada: National Research Council of Canada. p. 574-585.

McMillen C. and Robinson J.S., 2005. Developmental origins of the metabolic syndrome: Prediction, plasticity,
and programming. In: Physiol. Rev., 85. p. 571-633.

Messager S., Chatzidaki E.E., Ma D., Hendrick A.G., Zahn D., Dixon J., Thresher R., Malinge |., Lomet D.,
Carlton M.B.L., Colledge W.H., Caraty A. and Aparicio S.A.J.R., 2005. Kisspeptin directly stimulates
gonadotropin-releasing hormone release via G protein-coupled receptor 54. In: Proc. Nat. Acad. Sci. (USA),
102. p. 1761-1766.

Miller D.W., Blache D., Boukhliq R., Curlewis J.D. and Martin G.B., 1998. Central metabolic messengers
and the effects of diet on gonadotrophin secretion in sheep. In: J. Reprod. Fertil., 112. p. 347-356.

Miller D.W., Blache D. and Martin G.B., 1995. The role of intracerebral insulin in the effect of nutrition on
gonadotrophin secretion in mature male sheep. In: J. Endocr., 147. p. 321-329.

Miller D.W., Findlay P.A., Morrison M.A., Raver N. and Adam C.L., 2002.  Seasonal and dose-dependent effects
of intracerebroventricular leptin on LH secretion and appetite in sheep. In: J. Endocr., 175. p. 395-404.

Monget P. and Martin G.B., 1997. Involvement of insulin-like growth factors in the interactions between
nutrition and reproduction in female mammals. In: Human Reprod., 12(1). p. 33-52.

Nowak R. and Poindron P., 2006. From birth to colostrum: Early steps leading to lamb survival. In: Reprod.
Nut. Develop., 46. p. 431-446.

Ohkura S., Ichimaru T., ltoh F., Matsuyama S. and Okamura H., 2004. Further evidence for the role of
glucose as a metabolic regulator of hypothalamic gonadotropin-releasing hormone pulse generator activity
in goats. In: Endocrinology, 145. p. 3239-3246.

Okolski A., 1975. Effect of different amounts of protein in the diet on sexual behaviour and properties of semen
in rams. In: Acta Ag. Silv. Zootechn., 15. p. 101-121.

Parker G.V. and Thwaites C.J., 1972. The effects of undernutrition on libido and semen quality in adult Merino
rams. In: Aust. J. Agric. Res., 23. p. 109-115.

362 Options Méditerranéennes, A / no. 85



Parr R.A., Davis I.F., Miles M.A. and Squires T.J., 1993. Liver blood flow and metabolic clearance rate of
progesterone in sheep. In: Res. Vet. Sci., 55. p. 311-316.

Penicaud L., Cousin B., Leloup C., Lorsignol A. and Casteilla L., 2000. The autonomic nervous system,
adipose tissue plasticity, and energy balance. In: Nutrition, 16. p. 903-908.

Pérez-Clariget R., Forsberg M., Lopez A. and Castrillejo A., 1998. Effects of nutrition on seasonal changes in
scrotal circumference, testosterone and pituitary responsiveness to exogenous GnRH in Corriedale rams.
In: Small Rumin. Res., 29. p. 61-69.

Rhind S.M., Archer Z.A. and Adam C.L., 2002. Seasonality of food intake in ruminants: Recent developments
in understanding. In: Nut. Res. Rev., 15. p. 43-65.

Robinson J.J., Ashworth C.J., Rooke J.A., Mitchell L.M. and McEvoy T.G., 2006. Nutrition and fertility in
ruminant livestock. In: Anim. Feed Sci. Technol., 126. p. 259-276.

Scaramuzzi R.J., Campbell B.K., Downing J.A., Kendall N.R., Khalid M., Mufioz-Gutiérrez M. and Somchit
A., 2006. A review of the effects of supplementary nutrition in the ewe on the concentrations of reproductive
and metabolic hormones and the mechanisms that regulate folliculogenesis and ovulation rate. In: Reprod.
Nut. Develop., 46. p. 339-354.

Schechter R., Whitmire J., Wheet G.S., Beju D., Jakson K.W., Harlow R. and Gavin J.R., 1994.
Immunohistochemical and in situ hybridization of an insulin-like substance in fetal neuron cell cultures. In:
Brain Research, 636. p. 9-27.

St-Pierre D.H., Wang L. and Tache Y., 2003. Ghrelin: A novel player in the gut-brain regulation of growth
hormone and energy balance. In: News Physiol. Sci., 18. p. 242-246.

Sugino T., Hasegawa Y., Kurose Y., Kojima M., Kangawa K. and Terashima Y., 2004. Effects of ghrelin on
food intake and neuroendocrine function in sheep. In: Anim. Reprod. Sci., 82-83. p. 183-194.

Szymanski L.A., Schneider J.E., Friedman M.l., Ji H., Kurose Y., Blache D., Rao A., Dunshea F.R. and
Clarke 1.J., 2007. Changes in insulin, glucose and ketone bodies, but not leptin or body fat content precede
restoration of luteinising hormone secretion in ewes. In: J. Neuroendocrinology, 19. p. 449-460.

Tanaka T., Nagatani S., Bucholtz D.C., Ohkura S., Tsukamura H., Maeda K. and Foster D.L., 2000. Central
action of insulin regulates pulsatile luteinizing hormone secretion in the diabetic sheep model. In: Biol.
Reprod., 62. p. 1256-1261.

Tena-Sempere M., 2005. Exploring the role of ghrelin as novel regulator of gonadal function. In: Growth Horm.
IGF Res., 15. p. 83-88.

Tena-Sempere M., Pinilla L., Zhang F.P., Gonzélez L.C., Huhtaniemi I., Casanueva F.F., Diéguez C. and
Aguilar E., 2001. Developmental and hormonal regulation of leptin receptor (Ob-R) messenger ribonucleic
acid expression in rat testis. In: Biol. Reprod., 64. p. 634-643.

Todini L., Malfatti A., Valbonesi A., Trabalza-Marinucci M. and Debenedetti A., 2007. Plasma total T3 and
T4 concentrations in goats at different physiological stages, as affected by the energy intake. In: Small
Rumin. Res., 68. p. 285-290.

Véliz F.G., Poindron P., Malpaux B. and Delgadillo J.A., 2006. Positive correlation between the body weight
of anestrous goats and their response to the male effect with sexually active bucks. In: Reprod. Nut.
Develop., 46. p. 657-661.

Vinoles C., Forsberg M., Banchero G. and Rubianes E., 2002. Ovarian follicular dynamics and endocrine
profiles in Polwarth ewes with high and low body condition. In: Anim. Sci., 74. p. 539-545.

Vinoles C., Forsberg M., Martin G.B., Cajarville C., Repetto J. and Meikle A., 2005. Short-term nutritional
supplementation of ewes in low body condition affects follicle development due to an increase in glucose
and metabolic hormones. In: Reproduction, 129. p. 299-309.

Walkden-Brown S.W., Davidson R., Milton J.T.B. and Martin G.B., 1996. Thyroidectomy late in the breeding
season advances the onset of seasonal anovulation in cashmere goats. In: Evans G. (ed.). Proc. 13th Int.
Cong. Anim. Reprod., Sydney (Australia), 1996. Sydney, Australia: University of Sydney. p. 1-19.

Walkden-Brown S.W., Martin G.B. and Restall B.J., 1999. Role of male-female interaction in regulating
reproduction in sheep and goats. In: J. Reprod. Fertil. Suppl., 54. p. 241-255.

Wallace J.M., 2000. Nutrient partitioning during pregnancy: Adverse gestational outcome in overnourished
adolescent dams. In: Proc. Nut. Soc., 59. p. 107-117.

Whitley N.C., Walker E.L., Harley S.A., Keisler D.H. and Jackson D.J., 2005. Correlation between blood and
milk serum leptin in goats and growth of their offspring. In: J. Anim. Sci., 83. p. 1854-1859.

Woods S.C., Benoit S.C., Clegg D.J. and Seeley R.J., 2004. Regulation of energy homeostasis by peripheral
signals. In: Best Prac. Res. Clin. Endocr. Metabol., 18. p. 497-515.

Zhang S., Blache D., Blackberry M.A. and Martin G.B., 2004.  Dynamics of the responses in secretion of LH,
leptin and insulin following an acute increase in nutrition in mature male sheep. In: Reprod. Fertil. Develop.,
16. p. 823-829.

Zhang S., Blache D., Blackberry M.A. and Martin G.B., 2005.  Body reserves affect the reproductive endocrine
responses to an acute change in nutrition in mature male sheep. In: Anim. Reprod. Sci., 88. p. 257-269.

Nutritional and foraging ecology of sheep and goats 363



Zieba D.A., Amstaldem M., Maciel M.N., Keisler D.H., Raver N., Gertler A. and Williams G.L., 2003.
Divergent effects of leptin on luteinizing hormone and insulin secretion are dose dependent. In: Exp. Biol.
Med., 228. p. 325-330.

Zieba D.A., Amstalden M. and Williams G.L., 2005. Regulatory roles of leptin in reproduction and metabolism:
A comparative review. In: Domestic Anim. Endocrinology, 29. p. 166-185.

304 Options Méditerranéennes, A / no. 85



	I – Introduction
	II – Energy requirements for reproduction
	III – Physiological basis of the links between metabolic status and reproduction – The blueprints for focussed feeding strategies
	1. Hormonal, metabolite and neuronal pathways
	A. Direct inputs by nutrients
	B. Endocrine systems linking metabolic status and GnRH secretion
	a] Endocrine factors linked to the amount of energy readily available
	b] Endocrine signals linked to the amount of energy reserves
	c] Endocrine signals linked to energy expenditure
	d] Interactions among the signalling systems

	C. Brain pathways


	IV – Genetic influences on the sensitivity of reproductive function to changes in metabolic status
	1. Temporal components inherent in interactions with metabolism

	V – Strategies for focus feeding that are ready for adoption
	1. Sperm production and sexual behaviour
	2. Maximize potential litter size
	3. Colostrum production and lamb survival

	VI – Development of the next phase of focus feeding
	1. Low-cost techniques for controlling and synchronising the reproductive process

	VII – Conclusions
	Acknowledgements
	References


