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ABSTRACT

Photoperiodic influences on seasonal variations in energy
metabolism was examined In 24 Suffolk ewes. The ewes (6 per group) were
subjected to one of four light regimens; A) constant 12L:12D; B) a
sinusoidal pattern of artificial photoperiod, the reverse of the natural
seasonal photoperiod; C) a sinusoldal pattern of artificial photoperiod,
closely mimicking natural seasonal photoperiod and D) natural seasonal
photoperiod experienced at 53.5°N latitude. Artificial summer and
winter ‘solstices’ were 18L:6D and 6L:18D, respectively,

For 76 weeks, a constant near-maintenance feeding regimen was
imposed, to examine metabolic heat production (MHp), thyroid hormones,
and progesterone, and relationships independent of changes in food
intake. Following the near-maintenance feeding period, the ewes were
fed ad libitum for a further 32 weeks, to examine photoperiod influences
on voluntary food intake and the relationship to MHp patterns.

A significant (P<0.05) sinusoidal pattern for MHp and thyroid
hormone concentrations was evident for ewes exposed to a seasonal light
patterns, with thyroid patterns closely paralleling MHp. The timing of
the onset and termination of reproductive patterns, as indicated by
plasma progesterone concentrations, were closely regulated by the
seasonal light patterns imposed. Termination of estrous cycles
coincided with elevated plasma thyroid levels, and increases in MHp.

Ad libitum feeding resultei in an initial increase in intake for
all groups irrespective of light regimen. Significant differences
(P<0.05) in voluntary food intake were observed following 20 weeks of ad

libitum feeding, with intake greatest for ewes exposed to long

iv



daylengths. During this phase MHp was closely correlated (r2 = 0.93,
P<0.001) with food intake.

Differences in physical activity of the ewes examined during the
final 12 weeks of restrict feeding and throughout the ad libitum feeding
period, did not appear to contribute to the photoperiod irduced changes
in MHp.

Seasonal photoperiod was responsible for cuing changes in MHp, the
physiological mechanism of which was likely through changes in thyroid

activity.
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I. INTRODUCTION

A. Animal-environment interactions

It is a common perception that animals possess blological clocks.
Numerous animal species respond physiologically and behaviorally in a
regular repeatable manner in relation to their environments. These
environmentally related rhythms fall into a classification of clock-like
biological processes which may be circadian (daily), tidal, lunar-
monthly or circannual (Brady, 1982).

Circannual biological rhythms are usually linked to climatic
variables which change seasonally. The physiological and behavioral
modifications are often adaptive alterations in anticipation of the
forthcoming season. Prominent examples of these include the initiation
and termination of reproductive function, the moult of skin, fur and
plumage, migratory behavier and hibernation (Pévet, 1986).
Environmental variables known to induce and regulate many biological
rhythms include temperature, rainfall, photoperiod, food quality and
availability (Pévet, 1986). The degree to which these individual
variables change annually, and often the degree to which they influence
animals is dependent on the geographical location in question.

Under natural conditions, animals are never subjected to one
single environmental factor and there is normally an interactive
influence of factors at any time. However some variables are more
accurate indicators of subsequent seasonal changes than others and are
often the primary cues initiating responses in the animal.

In tropical and equatorial regions of the world in which the
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fauna is immensely rich in species, more irregularly recurring external
cues such as rainfall are utilized for the timing of physiological
functions (Pévet, 1986). In temperate and polar regions both
temperature and photoperiod (daylength) change in a regular manner
annually. However, daylength is the most exact seascnal indicator and
provides a reliable signal for the time of year.

B. Seasonal Photoperiodism

Photoperiod has been unequivocally shown to be a primary cue in
the timing of annual reproductive capability in many mammalian (Reiter,
1986) and avian species (Nicholls et al., 1988). Mammalian species
shown to have photoperiodically regulated reproductive activity include
several breeds of domesticated sheep and various wild specles including
ferrets, mink and voles (Sadleir, 1969). Seasonal photoperiod has also
been shown to influence directly or indirectly other physiological
functions. The growth rate of domestic cattle and sheep under
controlled lighting situations, increases with exposure to fixed
daylengths of 16 h vs 8 h, under conditions of restricted feeding
(Tucker and Ringer, 1982). Other mammals display distinct appetite
cycles which are induced by seasonal photcperiod but unrelated to the
feed quantity available (Kay, 1985). In an experiment in which red deer
(Cervus elaphus), Soay and Suffolk x (Finn x Dorset) cross sheep were
subjected to a cycle of daylength changes of normal amplitude but of 6
month duration over a two year study period, variations in voluntary
food intake followed the 6 month light cycle (Kay, 1979). This response
was more marked in the red deer and more primitive Soay sheep than in

the domestic sheep (Kay, 1979).



There is also evidence that humans may respond to changes in
seasonal photoperiod. Recent studies have shown that a condition
arising in some individuals, known as seasonal affective disorder (SAD),
is causally linked to the amount of daily light experienced (Rosenthal
et al., 1986). This condition arises in the fall and winter months and
symptoms include depression, fatigue, lethargy, excessive sleep and
carbohydrate craving. Effective treatment has involved the exposure of
individuals to 5 to 6 hours daily, of bright (2500 lux) full spectrum
lights, lengthening the daylight artificially during the naturally short
photoperiod. The symptoms are found to disappear during spring and
summer and individuals may have periods of euthymia or hypomania at this
time (Rosenthal et al., 1986).

The ability of animals to respond physiologically or behaviorally
to seasonal light:dark (L:D) changes is referred to as photoperiodism
(Brady, 1982). The mechanism by which light information is sensed in
mammals occurs via the retina and a complex pathway of neural signals
are sent to the pineal gland which then transduces the information intvo
chemical signals (Pévet, 1986). The pineal hormone melatonin has been
implicated in the regulation of various circannual physiological
processes (Cassone, 1990), although its output is utilized in different
ways by various species (Kennaway, 1984). The neurchormonal mechanisms
involved in the photoperiodic control of physiological responses are
described in more detail by Kay (1985), Pévet (1986) and Cassone (1990).
An adaptation of a schematic diagram of photoperiodic influence on
physiological parameters (Kay, 1985) is shown in Figure I.1.

Photoperiodic influences on certain rhythmic physiological processes



such as reproduction have been conclusively shown but the degree to
which photoperiod influences other processes and the mechanism by which
these responses occurs are still uncertain. The physiological pathways
of interest and the central focus of the current study are shown by the
wide arrows in Figure I.1.

C. Seasonal energy metabolism

A seasonal rhythm has been demonstrated in the energy metabolism
of a number of mammals. White-tailed deer (Silver et al., 1969; Moen,
1978), moose (Regelin et al., 1985; Renecker and Hudson, 1986), roe deer
(Weiner, 1977) and domestic sheep (slaxter and Boyne, 1982) have been
shown to exhibit a seasonal pattern in metabolic heat production (MHp)
involving a decrease in the fall and winter and an increase in the
spring and summer seasons. However, the degree of variation (amplitude
of the cycles) differs greatly between species.

The variations observed may be related to species differences but
also to other parameters intrinsic or extrinsic to the animal, such as
the quantity of food consumed or ambient temperature. Furthermore, some
studies conducted, examining the seasonal patterns in energy metabolism,
have been confounded by the influence of the interaction of
environmental parameters, including photoperiod, temperature and
nutrient intake, on the animals. It is only through the examination of
each environmental factor individually, that the direct extent to which
that factor influences animal metabolism can be determined.

Ambient temperature has been shown to have direct effects on the
MHp of a number of species. Controlled environmental studies involving

domesticated sheep and cattle have shown that with prolonged exposure to
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low ambient temperatures there is an increase in MHp (Christopherson and
Young, 1986). Domesticated sheep establish a higher thermoneutral
resting MHp when acclimatized to the outdoor winter environment or when
acclimated to cold in controlled environment chambers (Christopherson
and Young, 1986). The experimental results of the effects of ambient
temperature on MHp in domestic specles appear contradictory to the
observed natural seasonal pattern of a decrease in MHp during fall and
winter; the period of lowest ambient temperature. Comparisons of the
above findings to a natural situation may not always be valid.
Controlled studies often involve restricted feeding, alteration of
external covering (shorn sheep) and reduction of the ability to utilize
behavioral strategies. As mentioned, many other factors must be
considered in a natural environmental situation, such as body condition
of the animal (thermal insulation), and behavioral strategies (shelter
seeking and utilization of solar radiation for warmth). Behavioral
changes in white-tailed deer have been observed by Moen (1974) whereby
in outdoor winter situations deer become lethargic compared to those
confined to chambers which exhibit a more traditional cold-induced
response. Unlike laboratory findings the temperature-metabolism
relationships in a more natural environment situation have shown that
metabolic rate is reduced in the winter, in a number of wild ungulates,
including bison, elk, moose and bighorn sheep (Parker and Robbins,
1985). This suggests that some other environmental parameter may be
directly influencing the seasonal rhythm in MHp.

Research has been conducted on the influence of food intake on

MHp. Changes in the level of intake result in changes in MHp as diet
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induced thermogenesis varies (Kay, 1985). A seasonal cycle in voluntary
food intake has been observed in ruminants with examples including some
breeds of domestic sheep (Gordon, 1964; Greenhalgh and Reid, 1974;
Blaxter et al., 1982), red deer (Milne et al., 1978), reindeer and
caribou (McEwan and Whitehead, 1970; Ryg and Jacobsen, 1982). This
seasonal cycle in appetite is coincident with the seasonal rhythm in MHp
with increases in the spring/summer and decreases in fall/winter (Silver
et al., 1969, Blaxter and Boyne, 1982). Studies on sheep and deer have
shown that the cycle in appetite is entrained by seasonal changes in
photoperiod (Simpson et al., 1984). Simpson and colleagues (1984)
exposed Suffolk x (Finn x Dorset) sheep and red deer to an artificial
photoperiod of two annual cycles of daylength in one calender year.

This resulted in two distinct cycles of food intake in response to the
daylength.

The seasonal change in MHp have been associated with and often
attributed to the seasonal pattern in food intake. Conversely seasonal
patterns in MHp were observed while the effect of food intake was
supposedly removed (Blaxter and Boyne, 1982). This prompted them to
hypothesize that voluntary food intake may be associated with variations
in basal metabolic rate. In their experiment Blaxter and Boyne (1982),
analyzed heat production data of domestic sheep collected from feed
evaluation trials (fed at about maintenance level of nutrition).
Although changes in metabolism were coincident with season whereby
maximum MHp occurred in spring/summer and minimum MHp occurrced in
vinter months, they were unable to state conclusively that daylength was

the primary factor. The sheep had been housed in metabolism cages in a



large windowed room thereby implicating that daylength may be a
conditioning factor (Blaxter and Boyne, 1982). Findings of a seasonal
pattern in energy metabolism lends support to the idea that the observed
photoperiodic regulation of food intake may actually be a reflection of
photoperiodic control at a different physiological level. The question
still remains therefore, as to the direct influence of seasonal
photoperiod variations on energy metabolism.

D. Approach and Thesis organization

The overall purpose of the study was to determine 1if seasonal
photoperiod has a direct influence on energy metabolism (based on heat
production values). The hypothesis was tested utilizing a domestic
breed of sheep (Suffolk) known to possess reproductive and appetite
cycles regulated by seasonal photoperiod. To evaluate the mechanism of
possible photoperiodic influence, other physiological parameters were
examined including associated hormonal changes and behavioral responses.

The study focused on the following:

1) The determination of the influence of artificial and natural
seasonal photoperiods and constant photoperiod on the MHp of ewes with
all other environmental parameters kept as near as possible constant.

2) The examination of seasonal changes in hormone levels:

1) progesterone (P4): used as an index of reproductive activity
to evaluate if the experimental light treatments utilized
elicited a photoperiodic response in the test animals ie.,
was the photoperiod cue received by the ewes?

ii) thyroid hormones: total and free triiodothyronine (T3) and

thyroxine (T4) which are known to be related to MHp



responses, and as such, may provide evidence of a hormonal
response elicited by photoperiodic change.

3) The examination of photoperiodic influences on the voluntary
food intake and its relation to MHp.

4) The assessment of behavior of the sheep in relation to
photoperiod as indicated by daily activities including standing/lying,
head movements, jaw movements and rumination time.

The total time frame of the study was 129 weeks. The first 94
weeks involved near-maintenance feeding, with the initial 18 weeks
adjustment to the diet and experimental conditions at which time all the
ewes in an artificial light pattern were exposed to a constant 12L:12D.
During the remaining 76 weeks, the ewes were exposed to their respective
light treatments and measurements were taken of MHp (chapter II),
thyroid hormone concentrations (chapter III) and progesterone
concentrations (chapter IV). Week 95 and 96 of the trial was the
transition period whereby ewes were gradually offered increasing amounts
of feed leading to ad libitum feeding for the remaining 33 weeks
(chapter V). Chapter IV describes measurements of physical activity
taken during weeks 72 to 129 overlapping the restrict and ad libitum
feeding periods.

The timing of metabolic, endocrine, reproductive and behavioural
patterns were evaluated in relation to photoperiodic treatment patterns.
The understanding of the integration of physiological changes elicited

by seasonal photoperiod may hely to explain their adaptive significance.



Flgure .1

Schematic of photoperiod influences on physiological parameters,
adapted from Kay (1985), with wide arrows representing the focal

points of the present study.

LIGHT T g SCSG
CNS .——0»
\, RETINA """ “melatonin _l |

, O-————*Qscn

/’I
/ Vpetlte
/

/ PITUITARY
nutrient ] Gonadotrophlc

v hormonea
lntake ? l
| reproduction
?

; b | metabolism

,‘ - growth

8CN - suprachlasmatic nucleus

8C8G - superior cervical sympathetic ganglion
RHe- releasing hormones from hypothalamus
na - noradrenaline



10
REFERENCES

Blaxter, K.L., and Boyne, A.W. 1982. Fasting and maintenance metabolism
of sheep. J. Agric. Sci. (Camb.) 99: 611-620.

Blaxter, K.L., Fowler, V.B., and Gill, J.C. 1982. A study of the
growth of sheep to maturity. J. Agric. Sci. (Camb.) 98: 405-420.

Brady, J., 1982. Biological Timekeeping. Cambridge University Press,
Cambridge, Great Britain. 197 pp.

Cassone, V.M. 1990. Melatonin: time in a bottle. in: Oxford Reviews
of Reproductive Biology. vol. 12. S.R. Milligan, ed., Oxford
University Press. Oxford. p. 319-367.

Christopherson, R.J., and Young, B.A. 1986. Effects of cold
environments on domestic animals. in: Grazing Research at Northern
Latitudes. 0. Gudmumdsson ed., Plenum Publishing Corp. p. 247-257.

Gordon, J.G. 1964. Effect of time of year on the roughage intake of
housed sheep. Nature (London). 204: 798-799.

Greenhalgh, J.F.D. and Reid, G.W. 1974, Long- and short- term effects on
intake of pelleting a roughage for sheep. Anim. Prod. 19: 77-86.

Kay, R.N.B. 1979. Seasonal changes of appetite in deer and sheep. ARC
Research Reviews. 5: 13-15,

Kay, R.N.B. 1985. Seasonal variation of appetite in ruminants in:
Recent Developments in Ruminant Nutrition. W. Haresign and D.J.A.
Cole, eds., Butterworths London. p. 199-210.

Kennaway, D.J. 1984. Pineal function in ungulates. in: Pineal Research
Reviews. vol. 2. R.J. Reiter, ed., Alan R. Liss, Inc., New York.

p. 113-140.

McEwan, E.H., and Whitehead, P.E. 1970. Seasonal changes in the energy
and nitrogen intake by reindeer and caribou. Can. J. Zool. 48:
905-913.

Milne, J.A., Macrae, J.C., Spence, A.M., and Wilson, S. 1978. A
comparison of the voluntary. intake and digestion of a range of
forages at different times of the year by the sheep and the red
deer (Cervus elaphus). Br. J. Nutr. 40: 347-357.

Moen, A.N., 1974. personal communication in Mount, L.E. The concept of
thermoneutrality. in: Heat Loss from Animals and Man. J.L.
Monteith and L.E. Mount, eds., Butterworths, London p. 425-439.

Moen, A.N. 1978. Seasonal changes in heart rates, activity
metabolism, and forage intake of white-tailed deer. J. Wildl.
Manage. 42: 715-738.



11

Nicholls, T.J., Goldsmith, A.R., and Dawson, A. 1988.
Photorefractoriness in birds and comparison with mammals.
Physiol. Rev. 68: 133-176.

Parker, K.L., and Robbins, C.T. 1985. Thermoregulation in ungulates,
in: Bioenergetics of Wild Herbivores. R.J. Hudson and R.G. White,
eds., CRC Press. Inc., Boca Raton, Florida. p. 161-182.

Pévet, P. 1986. Environmental control of the annual reproductive cycle
in mammals: role of the pineal gland. in: Comparative Physiology
of Environmental Adaptations. P. Pévet, ed., Vol. 3. 8th ESCP
Conf., Strasbourg. p. 82-100.

Regelin, W.L., Schwartz, C.C., and Franzmann, A.W. 1985. Seasonal
energy metabolism of adult moose. J. Wildl. Manage. 49: 388-393.

Reiter, R.J. 1986. Photoperiod, pineal and reproduction in mammals
including man. 1in: Comparative Physiology of Environmental
Adaptations. Vol. 3., P. Pévet, ed., 8th ESCP Conf. Strasbourg. p.
71-81.

Renecker, L.A., and Hudson, R.J. 1986. Seasonal energy expenditure and
thermoregulatory responses of moose. Can. J. Zool. 64: 322-327.

Rosenthal, N.E., Sack, D.A., Jacobsen, F.M., James, S.P., Parry, B.L.,
Arendt, J., Tamarkin, L., and Wehr, T.A. 1986. Melatonin in
seasonal affective disorder and phototherapy. J. Neural Transm.
21: 257-267.

Ryg, M., and Jacobsen, E. 1982. Seasonal changes in growth rate, feed
intake, growth hormone, and thyroid hormones in young male
reindeer (Rangifer tarandus tarandus). Can. J. Zool. 60: 15-23.

Sadleir, R.M.F.S. 1969. The Ecology of Reproduction in Wild and
Domestic Mammals. Methuen & Co., London. 309 pp.

Silver, H., Colovos, N.F., Holter, J.B., and Hayes, H.H. 1969, Fasting
metabolism of white-tailed deer. J. Wildl. Manage. 33: 490-498.

Simpson, A.M., Suttie, J.M., and Kay, R.N.B. 1984, The influence of
artificial photoperiod on the growth, appetite and reproductive
status of male red deer and sheep. Anim. Reprod. Sci. 6: 291-299.

Tucker, H.A. and Ringer, R.K. 1982. Controlled photoperiodic
environments for food animals. Science 216: 1381-1386.

Weiner, J. 1977. Energy metabolism of the roe deer. Acta
Theriologica 22: 3-24.



12
II. INFLUENCE OF PHOTOPERIOD ON THE METABOLIC
HEAT PRODUCTION OF EWES
INTRODUCTION

Pronounced seasonal varlations occur in the energy metabolism of
both wild and domestic urgulates. An annual cyclic pattern in energy
metabolism with an increase in spring and summer and decrease in winter
have been reported for moose (Regelin et al., 1985; Renecker and Hudson,
1986), reindeer (Nilssen et al., 1984), white-tailed deer (Silver et
al., 1969; Holter et al. 1977), roe deer (Weiner, 1977) and domestic
sheep (Blaxter and Boyne, 1982; Argo and Smith, 1983).

This variation in metabolism has been attributed to seasonal
changes in ambient temperature, food availability, and other
environmental variables (Kay, 1985). 1In controlled temperature studies,
with exposure to acute cold, an animal responds with an immediate
increase in heat production to maintain homeothermy. Prolonged chrounic
exposure to low ambient temperatures induces an upward adjustment of
thermoneutral resting metabolic rate (Young, 1975). This typical
laboratory response is contradictory to the natural seasonal metabolic
pattern in which energy metabolism decreases at a time when
environmental temperatures are also decreasing.

For sheep and deer a natural seasonal pattern in voluntary food
intake has been reported, with a maximum in the spring and summer and a
marked decrease in winter (Gordon, 1964; Milne et al., 1978; Kay, 1979).
Seasonal changes in appetite is an apparent adaptive response related to
the natural abundance of food in the summer and often a scarcity in

winter. However, changes in intake are not strictly due to food
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availability, but have been shown to be influenced by changes in
daylength (Kay, 1979; Argo and Smith, 1983). Simpson et al. (1984),
showed that under conditions where food was provided ad libitum and a
seasonal photoperiodic regimen imposed involving two cycles of daylength
change in one year, two distinct cycles of food intake resulted for both
deer and domestic sheep.

It is well established that food intake has a direct effect on the
rate of energy metabolism (Blaxter, 1962). Blaxter and Boyne (1982)
however, deduced from examination of data from a feed evaluation stu'y,
that the seasonal variation observed in heat production by sheep was not
due to changes in feed intake. Their data were derived from
measurements of animals housed in a windowed building, and fed near
maintenance rations. Blaxter and Boyne (1982) suggested that there was
a seasonal component of metabolism independent of feed intake and
suggested that daylength may be involved.

Seasonal photuperiod has a precise and repeatable annual pattern
in temperate and polar regions and has been shown to serve as an
important cue for the timing of the onset and termination of
reproductive activity in sheep (Yeates, 1949). There is no direct
evidence that seasonal changes in energy metabolism are cued directly
by photoperiod nor is it clear whether these are simply related to the
natural seasonal changes in food intake. The aim of this study was to
determine if seasonal photoperiod has a direct influence on energy

metabolism when other influencing factors are held constant.
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MATERIALS AND METHODS

Animals, Housing and Management

The study was conducted at Edmonton, Alberta, Canada located at
53.5° N latitude. Twenty-four Suffolk ewes born in January and February
of 1987, were utilized in the experiment. The ewes were caged in
metabolic crates to facilitate individual feeding and fecal collection.
The ewes were randomly allocated to one of four temperatuve-controlled
rooms, three of which were windowless. Ceiling-mounted fluorescent
tubes were utilized, giving cool white illumination. Light intensity
was measured with a Spectra-Combi 500 light meter, sensitive to 35 lux.
The internal lighting of the rooms at the level of the animals’ head was
between 1100 and 1200 lux. All rooms were continuously ventilated and
temperature was maintained at 20.5 * 2.4°C.

Throughout the trial, a constant near-maintenance ration, was fed
at 1400 daily. This ration was formulated to meet the requirements of a
50 kg ewe (NRC, 1986). The daily feed allocation consisted of 600 g
pelleted barley based concentrate and 200 g chopped brome/alfalfa mixed
hay. The wetabolizable energy and crude protein of the pellets and hay
on a dry matter basis were 12 MJ/kg, 15% and 9 MJ/kg, 12%, respectively.
The sheep had ad libitum access to water and trace-mineralized salt
throughout the experiment.
Experimental Design

Initially 18 of the ewes, 4 to 5 months of age, were maintained in
the experimental facility and exposed to constant daily 12 h light, 12 h

dark (12L:12D), for 18 weeks. Following this constant light period, the
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sheep were randomly assigned to one of three artificial light treatments
for the next 76 weeks. An additional group of six ewes (treatment Group
D) were brought into the experiment from the natural outdoor light
environment, 5 weeks prior to the start of the artificial light
treatments. This group continued to be exposed to the natural light
pattern in a windowed room where light intensity varied daily depending
on season and weather conditions.

The light treatments were as shown in Figure II.l: Group A,
constant 12L:12D; Group B, a sinusoidal pattern of light change in
reverse to that of natural light, involving an initial increase in daily
light; Group C, a sinusoidal pattern of light change closely mimicking
the natural light pattern, involving an initial decrease in daily light;
and Group D, natural light (windowed room). The artificial summer and
winter ‘'solstices’ were 18L:6D and 6L:18D, respectively. For the
artificial light regimens, the lights were regulated daily by automatic
timers whose time settings were adjusted manually each week.
Experimental Measures

Measurements of resting metabolic heat production (MHp) were taken
every 4 weeks, on each sheep, using the waterbath procedure described by
Young et al., (1988). To avoid disruption of the daily feeding routine
and confounding effects of feeding on MHp, all measurements were
performed 16 to 18 hours postprandial. Resting metabolic rate (MHp) was
calculated from rate of outflow ventilation (V,) from the face mask
(approx. 110 1/min) and input and output oxygen concentrations (0, and
O,, respectively) using the equation of McLean (1972).

MHp = 20.47 V, (0, - 0,)
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Oxygen concentrations were measured using a dual-channel paramagnetic
analyzer (Taylor Servomex OA 184). These data were recorded and stored
for later processing and analysis using an electronic Datataker (model
DT100, Data Electronics, Box Hill, Vic., Australia). The system was
calibrated every 4 weeks using the iron burner technique of Young et al
(1984) .

Fecal collections were conducted every 12 weeks over the 76 week
period for determination of dry matter (DM) digestibility. The ewes
were weighed biweekly utilizing scales accurate to * 1 kg. Values 2
weeks following each shearing period (post-shearing live weight) were
utilized in the statistical analyses, to remove the effects of shearing
on live weight. The ewes were shorn approximately every 12 weeks to
facilitate MHp measurements and for the measurement of wool growth.
Statistical Analyses

Analysis of variance was performed using the General Linear Models
(GLM) procedure (SAS, 1988), for DM digestibility, post-shearing live
weight, weight gain and wool growth. Treatment differences were
established using the error term of sheep nested within treatments.
Treatment differences for DM digestibility, live weight and wool growth
were determined using a t-test equivalent to Fisher'’s least significance
difference (LSD) test (SAS, 1988).

Two methods were utilized to evaluate the functional response of
MHp to photoperiod, these being 1) polynomial regression analysis and 2)
periodic regression analysis. A process of polynomial curve fitting
(fifth degree, quintic equation) was initially done to examine the

patterns of MHp and to provide an estimate of the time of maximum and
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minimum MHp values from visual appraisal of graphs and fitted values.
The computed peak values and time of these peaks for each of the above
were subsequently compared by t-test.

Further analysis of the relationship between MHp and the annual
light cycle were made using the procedure for a periodic curve as
outlined by Little and Hills (1978). To each set of data from an
individual ewe and for each treatment group, the following equation for
a perlodic curve was fitted:

Y =38, + a;cos C X+ b;sin CX
where X was time in weeks from the imposition of the treatments, and C
was the constant equal to 360° divided by the number of weeks in a
cycle. The initial analysis utilized a 52 week cycle (C=6.923).

Further analysis was conducted to examine possible cycle lengths between
30 and 70 weeks. The term a, was defined by the weighted mean heat
production value around which the wave fluctuated. The amplitude of the
wave was calculated from two times the square root of a,? + b,%2. The
point in the cycle where the wave reached its maximum value is referred
to as the phase angle and was computed from the arc tan of b,/a;, (4'),
converted to angles. Phase angles (#) were computed using the rules
outlined by Little and Hills (1978), whereby if b; was positive and a;
positive #=4'; if b, was positive and a;, negative §=180°-4'; if b, was
negative and a, negative §=180°+4’; and if b, was negative and a,
positive #=360°-4’. These calculations were also computed for the
different seasonal light patterns utilized as well as for the pattern of
MHp. The difference between the phase angles of the heat production and

light treatments provided an estimate of the phase delay or response
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time of metabolism to light changes.
Analysis of variance, using the General Linear Models procedure
(SAS, 1988), was used to compare the computed amplitudes and phase
delays. Mean differences were determined using a t-test equivalent to
Fisher’s LSD test. Unless otherwise specified all values are expressed

as means * standard deviation (SD) and significance was assessed at

P < 0.05.
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RESULTS

One ewe from Group A, (#239) was a replacement brought into the
experiment 4 weeks into exposure to the 12L:12D period, and had been
exposed previously to natural light conditions. Three additional ewes,
two from Group C and one from Group D, were removed during the course of
the experiment for reasons unrelated to the experimental treatments and
were not replaced. Data from these ewes were not included in the
statistical analysis of MHp.

The temperature in the rooms remained relatively constant, and the
light patterns resulted in designed treatment curves which were found to
have no comsistent influence on changes in DM digestibility of the feed,
live weight, weight gain or wool weight. Average values for each
parameter are shown in Table II.l. Treatment differences in weight gain
were only evident during the final 20 weeks of the trial, such that
groups C and D had a significantly greater gain than group B (Table
IT1.1). The estimated weight gains for each group are shown in Figure
I1.1. The ewes in Group A were significantly heavier than those in any
other group during the final 20 weeks, with the exception of one ewe in
the same group which had recurrent periods of bloat and inappetence
throughout the study and was therefore not included in the live weight
mean (Table II.1). Similarly the average weekly wool growth was
significantly greater for Group A (Table II.1l).

Polynomial analysis of resting metabolic heat production
Figure II.2 illustrates the average MHp pattern derived from

polynomial smoothing of the resting MHp values and the observed MHp
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values of the four treatment groups. A distinct cyclic pattern in MHp
was evident for the ewes in Groups B, C and D, with a maximum value
occurring during exposure to an increasing daylength and minimum value
occurring during exposure to a decreasing daylength. A similar pattern
but of significantly lower amplitude was observed for ewes in Group A,
The results for each ewe show that MHp changed in a curvilinear manner
similar to the light pattern with the regressions being statistically
significant for 13 of 15 ewes in a seasonal light pattern and 2 of 6
ewes in constant light (Table I1I.2).

The calculated maximum and minimum average resting MHp values
(watts and watts/kg-’3) for the ewes in each light treatment are shown
in Table II.1. For the ewes in seasonal light there was a difference
between the maximum and minimum MHp (W/kg'’®) of approximately 26% while
the sheep in constant light (group A), had a difference of only 1ls,
Group D had a significantly greater difference between maximum and
minimum MHp/kg-’5 (33%) than the other groups. Similarly the average
maximum heat production value per kg'’5 was significantly higher for
group D in comparison to the other groups.

As shown in Table II.1, the minimum MHp value for Group A occurred
after approximately 59 weeks of exposure to constant 12h daily light,
while maximum values occurred after 84 weeks. The timing of the onset
of maximum and minimum MHp were opposite for group B and C which were
exposed to reverse artificial sinusoidal light patterns but occurred
13.6 * 2.1 and 14.3 * 3.4 weeks following the week of the shortest and
longest daylength, respectively. Similarly Group D, in natural light

exhibited a maximum MHp after 15.5 * 2.9 weeks after the shortest day



. 21
and a minimum after 18.5 * 3.3 weeks after the longest day.
Fitting periodic curves to MHp values

A sinusoidal pattern in MHp was clearly evident for ewes exposed
to each photoperiodic regimen as shown by the fitted periodic curves for
each ewe in Figure II.3. Table II.3 summarizes the results of this
regression analysis for resting MHp using Little and Hills' equation,
for a 52 week cycle, and a total of 20 heat production values for each
ewe collected over a 71 week'period. Generally, the pattern in MHp
followed a 52 week cycle with 14 of 15 calculated regressions being
significant for ewes exposed to a seasonal light pattern, whilst only
one of the six calculated regressions were significant for the ewes kept
in constant light. Again when the same analysis was conducted utilizing
values (n=15 observations/sheep) from the final 52 weeks of the study
(Table II.4), versus 71 weeks, 13 of 15 regressions were significant for
the ewes in seasonal light while none were significant for those in
constant light.

When the analysis was repeated considering variations in the
length of the cycle from 52 weeks, significance (P<0.02) was observed
for three additional sheep in group A with cycle lengths of 64, 68 and
76 weeks. This cycle length was significantly longer than that of the
other groups in which the lowest standard error of the estimate was
obtained utilizing a cycle length of 50.2 + 3.4 weeks.

The mean amplitude of the sine function for group D (18.3 watts)
was significantly greater than group A (8.7 watts), this being a

difference of 1108. Groups B and C had an intermediate value for the

mean amplitude (13.6 * 5.9 watts) which was approximately 56% greater
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than group A (Table I1.4). The amplitudes determined for the three
sheep having significant patterns of extended cycle lengths (group A)
were 8.6, 12.6 and 13.2 watts.

The groups exposed to seasonally changing light reached a maximum
MHp 15.1 * 3.2 weeks after the shortest day. Maximum MHp values for the
group in constant light were out of phase with the natural photoperiod
group, and when calculated in relation to the natural seasonal light
pattern, occurred -3.8 * 1.5 weeks in relation to the natural shortest

day.
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DISCUSSION

The distinct pattern in metabolic heat production (MHp) observed
for the ewes exposed to a 52 week seasonal light pattern, clearly
indicates that the annual pattern of changing daylength does influence
MHp, and therefore influences, whole-animal energy metaboiism. Evidence
of direct response to light was further validated by the reproductive
response discussed in a subsequent chapter (IV). Exposure of the
animals to a reverse seasonal pattern of daylength resulted in a reverse
seasonal cycle of MHp. The general pattern observed involved an
increase and decrease in MHp with exposure to increasing and decreasing
daylengths, respectively. Natural light had a greater influence on the
degree of this response, than did a similar pattern of artificial light,
as evidence by the greater amplitude of group D.

Both the polynomial and periodic curve fitting analysis gave
similar patterns confirming the presence of a consistent rhythm in MHp.
In the polynomial analysis the time intervals are not fixed as opposed
to the periodic analysis when it was initially fixed at 52 weeks. The
polynomial analysis provided more flexibility and allowed for curves of
varying shapes (amplitudes) and sizes (duration). The polynomial
analysis initially was conducted to determine the presence or absence of
a significant curvilinear response in the MHp data, and provided higher
coefficients of determination (R?) than the periodic analysis, as it
took into consideration curves of various cycle lengths. Similarly, 2
sheep in the constant light were seen to have a significant pattern in

MHp. These same 2 sheep were subsequently found to have a significant
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pattern of extended duration utilizing the periodic analysis,
Polynomial analysis also revealed that the initial curve (maximum to
minimum) in MHp for groups B and C were of reduced duration (Figure
I1.2), relating to the reduced exposure time to an increasing or
decreasing daylengths, respectively, as both these groups had been
previously held at 12L:12D (Figure II.2 and II.3). The periodic
analysis, confirmed the influence of light, as it showed that only the
sheep exposed to a 52 week seasonal light pattern had a significant 52
week pattern in MHp.

Explanations for the influence of photoperiod on the circannual
rhythm in MHp may be postulated from the results of group A. This group
provides evidence for the existence of an endogenous rhythm in MHp,
similar to that seen for estrual activity of seasonally breeding ewes.
It has been shown that reproductive cycles of ewes become irregular,
asynchronous and out of phase with the natural reproductive cycle under
conditions which physically or functionally, removes the animal from the
stimulus of photoperiodic cues (Karsch and Wayne, 1988). As with the
extended estrous cycles observed for ewes maintained in a constant light
regime (Kennaway et al., 1983), the metabolic cycles of ewes in group A
were of extended duration and out of phase when compared to the ewes
exposed to natural seasonal light., Maximal heat production values for
group A occurred near the natural shortest day in contrast to that of
all the groups in a seasonal light pattern, displaying maximal values
approximately 15 weeks following the week of the shortest day. Thus, as
for estrual activity, photoperiod serves to entrain the precise timing

of the metabolic heat production rhythm, and may also modulate its
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amplitude.

The precise time of occurrence of peaks and nadirs in metabolic
heat production for the ewes in seasonal light, did not occur exactly in
accordance with the longest and shortest daylength periods. Blaxter and
Boyne (1982), after analyzing data from domestic sheep, found that
maximum heat production occurred in midsummer and minimum heat
production in midwinter coinciding more precisely with maximum and
minimum daylengths, respectiQely. in a recent study Baldock et al.
(1988), observed that the heart rate of domestic sheep varied
seasonally, with minimum values in December and maximum values in June.
Assuming heart rate to be a reasonable indicator of energy metabolism of
a resting or moderately exercised animal, minimum and maximum values
again coincide with minimum and maximum daylengths, respectively.
Studies involving wild ungulate species, have found variations in time
of maximal and minimal heat production values. Generally, peak values
have been observed in spring and summer but in some cases autumn, and
lowest values in winter {Silver et al., 1969; Nilssen et al., 1984;
Regelin et al., 1985; Renecker and Hudson, 1986).

Variations in the timing of peaks and nadirs in MHp can be
explained in part by the functional implications of this cycle. This
MHp rhythm serves as an adaptive mechanism in temperate and polar
environments where food quantity and quality varies seasonally. Natural
patterns in voluntary food intake for sheep, involves waximums during
spring and summer and minimums during winter (Gordon, 1964). A
photoperiod manipulated cycle in voluntary food intake has been

experimentally shown in sheep and deer, which coincides with the
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metabolic rhythm (Simpson et al., 1983). 1In the above studies involving
wild ungulates, food was provided ad libitum and a similar cycle in food
intake to that observed for MHp was evident. The heat production
associated with ingestion and digestion would be expected to vary
seasonally as a result of variations in food intake. Therefore, peaks
and troughs in MHp could be expected to occur at periods of maximal and
minimal food intakes, respectively. The earlier onset of peaks and
nadirs in MHp in the present study may therefore, have been a
consequence of restricted food intake. This concept is examined in more
detail in Chapter V.

Because of the known effects of food intake on MHp, studies have
attributed food intake as the driving force responsible for seasonal MHp
(Nilssen et al., 1984). Blaxter and Boyne (1982) however concluded
from their analysis that a seasonal rhythm in metabolic rate was
independent of feed intake and postulated that there was an additional
seasonal component (possibly photoperiod) of metabolic rate. From the
results of the present study, it may be suggested that metabolic rate is
the physiological parameter photoperiodically driven and that appetite
patterns may occur in response to metabolic changes. Increases in food
intake may in turn, act in a feedback manner to modulate the phase of
the MHp rhythms and accentuate the magnitude of the me<ubolic response.

The amplitude of the MHp response observed for ewes in a seasonal
light pattern of + 11% of the mean MHp value compares closely to the
variation of * 14% of the mean MHp reported for restrict fed Suffolk
cross sheep (Blaxter and Boyne, 1982) and Soay rams (Argoe and Smith,

1983). As mentioned before, food intake influences MHp and the degree
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of variation may be altered by feed restriction. Argo and Smith (1983)
reported greater amplitudes in the heat production cycles of rams fed to
appetite. Similarly, for wild ungulates fed ad libitum, greater degrees
of seasonal variation in MHp were reported with differences of 40%
(Regelin et al., 1985) and 120% (Renecker and Hudson, 1986) for moose,
50% for White-tailed deer (Silver et al., 1969) and 20% for Roe deer
(Weiner, 1977). As conditions of measurement vary between the above
studies the degree of seasonal variation in the heat production cycle
may have been further influenced by additional variables, including
ambient temperature, animal activity, and reproductive status, all of
which were controlled in the present study.

The degree to which other intrinsic and extrinsic parameters
influence the cycles in MHp is an area requiring further examination.
Future studies examining the effects of controlled combinations of
environmental parameters such as photoperiod and ambient temperature,
may provide further insight into the timing and degree of the seasonal
responses observed in MHp. Furthermore, reduction or alteration in the
MHp response observed may be a consequence of domestication. Provision
of shelter and food in winter reduces the selective pressure that would
maintain seasonality in some physiological parameters. With
domestication there has been deliberate selection for annual production
of offspring, meat and wool, and seasonality in many physiological
traits has been nearly eliminated in some lowland breeds of sheep (Kay,
1985).

Physioclogical explanations, to account for changes in measured

resting MHp, based on the energy flow through the animal (Figure 1I.4),
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may be occurring in some of the individual components contributing to
total Hp. The lack of treatment differences in food digestibility
indicate that variations in MHp were not be accounted for by shifts in
diet availability.

Furthermore, energy retention, as estimated by live weight and
wool growth changes, did not strongly parallel the pattern of MHp or
light pattern. Changes in body energy stores would in theory, be
expected to occur, if energy expenditure increased while energy intuke
remained constant. If changes in body energy reserves are reflected in
body weight changes, it would be expected that a decrease in weight, or
because all ewes increased in weight throughout the study, a reduction
in weight gain would occur during periods of increased metabolic heat
production. This was generally not evident during the present trial
with the exception of groups C and D which exhibited greater weight gain
during the final 20 weeks, although coincident with the time of
increasing MHp. Changes in live weight of a low magnitude may have
occurred but not detectable by the measurement procedure. These more
subtle fluctuations in weight may have contributed to the lower body
weight of groups B, C and D at the end of the trial, suggesting that
under constant light, the diminished or eliminated metabolic cycles of
group A contributed to a more stable live weight gain and greater wool
growth. Furthermore, shifts in body composition and therefore energy
stores, may have occurred without changes in body weight. Forbes (1982)
reported that when nutritional effects were removed by pair-feeding,
lambs maintained in long daylengths (16L:8D) had longer leaner carcasses

than lambs in short daylengths (8L:16D), with no apparent effect on
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carcass weight. This is an area requiring further research to provide
insight into the underlying physiologicsl changes relating to shifts in
MHp and body energy reserves.

The Suffolk breed of sheep utilized in the present study, has
retained its seasonality in terms of photoperiodically entrained rhythm
in MHp. The presence of a innate rhythm in metabolic heat production
was evident in some of the ewes maintained in a constant 12L:12D
environment. Seasonal photoperiod, both artificial and natural, served
to regulate the precise timing of the changes in metabolic heat
production, with natural photoperiod accentuating this response. The
implications of the existence of a cycle in metabolic rate for
production situations may suggest alterations in the maintenance energy
requirements of sheep associated with particular times of the year.
However this is dependent on the production situation and may also vary
with the breed of sheep, as variations have been shown in the degree of
seasonality of voluntary food intake of different breeds of sheep
(Manecton, 1989). Further research is required in order to provide
understanding of interactive environmental variables, such as
photoperiod, temperature and food intake and also the contribution of
breed differences and animal behaviour patterns on seasonal cycles in

energy metabolism.
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Table II.l.. Least square means (+ SEM) of dry matter digestibility,
live weights, weight gain and wool growth, and the maximum and minimum
MHp values determined from polynomial regression analysis (quintic
equation), for ewes exposed to four photoperiodic regimens.

Group A Group B Group C Group D

Dry matter digestibility (%)
76.1* £ 0.3 75.4*%* 0.3 76.4** 0.3 75.22% 0.4
Post shearing live weight (kg)
Initial 50.5* £+ 1.6 50.2° % 1.6 46.0%
Final 64.5* + 1.3 59.4®> + 1.3
Weight gain (kg/week)
week 14 to 25
0.43* £ 0.05 0.42° £ 0.05 0.45* %+ 0.05 0.30* + 0,05
week 48 to 60
0.17* £ 0.04 0.06* + 0.04 0.06% + 0.04 0.17* + 0.04
week 74 to 88
0.004% + 0,04 -0.08° + 0.04 0.05°° *+ 0,04 0.14° + 0.04

.0 41.6°
5 57.7b

Wool growth (g/week) )
77.1* + 0.9 62.3** £ 0.9 69.0®°*+ 1,0 56.0° % 0.9

Maximum MHp

Watts (W) 76.3* + 2.2 78.8*+ 2.0 76.2* £ 2.4 78.4% + 2.2
W/kg' 5 3.47* £ 0.1 3.67° + 0.1 3.77* £ 0.1 4.18° + 0.1
Week of maximum MHp

(W) 84.,3*+ 1.5 71.0°% 1.5 44.8° £ 1.8 44,2° + 1.6

(W/kg-7%) 84.8*+ 2.0 70.2°>+ 1.8 40.5° £ 2.2 42.8° % 2.0
Minimum MHp

W) 69.2* + 1.5 63.3%* + 1.5 64.3%®+1.9 63.7°+ 1.5

W/kg' "3 3.14* £ 0.1 3.07* * 0.1 3.01* + 0.1 3.16* + 0.1
Week of minimum MHp

(Watts) 55.7* £ 1.7 41.7° + 1.7 72.8° £ 2.1 68.2° % 1.9

(W/kg'’%) 61.0* £ 1.8 41.0°P 1.7 73.5° £ 2.1 69.8°+ 1.8

&b c peans with different superscript in a row differ (P < 0.05).

Group A, constant 12L:12D

Group B, sinusoidal pattern of artificial light, reverse of Group C.

Group C, sinusoidal pattern of artificial light, closely mimicking
natural light (Group B and C, summer and winter ‘'solstices’
18L:6D and 6L:18D, respectively)

Group D, natural photoperiod (53.5° N latitude)



Table I1I.2 Polynomial analysis of the fifth degree (quintic equation)
for MHp values (watts) for ewes in each photoperiodic regimen.

Group Sheep weeks from amplitude R2 F value
no. max to min MHp
cycle 1 cycle 2

A 48 30 27 7.5 0.03 1.108
49 34 27 12.3 0.15 1.642
74 40 26 9.4 0.13 1.528
85 40 26 20.0 0.38 3.203 *
239 31 26 14.2 0.13 1.518
189 26 40 27.9 0.44 3.844 *
mean 35 26 15.2
B 20 23 30 24.1 0.52 4.926 *
47 23 28 16.0 0.04 1.132
81 23 25 14.9 0.64 7.528 **
93 23 31 36.7 0.74 11.443 *¥%*
246 19 37 23.1 0.57 5.868 **
39 23 25 32.5 0.63 7.228 **
mean 22 29 24.5
C 16 23 28 20.9 0.75 11.869 %%
54 19 25 29.0 0.85 21.835 *#*x%
56 17 28 12.0 0.56 5.503 **
107 28 31 20.8 0.57 5.756 **
mean 22 28 20.7
D 30 23 25 21.4 0.61 6.678 **
31 22 28 17.6 0.25 2.211
176 23 20 36.0 0.80 15.134 *%*
202 23 25 25.4 0.50 4.456 *
64 22 22 31.8 0.73 10.858 **%
mean 23 24 26.4

* 0,01 < P<0.05 #** 0.001 <P < 0.01 #*+* P < 0.001

Group A, constant 12L:12D
Group B, sinusoidal pattern of artificial light, reverse of Group C.
Group C, sinusoidal pattern of artificial light, closely
mimicking natural light (Group B and C, summer and
winter ‘solstices’ 18L:6D and 6L:18D, respectively)
Group D, natural photoperiod (53.5° N latitude)



Table II.3.

Periodic regression analysis (cycle length=52 weeks) of

resting MHp (watts) of Suffolk ewes exposed to one of four light
regimens 20 observations/ewe for 71 weeks of the experiment.

Group Sheep Constant Phase angle Delay Amplitude R? F
no. + SEM (PA) wk of (MHp PA- (watts) value
max MHp light Pa)
A 48 72.3 £ 1.29 25.3 -26.4 7.8 0.21 2.29
49 67.5 * 1.02 34.8 -16.9 7.3 0.28 3.27
74 74 .4 + 1.09 26.4 -25.3 6.6 0.21 2.31
85 71.6 * 1.63 23.1 -28.6 9.4 0.20 2.09
239 72.3 £ 1.09 30.2 -21.5 9.0 0.34 4.33%
189 82.2 £ 1.79 32.5 -19.2 6.3 0.09 0.80
mean 73.4 % 1.3 28.7 -22.9 7.7
B 20 67.2 +1.11 15.7 -13.4 13.1 0.51 9.18%*
47 72.0 * 1.40 19.8 -9.3 9.4 0.25 2.91
81 71.5 + 1.24 19.9 -9.2 10.6 0.35 4.67*%
93 77.4 * 1.57 22.4 -6.7 19.9 0.54 10.26%%*
246 67.3 + 1.31 14.9 -14 .2 12.4 0.46 5.96%
39 73.8 £ 1.28 20.1 -9.0 16.8 0.57 11.07%%%
mean 72.5 % 1.4 19.3 -10.3 14.9
C 16 71.0 £ 0.58 44.3 -11.4 11.5 0.75 25.36%%%
54 72.9 + 1.38 43.4 -12.3 13.5 0.43 6.30%%
56" 71.1 % 0.94 47.4 -8.3 8.5 0.39 4.85%
107 72.3 +1.19 42.4 -13.3 11.8 0.43 6.40%%
mean 71.8 + 1.0 44.4 -11.3 11.3
D 30 70.6 + 1.22 IN/A -7.3 20.2 0.71 19.41%%x
31 76.4 + 1.16 48.2 -3.5 9.2 0.35 4.35%
176 74.6 + 2.43 40.5 -11.2 21.9 0.42 5.68%
202 69.4 *+ 1.46 37.0 -14.7 20.2 0.61 12.75%%x
64 70.9 + 1.68 43.2 -8.5 15.7 0.44 6.26%*%
mean 72.0 + 1.6 42.7 -9.0 17.5

*n=18 observations.

* 0.0l < P < 0.05;

#% 0,001 < P < 0.01;

Group A, constant 12L:12D

Group B, sinusoidal pattern of artificial light, reverse of Group C.

Group C, sinusoidal pattern of artificial light, closely mimicking
natural light (Group B and C, summer and winter solstices’
18L:6D and 6L:18D, respectively)

Group D, natural photoperiod (53.5° N latitude)

*%% P < 0.001
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P T i e N

Taple YI.4. Periodic regfession analySls (cycle length=52 weeks) of
regeing MHp (watts) of Suffolk ewes exPosed to one of four light
regiméns, 15 observations/ewe for the final 52 weeks of the experiment

Gtoup Sheep Constant Phase angle Delay Amplitude R? F

no., + SgM week of (PA MHp- (watts) value
pPeak MHp PA 1lights)
A 48 71,4 % 1.4 27.9 -23 .8 6.6 0,18 1.30
49 67,0 % 1.3 36.0 -15.7 7.6 0.27 2.20
74 741 1.2 27.8 -23 .9 5.3  0.17 1.25
85 71.1 +1.7 27.2 -24 5 12.4 0.36 3.32
239 72,3 + 1.4 30.1 -21.6 8.6 0.28 2.34
189 81.5 * 2.0 32.0 -19 .7 11.8 0.27 2.17
hean 72,9 % 1.5 30.2 -21.5 8.7
i T P S S
B 20 67.7 1.2 16.9 -12 3 12.1  0.55 7.25%%*
47 72,3 +1.7 2¢.7 -8.5 10.0 0.26 2.09
81 70.8 +1.0 14.9 14 9 7.0 0.3z 3.10
93 796 + 1.6 21.7 -1.4 24.2 0.70 14.18%%*
246 67,1 % 1.4 17.5 -11.6 9.5 0.38 3.63%
39 749 %1.3 9.4 -9.7 18.7 0.70 14.26%%*
mean 72,0 % 1.4 18.5 -10.¢ 13.6
c 16 70.6 £ 0.7 43.9 -11.8 13.0  0.81 24.90%%*
54 71,7 1.0 41.6 -14 1 18.4 0.81 25.06%**
56 70,5 + 0.9 45.1 -10. ¢ 8.7 0.49 5.80%
107 72.0 £ 1.3 44,2 -11 5 14.4 0.56 7. 64%%
mean 71.2 + 1.0 43.7 -12.0 13.6
B T i T s S SR,
D 30 70,3 1.4 43.8 -7.9 21.7  0.74 17.07%%*
31 73.5 1.2 48.0 -3.7 11.9 0.50 6.05*
176 76,6 *+ 2.4 37.4 -14.3 21.7 0.47 5.33%
202 70,0 % 1.7 36.0 <15.7 20.2  0.60 8.83%=*
64 71.5 +1.7 40.8 -10.9 16.2 0.51 6.28%
mean 72.4 % 1.7 41.2 -10.5 18.3

i T e e T I
¥ Q 0l <« P<0.05; ** 0,001 <P < 0,0l; =»+ P<0.001

Group A, congtant 12L:12D

Group B, sinusoidal pattern of artificial light, reverse of Group C.

Group Q, sinusoidal pattern of artificial light, closely mimicking
natyral light (Group B and C, summer and Winter ‘solstices’
181,:6D and 6L:18D, respectivel)')

Graup D, natural photoperiod (53.5° N latitude)
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Figure 1.1 Photoperiod regimens and the average weekly
weight gain of ¢ach group
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Figure II1.2 Group mean resting metabolic heat production values
for each photoperiodic regimen with the fitted polynomial
function, quintic equation (wide line represents light pattern, *
represents observed MHp, narrow line represents fitted MHp)
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Figure II1.3 Predicted resting metabolic heat production patterns
of ewes in each photoperiod regimen, as estimated utilizing
periodic regression analysis (wide line represents light pattern,
narrow line with symbol represents fitted MHp for each sheep)
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Figure Il.4. Energy flow through an animal (from Ferrell, 1988)

Figure 11.4 has bee: removed due to the unavailability of
copyright permission.
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III. INFLUENCE OF PHOTOPERIOD ON SEASONAL
THYROID HORMONE CHANGES

INTRODUCTION

Prominent seasonal cycles in reproduction (Sadlier, 1969) and
energy metabolism (Silver et al., 1969; Blaxter and Boyme, 1982; Regelin
et al., 1985; Renecker and Hudson, 1986) occur in some wild and domestic
species of ungulates originating in polar and temperate regions of the
world. The physiological mechanisms governing these metabolic changes
have not been fully elucidated, although distinct annual variations in
the levels of various hormones have been implicated. Examples of
hormones which have been found to vary seasonally in certain wild and
domestic ungulates include, thyroid hormones (Ryg and Langvatn, 1982;
Loudon et al., 1989), growth hormone (Ryg, 1982), and prolactin (Munro
et al., 1980; Bubenik et al., 1983).

Thyroid hormones are itnown to regulate energy metabolism (Van
Hardeveld, 1986) by increasing the rates of reactions in most cells of
the body (Guyton, 1986). Thyroid hormones stimulate the rate of energy
expenditure during rest and activity with reported maximal stimulation
of basal metabolic rate (BMR) in humans and rats of 100-150% above
normal BMR (Van Hardeveld, 1986). A number of environmental factors,
including temperature (Galton, 1978), nutrition (Danforth et al., 1981)
and emotional stress (Gregerman and Davis, 1978), have been shown to
influence thyroid activity.

In sheep, changes in photoperiod influence the secretion of most
of the anterior pituitary hormones including luteinizing hormone

(Webster and Haresign, 1983), follicle stimulating hormone (Langford et
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al., 1987), thyroid stimulating hormone, prolactin and growth hormone
(Munro, et al., 1980; Lincoln et al, 1980; Langford et al., 1987).
Seasonal rhythms have been reported for thyroxine (tT4) and
triiodothyronine (tT3) for white-tailed deer (Bahnak et al, 1981; Brown
et al., 1983; Watkins et al., 1983), reindeer (Ryg and Jacobsen, 1982;
Nilssen et al., 1984), red deer (Ryg and Langvtan, 1982; Loudon et al.,
1989), and domestic sheep (Wallace, 1979). However in many studies
involving wild ungulates there have been conflicting results, with
reports of no seasonal change in tT4, but one for tT3 (Bubenik and
Leatherland, 1984) or the reverse situation (Watkins et al., 1983).

It has been shown (Chapter II) that seasonal changes in
Photoperiod directly influenced the metabolic heat production of ewes,
when known contributing factors of food intake, physical activity and
ambient temperature were maintained near constant. If changes in
thyroid activity contribute to the changes in metabolic rate, one would
expect that the plasma hormone concentrations vary throughout the year,
parallel to the metabolism changes.

The aim of the present study was to examine the influence of
photoperiod on total and free (unbound) thyroxine and triiodothyro:ine
concentrations in plasma and to examine their relationship to seasonal

photoperiodic induced changes in metabolic heat production.
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MATERIAL AND METHODS
Animals, Housing and Management

The detailed experimental procedure of animals, their housing and
management are described in Chapter II; only a brief description is
therefore presented here. Twenty-four Suffolk ewes born in February and
March, were kept outdoors at 53.5°N latitude until they were 4 to 7
months of age. They were then brought indoors in June (18 ewes, groups
A, B and C) or September (6 ewes, group D).

Experimental Design

The 18 ewes (groups A, B and C) were kept in light-proof rooms and
exposed to an artificial light pattern of 12 h light, 12 h dark daily
(12L:12D) for first 18 weeks. They were then assigned randomly to one
of three artificial light treatments for a period of 76 weeks. The
light environments were as follows: Group A, continued 12L:12D; Group B,
a sinusoidal pattern of light change with initial ircrease in daily
light; Group C, the reverse sinusoidal pattern of Group B, closely
mimicking natural seasonal light, see solid lines in Figure III.1A to
Figure III.1D. The artificial summer and winter ‘solstices’ were 18L:6D
and 6L:18D, respectively. The lights were on automatic timers and
adjusted weekly.

An additional group of six ewes (Group D) were brought into the
experiment from outdoors, 4 weeks prior to the start of the artificial
light treatments. This group was maintained in a windowed room and
continued to be exposed to the natural light pattern for 53.5° N

latitude. Accordingly, light intensity varied daily depending on season
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and prevailing weather conditions. All other conditions were the same
as the other three groups.

Experimental Measurements

The methodology related to the metabolic heat production
measurements has been described elsewhere (chapter I). 1Individual blood
samples were collected once weekly, between 09:30 and 10:30 throughout
the experiment via jugular venipuncture. Sampling began 4 weeks prior
to imposing the light treatments. Immediately following collection,
plasma was separated by centrifugation and stored at -20°C until assayed
by radioimmunoassay, for total and free, thyroxine (tT4 and £fT4) and
triiodothyronine (tT3 and fT3) concentrations. During week 55 of the
trial, when group B was in minimal light, and groups C and D in maximal
light, the ewes were chronically cannulated 24 h prior to sampling and
blood samples were collected at 30 minute intervals for a period of 25
h. A single dim red light (below detection limit of light meter, < 35
lux) aided blood sample collection in the dark period.
Hormone Assays

Plasma total and free T4 and T3 concentrations were measured using
a solid-phase radioimmunoassay system, supplied in kit form (Diagnostic
Products Corporation, CA, U.S.A.). The values for sensitivity and
intra- and interassay coefficients of variation for each
radioimmunoassay are shown in Table III.1, It was found that for the
fT3 analysis some of the samples were below the limit of detection of
the assay. For these samples the lowest detectable amount (0.05 pg/ml)

was assigned as the value to the sample.
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Statistical Analyses

To each set of thyroid hormone data for each ewe and for the
treatment group averages, the following equation for a periodic curve
was fitted:

Y= ay+ a; cos CX + b; sin C X
where X was the observed time (weeks), expressed as units from the start
of the experimental treatments, and C was a constant equal to 360°
divided by a predetermined cycle length (the number of weeks in the
light cycle=52) (Little and Hills, 1978). More detail on this analysis
has been provided in Chapter II.

The week of maximum thyroid hormone concentrations was calculated
(termed the phase angle, PA) and this was compared to both the week of
peak light (PA of light) and the week of peak MHp (PA of MHp). The
phase angle of MHp values was determined previously by periodic
regression analysis and was described in detail in Chapter II. The
difference between the phase angles of these parameters was referred to
as the phase delay. A negative phase delay indicated that maximum
thyroid concentrations occurred following maximum MHp and a positive
phase delay indicated the reverse. Amplitude of the curve was also
calculated (described in Chapter 1I) as the difference between minimum
and maximum thyroid levels.

Analysis of variance (ANOVA) using the General Linear Model (GLM)
procedure (SAS, 1988) was used to compare the computed means, amplitudes
and phase delays for each treatment. The significance of mean
differences were determined using a t-test equivalent to Fisher'’s least

significant-difference test. Values are given as means * standard
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deviation unless otherwise specified. ANOVA using the GLM procedure
(SAS, 1988), was used to compare the hormone concentrations during the
daylight, darkness and feeding periods from the 25 h sampling. Again
the significance of mean differences were determined using a t-test
equivalent to Fisher’s least significant-difference test. Significance

was assessed at P<0.05 unless stated otherwise.
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RESULTS

One ewe from group A was replaced early in the trial, 14 weeks
prior to the start of the light treatments. Three sheep, two from group
C and one from group D, were removed during the course of the experiment
for reasons unrelated to the experimental treatments and were not
replaced. Data from these ewes were not used in the statistical
analysis.

Circadian patterns

An example of a circadian profile of hormone concentrations as
determined from the 25 h sampling trial, is shown in Figure III.2.

Daily variations were greatest for tT3. Total T3 and T4 were
significantly elevated during and for 4 hours following feeding. No
significant differences were observed in relation to daylight or
darkness periods for tT3 and tT4 concentrations with average values
shown in Table III.2. Similarly, there were no significant differences
between daylight, darkness and feeding concentrations for fT3 and fTs4.
Therefore the sampling period of 16 to 17 h postprandial (0900 to 1000)
was considered to provide a reliable estimate of thyroid concentrations
and changes therein, when sampling was limited once weekly.

Circ e,

Table III.3 summarizes the level of significance of the periodic
regression analysis for tT3, tT4, fT3 and fT4, based on a fitted 52 week
cycle. For the groups exposed to a seasonal light pattern, a
significant sinusoidal pattern was evident for 14 of 15 ewes for tT3,

and 12 of 15 ewes for fT3 and fT4. This pattern was generally highly
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significant (P<0.01) for group B. Only 2 of 6 ewes in constant light,
had a significant 52 week sinusoidal pattern for tT3, fT3 and fT4. The
results for tT4 were less convincing with only 8 of 15 regressions being
significant for the ewes in seasonal light and none of the regressions
were significant for the ewes In constant light. This sinusoidal
pattern was found to be reversed for the groups exposed to a reverse
seasonal light pattern (Figure III.1lA-D).

The overall average tT3 concentration, given as the constant term
calculated using the equation of Little and Hills’, was significantly
higher for the group in natural light (group D) in comparison to groups
in artificial light (groups A, B and C) (Table III.4). Average fT3
concentrations for Group D were also significantly higher than the two
groups in seasonal artificial light (groups B and C). This corresponds
to average MHp per kg-'’® which was found to be significantly greater for
group D in comparison to groups A, B and C. No significant treatment
differences were observed in the average concentrations of tT4 or fT4.

The time of the occurrence of predicted maximum thyroid hormone
levels, in relation to weeks of exposure to an increasing daylength,
(for the sheep having a significant sinusoidal pattern), are shown in
Table III.4 (phase delay). Group B, exposed to the artificial light
pattern in reverse of natural light, displayed peak values in tT3, fI3
and fT4 after a longer exposure time to an increasing daylength, than
the other groups. This was found to be significantly longer in
comparison to group D, in natural light (8.5 * 2.3 weeks), with peak
values for group B occurring following 50% longer exposure time to

increasing daylength (16.4 * 1.5 weeks). When the timing for thyroid
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hormone peaks for the ewes in group & {anly ewes exhibiting a
significant sinusoidal pattern), was compared to the natural 1l{ght
pattern, maximum values were found to occur approximately 5 weeks
following (tT3) or approximately 10 weeks preceding (fT3 and fT4) the
week of the natural shortest day.

When amplitude (expressed as t percentage of the mean thyroid
hormone concentration) was calculated (Table III.4), group B was found
to have a significantly greater amplitude for fT3 and fT4 than the other
groups. Total T3 and T4 did not differ in amplitude between the groups
exposed to seasonal light.

Relationship between maximum MHp and maximum thyroid hormone
concentrations (phase delay) was calculated as the difference between
the week of predicted maximum MHp and the week of maximum tT3, tT4, fT3
and fT4 concentrations of each group (Table III.4). Generally, the
predicted thyroid hormone curves paralleled the predicted MHp curves
(Figure III.1A-D). Significant differences in this relationship for
groups exposed to a seasonal light pattern, were observed for tT3 and
fT3. Peak values in tT3 preceded peak MHp by approximately 4 to 5 weeks
for groups C and D, whereas the reverse situation was evident for tT3
for group B (-4.0 weeks), in the reverse light situation. Similarly for
fT3, peak values preceded peak MHp values by 5.0 and 2.0 weeks for group
C and D, respectively. However peak fT3 corresponded closely vwith peak
MHp for group B (0.1 £ 1.3). Groups C and D generally had maximum
thyroid concentrations prior to maximum MHp values (2.9 * 2.6 weeks).
The time of predicted peak levels in thyroid hormones for the ewes in

constant light did not coincide as closely to the times of peaks in MHp.
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DISCUSSION

The overall mean concentrations of tT3, tT4, and fT4 (Table III.4)
were similar to those obtained from sheep in previous studies
(Sutherland and Irvine, 1974; Guerrini and Bertchinger, 1983; Millar and
Albyt, 1985). The overall mean value for fI3 in the present study of
2.3 £ .11 pmol/l was lower than the value for ewes obtained by Millar
and Albyt (1985), of 6.3 * 0.3 pmol/l. Differences in analytical
methods may account for this variation in fT3 concentrations.

The circadian pattern observed in the present study demonstrates
the immediate influence of ingestion of a meal on thyrold hormones as
was evident by elevated levels at and following feeding time. Lincoln
et al (1982) examined hourly fluctuations of tT3 and tT4 in rams
subjected to short (8L:16D) or long (16L:8D) days and reported a
consistent diurnal fluctuation for tT3 with low values coincident with
the end of the dark period. A similar variation in relation to light
was not evident from present 24 h samples, but tT3 was more variant than
tT4. However our circadian analysis was conducted on only one sheep
from reverse artificial light treatments for bihourly samples. Lincoln
et al (1982) found noticeable hour to hour variation in tT3 values which
was assumed to be due to episodic secretion. This may not have been
detected presently from the selected samples analyzed. A more extensive
analysis could help determine the presence or absence of possible
eplsodic secretion in tT3.

The significant sinusoidal pattern for tT3, £fT3 and fT4 for the

majority of ewes exposed to a seasonal light pattern occurred in a
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similar manner in response to the light changes. The ewes in reverse
seasonal light provide support for photoperiodic control as they
displayed a reverse sinusoidal pattern in thyroid changes. Maximal
concentrations of thyroid hormones were always observed while the ewes
were exposed to an increasing daylength and the time of occurrence was
therefore determined in relation to the weeks exposed to incr ising
daylength. However. it was evident that thyroid levels began Increasing
prior to the shortest day (Figure III.lA-D) and may therefore suggest
that the response is to shortening daylength. Similarly, induction of
reproductive activity occurs in shortening daylength.

The significant sinusoidal pattern seen for 1 or 2 ewes in
constant light for tT3, fT3 and fT4 is suggestive of the presence of an
innate rhythm. This pattern was out of phase with the natural light
group indicating that photoperiod changes serve to regulate the precise
time of occurrence of these hormonal changes.

The longer response time for peak concentrations of tT3, fT3 and
fT4 to occur, following the nadir in light, in group B, may be due to
the fact that they were exposed to the complete opposite light pattern
than previously experienced, and therefore required longer exposure in
order to elicit a response. This group also displayed a larger
amplitude in the response of free T3 and T4, indicating that the reverse
artificial light pattern to what would naturally be experienced served
to induce a more profound response.

Of the thyroid hormones examined, tT3 and fT3 were consistently
the best indicators of response to daylength changes. Total T4 was

found to be the least responsive as indicated by fewer ewes having a
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significant sinusoidal pattern. T4 1s the prohormone which is broken
down to the metabolically active form, T3 (Nunez, 1988). A host of
pathways influence the levels of thyroid hormones in the plasma,
including the secretion rate of T4 and T3 by the thyroid, the conversion
of T4 to T3 outside the thyroid, the metabolic clearance of T3 and the
exchange of T4 and T3 between plasma and the tissues (Visser, 1988).
From the results, the greater responsiveness of T3 and the fact that it
is considered the active form of the hormone, suggests that these plasma
levels are a closer indicator of the changes in energy metabolism (MHp).

Une of the main functions of thyroid hormones is in the control of
metabolic rate by regulating cellular oxidation processes (Millar and
Albyt, 1985). It is therefore expected that the time of peak thyroid
concentrations should coincide closely with the time of maximum MHp, as
evidenced in the data. This supports the notion that the influence of
photoperiod on MHp 1s mediated by means of thyroid activity. The
advanced peak in tT3 concentrations in relation to peak MHp for groups C
and D may be due to shifts in the metabolism of thyroid hormones,
whereby there is an increased uptake and utilization by tissues during
peak time of MHp which is not reflected by plasma hormone levels.
Thyroid hormone activity has been shown to be determined predominantly
by intracellular concentrations of fT3 in the tissues (Visser, 1988).
The coincidence of exact time of peak levels of T3 with MHp for group B,
may be a consequence of an exaggerated response by this group, therefore
excess in hormone levels.

The time of occurrence of peak and trough thyroid levels, in

relation to the natural seasons, would coincide generally with spring
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and fall, respectively, in terms of the photoperiodic environment. This
is in agreement with the seasonal pattern of thyroxine reported by
Wallace (1979) for domestic sheep, fed a constant maintenance diet.
Maximum tT4 plasma concentrations were evident in the spring and
minimums in fall (Wallace, 1979).

The seasonal change in thyroid levels of wild ungulates has been
closely associated with the seasonal change observed in voluntary food
intake (Ryg and Jacobsen, 1982; Chao and Brown, 1984; Loudon et al.,
1989). Seal et al. (1978) found that tT3 levels of fawns in autumn was
strongly correlated with their energy intake. Ryg and Jacobsen (1982)
similarly found that tT3 levels of reindeer were positively correlated
with food intake and changes in tT3 levels could be induced by altering
food intake. In most studies where thyroid function has been examined
in wild ungulates, feed was provided ad libitum, therefore feed related
changes in thyroid cannot be removed from thyroid changes related to
other factors.

It is clear from the present results that changes in daylength
directly influence the seasonal cycle in thyroid levels irrespective of
food intake. Previous evidence of photoperiodic influence on thyroid
function was demonstrated for restrict fed sheep exposed to 16 week
block periods of long (16L:8D) and short (8L:16D) days (Lincoln et al.,
1980). Increased circulating concentrations of tT3 and tT4 occurred
during each period of long days (Lincoln et al, 1980).

The functional significance of increasing thyroid levels with
increasing photoperiod would be to increase basal metabolic rate (as

estimated by changes in MHp) which then stimulates appetite and
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increases food intake, coinciding with times when food quality and
quantity is similarly increa-ing. Gordon (1964) found that domestic
sheep had maximum food intske during summer months. This increased food
intake would serve in a feedback manner to increase both thyroid levels
(as evidenced by increased T3 at and following feeding) and MHp, and
therefore shift the time of maximum values and amplitude of the
respense. Ryg (1982) postulated that changes in tT4 could stimulate
food intake which could Iin turn cause increased levels of tT3 as much of
tT3 is derived from peripheral deiodination of tT4. However in the
present study increases in tT3 generally preceded tT4. As mentioned
this may reflect changes occurring in the utilization of tT4 (ie.
decrease in breakdown of tT4 to tT3 resulting in increased plasma levels
of tT4 following peaks in tT3).

Plasma levels of thyroid hormones are only one parameter which may
be utilized to der:ribe sessor:l thyroid function. Possibly a more
direct measure of changes in thyroid funcv.ocn couli be determined from
studies examining photoperiodic influences un the secretion and
clearance rate of these hormones as well as pocsible changes in the
receptor sites for these particular hormones. Other areas of interest
with regard to photoperiodic influences on physiological functions may
include the examination of higher levels of control, ie. thyroid
stimulating hormone (TSH) from anterior pituitary, and thyrotropin
releasing hormone (TRH).

The present results indicate that seasonal photoperiod serves to
entrain the seasonal pattern observed in thyroid levels which likely

serves to stimulate the changes in metabolic response. This was
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supported by the use of a reverse seasonal light pattern to the natural
pattern which elicits a reverse pattern in thyroid levels and MHp.

These changes in physiological parameters of the animal could also be
responsible for the seasonal changes that have been observed in

voluntary food intake of animals.
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TABLE IIT.1. Performance characteristics for each radioimmunoassay

Sensitivity Intra-assay Inter-assay
CV (%) CV (%)
Total T3 0.11 nmol/l 5.5 6.5
Total T4 3.90 nmol/1 5.3 7.3
Free T3 0.31 nmol/1 6.0 7.5
Free T4 0.13 nmol/l 7.2 8.3

T3 - triiodothyronine, T4 - thyroxine
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TABLE III.2. Average circadian thyroid hormone concentrations
(mean * SEM).

Feeding Daylight Darkness
Total T3 (ng/ml) 0.86% * 0.07 0.5 £ 0.05 0.56°> + 0.05
Total T4 (ug/ml) 0.042* * 0.002 0.037°  0.001 0.037° + 0.001
Free T3 (pg/ml) 0.83* + 0.10 0.72* + 0.07 0.59* + 0.07
Free T4 (ng/dl) 0.70* £ 0.03 0.63* £ 0.02 0.63* + 0.02

&b means with a different superscript in a row differ (P<0.05).
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TABLE III1.3 - Summary of F values and level of significance for periodic
regression analysis for the various thyroid hormones

Group Sheep tT3 tT4 £fT3 fT4
(n=37) (n=37) (n=26) (n=26)
A 48 1.69 0.19 2.91 3.00
49 5.68% 0.20 2.03 4.31%
74 0.57 0.08 4. 04% 1.19
85 3.44% 2.28 5.41%* 4.39%
189 1.39 1.20 1.52 1.46
239 0.87 1.15 3.20 2.49
B 20 11.83%%%  11.25%%k 20,58%%* 24 72%%%
47 6.21%% 0.98 10.36%*x 5 35%
81 5.22% 3.95% 3.41% 17, 51%%%
93 7.71%% 1.42 20.41%%*x 18, 37%%*
246 14 . 16%%%  10.39%%% 20.70%%%x 44 18%%*
39 7.69%% 2.00 25.85%%% ]11.46%%%
c 16 23.85%%%  10.77%%%x 4 64% 9.88%%%
54 3.31% 3.32% 6.86%*% 1.08
56 7.07%% 6.60%* 4.32% 5.86%*%
167 7.88%% 2.95 1.70 1.75
D 30 17.47%%%  19.56%%% 10,66%%* 4 ,99*%
31 9.93%%* 1.53 2.72 4.,39%
176 14 . 81%%*  10,.89%%%x 5 56%* 5.12%
202 4.54% 0.39 1.44 2.35
64 2.14 1.06 3.98% 4.05%

* P < 0.05; %% 0.001 < P < 0.01; %% P < 0.001

Group A; constant 12L:12D

Group B; artificial sinusoidal pattern of light change, the reverse of
natural light

Group C; artificial sinusoidal pattern of light change, reverse of Group
B, closely mimicking natural light
(artificial summer and winter ‘solstices’ for Groups B and C
were 18L:6D and 6L:18D, respectively)

Group D; natural photoperiod (53.5° N latitude)
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TABLE III.4. Summary of hormone concentrations, phase delay of peak
concentrations of thyroid hormones in relation to light, amplitude, and
phase delay of thyroid concentrations in relation to MHp as determined
utilizing periodic regression analysis outlined by Little and Hills
(1978).

Group A" Group B Group C Group D
A. Average concentrations

tT3 (ng/ml) 0.91%* + 0.033 0.82% + 0.033 0.94> + 0.040 1.08° + 0.036
tT4 (ug/ml) 0.06" + 0.003 0.06* £ 0.003 0.06% £ 0.004 0.07° + 0.003
£fT3 (pg/ml) 1.45% %+ 0.064 1.36®> + 0.064 1.36°> + 0.078 1.61° + 0.070
fT4 (ng/dl) 0.85% £ 0.043 0.83* *+ 0.043 0.80* £ 0.053 0.85°% + 0.047

(B. Phase delay in relation to light (weeks of exposure to increasing

daylength).

tT3 4.9 £ 1.6 19.4P + 0.9 9.2% + 1.3 10.4° £ 2.3
tT4 + + 15.1* + 3.7 12.7* * 3.7 16.3% + 4.5
£T3 -9.6* + 3.3 15.3 + 1.9 8.7b¢ + 2.7 7.4+ 2.7
fTa4 4.1* £ 2.8 14.5° £+ 1.6 9.8t + 2.8 7.7+ 2.0
C. Amplitude (* % of the mean thyroid hormone concentration)

tT3 18.7* + 0.04 30.6° + 0.02 30.2° + 0.03 24.1% % 0.03
tT4 + + 25.1* £ 0.03 26.2% + 0.03 22.4* £ 0.03
£T3 34.8* + 0.10 67.1°> £ 0.06 36.9°% * 0.09 51.5% + 0.10
fT4 18.9* + 0.05 33.7° £ 0.03 21.9%¢ +0.05 17.7%¢ + 0.03

D. Phase delay in relation to MHp (weeks)

tT3 -2.00 1.9 -4.0*+ 2.0 4.7° 2.4 4.7° % 2.4
tT4 -7.62 2.6 -3.5* + 3.7 1.2 +13.7 -2.4% £ 3.7
£T3 11.7* 1.3 0.1> + 1.3 5.1¢ +1.8 2.0 + 2.9
fT4 8.2* + 1.5 0.9> + 1.5 5.1% + 2.1 2.9% + 2.1

Values given are least square means + standard error of mean

* time of maximum calculated in relation to natural light pattern
a.b.¢ peans with different superscript in a row differ (P < 0.05).
+ no significant periodic response

Group A; constant 12L:12D.
Group B; artificial sinusoidal pattern of light in reverse of natural
light.
Group C; artificial sinusoidal pattern, closely mimicking natural light
(artificial summer and winter ‘solstices’, 18L:6D and 6L:18D,
respectively).
Group D; natural photoperiod, 53.5° N latitude.



Figure III.1A. Fitted curves for group means for plasma total T4
concentrations and metabolic heat production values determined
utilizing periodic regression analysis (R?, F value and level of
significance given for the tT4 regression analysis).
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Figure III.1B. Fitted curves for group means of plasma total T3
concentrations and metabolic heat production values determined
utilizing periodic regression analysis (RZ, F value and level of
significance given for the tT3 regression analysis).



64

HOoMm
e 18 V] 19 19 1r 1e i1z I I

Q9 ::..-.....-.::.-.:.:..:u....:...“..-..:.“-.:::-4.:.:::":...::“:::-: »

O=d ‘11 BZ=3 'B90OH

8
00 .

(43
[-73 -1}

AHOMams €41 PRI g THN e oz
98
(31em) dHN (lw o1/0u) L1 3 (P/y) 34Bi|

(3484 reameu) g dnosp

Noom
1. ] 18 L 19 19 8 4 ie 1z i S

8:m:-::---::-:—----::-—::-:-—--:-:---:----------:-- *
T T L T L T T T T

10000~d ‘L0°Cl=4 ‘T¥'O=gH

| ZL

o1

AHOMemm  ©L1 PO -3  OHM —o oz

98
{Liem} dHN {tw 01/0u) gL3 ? (P/u) 34Oy

(3uBy reroyye) g dnoso

Hoom
18 18 1 1) 19 w18 1z " l

3 "-nn:-:"::-::"::::-":::.-"n-:-:-“::-:-"::-::“:::.-"--::: '
000 0=d ‘Stiled 'OrO=H
]
99
1
[-73 -]}
AHOName 81 PRI -  OHN —o— [e74
0]
{118m) dHIN {w O1/8u) e11 3 (Pry) Wb
(3uBi repypIey O dnosp
HOOM
18 \a \L ) \9 iy 0] \z " t
ou .--.ﬂ:-:-:“::-::":_:__:"::-:-"-.-:::“-::::“:::-:":_::: *

610=d ‘01 =4 ‘L0 H
c} )

//>\ :
-7 3 ot

1HO Tems  OL) POUL 4~ OHN - oz

98

{11m) dHAN {lu o1/8u) £11 ® (Pru) B

(az1121 uejeuos) y dnosy



Figure III.1C. Fitted curves for group means of plasma free T4
concentrations and metabolic heat production values determined
utilizing periodic regression analysis (R?, F value and level of
significance given for fT4 regression analysis).
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Figure II1.1D. Fitted curves for group means of plasma free T3
concentrations and metabolic heat production values determined
utilizing periodic regression analysis (R?, F value and level of
significance given for fT3 regression analysis).
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Figure I1I.2 Circadian profiles of plasma thvroid hormone
concentrations
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IV. INFLUENCE OF PHOTOPERIOD ON REPRODUCTIVE FUNCTION OF EWES

AND RELATIONSHIP TO THYROID HORMONE CONCENTRATIONS
INTRODUCTION

Most domesticated breeds of sheep have distinct seasonal patterns
in reproductive activity which are regulated by seasonal changes in
daylength. Yeates (1949) demonstrated that the onset of estrous
cyclicity in sheep occurred in : usponse to decreasing photoperiod.
Similarly, termination of estrous cyclicity resulted following exposure
of ewes to an increasing photoperiod. Studies have shown that there is
varietion in the onset and termination of the breeding season mainly
related to breed, age, and geographical location (Pelletier et al.,
1986; Quirke and Hanrahan, 1985). Recent studies by Karsch and Wayne
(1988) have suggested that although an endogenous rhythm is present in
the ewe, photoperiodic changes serve to synchronize the onset and
termination of the estrous period.

In the sheep, the hormones related to this reproductive phenology,
including luteinizing hormone, follicle stimulating hormone and
progesterone, have a distinct circannual pattern. One primary hormonal
change linked with the regulation of estrous and anestrous periods has
been in the negative feedback effects of oestradiol on tonic LH
secretion (Haresign et al., 1985), with daylength being a major factor
affecting changes in estrogen sensitivity (Kennaway et al., 1987). An
increase in this negative feedback coincides with the period of seasonal
anestrus and results in a low frequency of episodic LH secretion, below
that required to promote the final pheses of follicle development and

maturation (Haresign et al., 1985). Prolactin also exhibits a
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circannual rhythm regulated hy photoperiod, but its relationship to
reproductive function remains unclear (Kennaway, et al., 1987). Recent
evidence given by Nicholls et al. (1988), has also suggested that the
thyroid gland plays a role in the seasonal reproductive response,
serving in the regulation of the termination of estrous cyclicity.

The primary objective of the present studv was to utilize the
reproductive response of Suffolk ewes as .1 index of responsiveness to
photoperiod changes as a part of a major study examining the
photoperiodic effects on metabolic heat production (MHp), thyroid
function and food intake. The present study allowed for the examination
of the sensitivity of the onset and termination of the reproductive
response to artificial and natural seasonal changes in photoperiod and
to constant photoperiod (12L:12D) over a 76 week period. This was then

compared with changes in plasma thyroid levels.
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MATERIALS AND METHODS

Animals, Housing and Management

The detailed experimental procedure concerning animals, their
housing and management has been described elsewhere (chapter II); only a
brief description is therefore presented here. The study was conducted
over a 94 week period (18 week preliminary, 76 weeks of photoperiodic
treatments), of restricted feeding. It {nvolved the use of 24 Suffolk
ewes which were 5 to 7 months of age at the start of the trial. The
eves were caged individually in metabolism crates in one of four light
regimens.
Experimental design

Initially '8 ewes were kept in light-proof rooms and exposed to an
artificial light pattern of constant 12 h daily light (12L:12D) for 16
weeks. The ewes were then assigned randomly to one of three artificial
light regimens for a period of 76 weeks. The light environments were as
follows; group A, constant 12L:12D; grous B, artificial sinusoidal
pattern of light change in reverse to the natura’ l{ighi pattern, with an
initial increase in daily light; group C, reveire- sv:ificial sinusoldal
pattern to group B, which closely mimicked th&e mai trxi ‘gonal light
changes. The artificial summer and winter ‘solscircsg’ wece 18L:6D and
6L:18D, respectively. The lights were set by automs:ii. tiwers and
adjusted weekly. Details of the type of artificial lignting utilized
and the light intensity in the rooms are given in chapter II.

An additional group of six ewes (group D) were brought into the

experiment in September and had previously been kept in a penned area
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outdoors. This group wé: maintained in a windowed room and exposed to
the natural seasonal light pattern for Edmonton, Alberta, Canada,
located at 53.5° N latitude. The light intensity for group D varied
daily depending on climatic conditions. The light patterns for all
groups are shown in Figure IV.1.

Experimental measures

Blood samples were collected from each ewe once weekly, between
09:30 and 10:30, via jugular venipuncture. Sampling began 4 weeks prior
to the start of the artificial light changes. Plasma was immediately
separated by centrifugation and stored at -20°C until assayed for
progestercne (P4) and total and free thyroxine (tT3 and £fT3) and
triiodothyronine (tT4 and fT4).

Hormone assays

Plasma progesterone (P4) and total and free T3 and T4
concentrations were measured using a solid-phase radioimmunoassay system
which was supplied in kit form (Diagnostic Products Corporation, CA,
U.S.A.) The values for the sensitivity and intra- and interassay
coefficlents of variation for each radio-immunoassay are shown in Table
IV.1.

Estrous cycle length of the ewe 1Is 16-17 days with progesterone
levels elevated between days 4-14 of the cycle (Goodman, 1988), hence
weekly samples should dstect most times of estrous (elevated P4 levels),
with an occasional week missed. Generally progesterone concentrations
greater than 1 ng/ml are utilized to indicate of ovarian activity
(Poulton and Robinson, 1987). The first and final plasma progesterone

concentrations equal to or greater than 2 ng/ml were considered as times
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of initiation and termination of estrous activity. Estrous cyclicity
was considered to be consecutive weeks of plasma progesterone
concentrations greater than 1 ng/wl with no more than 3 consecutive
weeks of concentrations less than 1 ng/ml.

Statistical analyses

The progesterone profiles were used to determine the timing of
estrous and anestrous periods in each ewe. One way analysis of variance
(ANOVA) using the General Linear Models (GLM) procedure (SAS, 1988), was
used to compare the onset and termination of the reproductive activity
of the three groups in seasonal light. Periodic regression analysis was
utilized to examine curvilinear relationships of total and free T3 and
T4 concentrations to the light patterns imposed and this has been
described in detail in chapter III. The timing of onset and cessation
of estrous cycles was compared to the fitted sinusoidal patterns
observed for total and free T3 and T4 concentrations. ANOVA (SAS, 1988)
was also utilized to compare the concentrations of free T3 and T4 at the
onset, middle and termination of estrous cycles. The significance of
the mean differences were determined using a t-test equivalent to the
Fisher’'s least significant-difference (LSD) test. Values are given as
means * standard deviation and significance was assessed at the P<0.05

level, unless otherwise specified.
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RESULTS

Two ewes from group C and one ewe from group D were removed during
the experiment for reasons unrelated to the experimental treatments
imposed. Plasma samples collected from these animals up until their
time of removal were utilized in the hormonal analysis. One ewe in
group C showed no estrous activity at any time during the trial and was
therefore excluded from the statistical analyses.
Circannual Progesterone (P4) patterns

Plasma progesterone concentrations during the period of estrous
ranged from approximately 1 to 8 ng/ml. Figure IV.2, illustrates a
typical pr-gzesterone profile utilized for the determination of the onset
and cessation «f estrous cycles. As shown in Table IV.2, the ewes in
natural light (group D), compared to those in artificially changing
light, required a significantly longer exposure time to decreasing
photoperiod for the onset of first estrous cycles. Hcwever this was not
found for onset of te second estrous cycles, with group = T ir
initiation of estrous following the same exposure time to uecreasing
daylength as group C exposed to the similar artificial light pattern.
No significant differences were observed for the time of termination of
estrous .yclicity among groups. No significant differences were
observid Tor the duration of estrous cycles between groups exposed to a
seasonal light pattern, though group B appeared s.ightly lorger (Table
1vV.2).

The ewes in constant 12L:12D (group A) did not display a set

pattern of reproductive cycles, with some ewes exhibiting short
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irregular activity and some ewes having extended cycles. Initial plasma
samples of one ewe in group A, (brought into the trial as a replacement
in the fourth week of 12L:12D), indicated estrous cyclicity, which
ceased 8 to 10 weeks earlier than the natural light group. This ewe
similarly began and ceased the next estrous cycles at approximately the
same time as the ewes in natural light. The other ewes in group A
showing estrous cyclicity, began at week 39 to 43. They continued
cycling for 34 to 44 weeks which was 50% greater than for those in
seasonal light. These ewes were approximately 63 weeks of age, and had
been exposed to 12L:12D for 45 weeks, when estrous activity began.

Other ewes in Group A displayed periods of estrous activity, but not
distinct cyclicity, beginning week 47.

The ewes in Group C and D were 43.8 * 3.3 and 41.5 + 8.4 weeks of
age respectively when estrous cycling began. The ewes in Group B, in
the reverse artificial light began estrous cyclicity at 60.0 * 2.7 weeks
of age. The ewes maintained in constant light (group A) showed signs of
estrous activity or cyclicity at 68.8 * 6.9 weeks of age.

Relationship of P4 patterns and thyroid patterns

When estrous activity was examined in relation to predicted
thyroid hormone patterns, there was found to be a relationship such that
the onset :f estrous cycles coincided with the point of decreasing or
lowest levels of thyroid hormones, and the cessation of estrous cycles
coincided with the time of increasing or maximal thyroid hormone levels.
The periods of estrous cyclicity are shown in relation to the predicted
thyroid curves (as determined from periodic regression analysis, Chapter

I11), for each group, in relation the light patterns imposed (Figure
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IV.1A-D).

The relationship between the cessation of estrous cycles and the
thyrold concentrations (Table IV.3), was calculated as the week of
maximum thyroid concentration minus the week of cessation of estrous
cycles. Group B, had cessation of estrous cycles 10.0 + 3.1 weeks prior
to the peak in thyroid hormone concentrations, which was significantly
different from the time for group C and D expose: everse light
pattern. Groups C and D, had termination in est w» <y« las close to the
time of maximal thyroid levels, (2.6 * 3.0 and 2.3 + 5.9 weeks prior to
maximal levels, respectively).

The termination of estrous cycles coincided most closely witk fT3
and fT4 concentrations, suggesting that the plasma concentrations may be
the factor of greater importance. Termination of estrous cycles resulted
when plasma fT3 and fT4 were approximately 1.8 pg/ml and 1.0 ng/dl,

respectively, fr all the groups exposed to a seasonal light pattern, as

estimated vis» ~m Figures IV.1C and IV.1D. Group B exhibited
higher variat. fT3 and fT4, ! eareby cessation of estrous cycles
occurred sooner in .elation to max...~ thyroid but was at the time when

plasma fT3 and fT4 concentrations were already 1.8 pg/ml and 1.0 ng/dl,
respectively. The average plasma ccncentrations of fT3 and fT4 at the
onset, middle and termination of estrous cycles for each group are shown
in Table IV.4. Concentrations at the onset and middle of estrous were
significantly lower than those at the termination of estrous. The
calculated average concentration of fT3 and fT4 at the termination of

estrous was 1.88 * 0.55 pg/ml and 1.04 + 0.20 ng/dl, respectively (Table

Iv.4).
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This close relationship was not as clear betwe : rmination of
estrous and tT3 and tT4 concentrations. Group B in a reverse artificial
light pattern to groups C and D, was found to have lower plasma

concentrations of tT3 and tT4 at the termination of estrous cycles.
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DISCUSSION

The artificial seasonal light regimens imposed proved to be
effective in eliciting the typical reproductive response of seasonally
breeding sheep, with cyclic estrous activity beginning when daylength
was decreasing and ending when daylength was increasing (Yeates. ..a7).
As mentioned, certain hormonal changes have been implicated in the
mechanism by which photoperiod elicits this response (Walton et al.,
1977; Thimonier, 1981; Kennaway, 1987).

Present results are indicative of thyroid hormone involvement in
the regulation of the timing of estrous cycles, as decreased and
iIncreased plasma levels of thyroid hormones were coincident with the
initiation and termination of estrous cycles, respectively. Free T3 and
T4 may have a greater influence, as simllar plasma concentrations
between groups were evident at the termination of estrous and these
hormones were also found to be the most responsive to photoperiod
changes. These findings are in support of recent studies, whereby
thyroid was found to be involved in the proper termination of
reproductive activity in sheep (Nicholls et al., 1988). Nicholls et al.
(1988) found that thyroidectomizing ewes in the summer during anestrous
had no influence on the onset of estrous cyclicity but did profoundly
disrupt the onset of anestrous. All thyroidectomized ewes continued to
cycle beyond the end of the normal breeding season and a number
continued throughout the entire period of normal anestrous (Nicholls et
al., 1988). Nicholls et al. (1988) reported that a single injection of

50 ug of thyroxine (tT4) permitted full reproductive shutdown in
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thyroidectomized birds which had been in a state of permanent sexual
maturity for several years. Prolactin has been shown to have a similar
circannual pattern to thyroid, with maximums in summer and minimums in
winter and when this increase was delayed, a similar delay was observed
for the onset of anestrous (Curlewis et al., 1988).

More extensive studies examining the relationship of thyroid
changes and reproductive function are necessary in order to determine
the causal link between thesé and the mechanism of how thyroid exerts
this influence. Thyroid changes have previously been linked most
closely with patterns in food intake (Ryg and Jacobsen, 1982; Chao and
Brown, 1984; Ryg, 1984). Present findings have shown that thyroid
increases and decreases were closely associated with increases and
decreases in metabolism, respectively (chapters II and III). This has
an adaptive significance in the natural environment situation, whereby
increased thyroid activity and metabolism would stimulate food intake
coinciding with the time of increased food availability. 1In relation to
reproductive function this would enable the attainment of groper body
condition, ensuring successful conception and gestation in the following
reproductive cycle. It appears that the latent periods in the
reproduction system, allows for the activation of other physiological
systems, all of which are kept in tune with the environment through
photoperiodic cues. Thyroid is likely one hormone, in conjunction with
other hormones such as prolactin, that exerts an influence in an
interactive manner on various physiological changes, including

termination of reproductive function and onset of increases in energy

metabolism.
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Present findings support the current theory of the presence of an
endogenous reproductive rhythm which is synchronized by light changes.
The ewes held in continuous 12L:12D began to show periods of estrous
activity and in some cases cyclicity, without any changes in
photoperiod. However, the time of their estrous cycles was found to be
out of phase with the natural reproductive cycle (group D). Although
previous theories (Yeates, 1949), described the role of photoperiod as
driving the reproductive cycles of seasonally breeding sheep, current
evidence indicates that photoperiod serves as a synchronizer, thus
ensuring an appropriate phasing between the seasonal reproductive cycle
and environmental cues (Karsch and Wayne, 1988). In experiments which
physically or functionally removes the animal from changes in the
photoperiodic environment, reproductive activity has been shown to
persist but is seen to become irregular, asynchronous and out of phase
with the natural reproductive cycle (Karsch and Wayne, 1¢88).

The extended cycle duration of some ewes in group A is similar to
findings of Howles et al. (1982), whereby rams exposed to constant long
daylight (16h), from 4 to 38 months of age, had rhythmical changes in
testis volume and prolactin concentration with periodicities of around
35 weeks. This rhythmical change was not likely due to ‘remembered’
pre-experience, as the animals received only 4 months of natural
increasing photoperiod between birth and onset of treatment (Howles et
al, 1982). Similarly, ewes in the present study had received only 4 to
5 months of natural increasing photoperiod from birth to the start of
exposure to 12L:1"" The exception in Group A was the one ewe brought

in as a replacement which had been previously exposed to the natural
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summer solstice and 3 weeks of natural decreasing photoperiod. A
12L:12D environment would be a sudden decrease in photoperiod and has
been shown to induce the onset of reproductive cycling in sheep when
initiated at summer solstice (Nicholls et al, 1989). The earlier
cessation of this first estrous cycles for this ewe supports findings
of Nicholls et al. (1989), whereby ewes exposed to constant 12L:12D
beginning at the summer solstice had estrous cycles which ceased earlier
by 1 to 2 months in comparison to ewes exposed at the summer solstice to
constant 8L:16D or to the natural daylength changes.

The other ewesiin group A which were held in constant light prior
to the summer solstice, did not exhibit initiation of estrous activity
at expected times. The previous photoperiodic history has been shown to
be important for the entrainment of the endogenrus reproductive rhythms.
Spring born lambs held in constant lon; days equivalent to summer
solstice starting at summer solstice do not get initiation of
reproductive activ.ity at the rormal time whereas adult ewes maintained
in constant long days from the summer solstice are able to begin
reproductive activity at the appropriate time when they have previously
experienced changes in photoperiod (Ebling and Foster, 1988).

In summary, the timing onset and termination of estrous cycles for
all ewes exposed to seasonal light, as determined in relation to the
light changes, was similar to the timing reported previously for Suffolk
ewes, whereby breeding season began approximately 10.5 weeks following
the summer solstice and ceased approximately 8 weeks following the
winter solstice (Robinson and Karsch, 1988). The fact that group D took

longer to respond to a decreasing daylength for omset of first estrous
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cycles, relates to other parameters required for the attainment of
puberty. This includes not only the inductive influence of daylength
changes, but also the age and more specifically the body condition of
the ewes. The liveweight of group N at the initiation of estrous was
42.0 * 3.0 kg. Generally, for Suffolk ewes to reach puberty, body
weight must be 50% of their adult welght (Hafez, 1980). The adult
weight of Suffolk ewes is generally from 75 to 90 kg, therefore group D
began cycling at the anticipated time, in relation to body size
requirements and the appropriate inductive photoperiod.

This study demonstrated the existence of an endogenous rhythm in
reproductive function as evidence by group A and also provided evidence
of thyroid involvement, through changes in thyroid hormone

concentrations, in the cessation of estrous cycles in domestic sheep.



Table IV.1 Performance characteristics for each radioimmunoassay

Sensitivity Intra assay Inter assay
CV (%) CV (%)
tT3 0.11 nmol/l 5.5 6.5
tT4 3.90 nmol/1l 5.3 7.3
fT3 0.31 pmol/l 6.0 7.5
fT4 0.13 pmol/l 7.2 8.3
P4 0.16 nmol/1 7.2 8.8
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Table IV.2. Summary of the weeks of exposure to a decrease or increase
in daylength for initiation or termination of estrous cycles,
respectively, for the groups exposed to a seasonal light pattern®.

Onset of estrous Termination of Duration
cycles estrous cycles of estrous
(weeks of ¢ light) (weeks of t light) (week)
Group cycle

B 1st 10.0* £ 1.3 6.5* £ 1.0 21.2* £ 1.9
2nd 10.3* £ 1.6

C 1st 8.6 £ 1.4 8.8+ 1.1 15.8* ¢ 2.1
2nd 12.3* £ 1.6 8.7 £ 3.2 20.7* £ 3.4%

D lst 17.3* £+ 1.3 7.3*+ 1.0 16.3* £ 1.9
2nd 12.2* * 1.4

Values given are least square means t standard error of the mean (SEM).

%.b peans with different superscript in a column differ (P<0.05).
* n=3 sheep

Group B, artificial sinusoidal pattern, the reverse of natural light

Group C, artificial sinusoidal pattern, mimicking natural light.
(artificial summer and winter solstices, 18L:6D and 6L:18D,
respectively.)

Group D, natural photoperiod, 53.5° N latitude

*Group A were exposed to constant 12L:12D, therefore initiation and
termination of estrous in relation to light changes could not be
evaluated and are therefore not included in the above table.



90

Table 1IV.3. TIifference between predicted week of maximum thyroid
concentrations (Phase angle, PA) and estimated week of termination of
estrous cycles (TE).

Group  Sheep tT3-TE tT4-TE fT3-TE fT4-TE
no.

A 48 13.2 27.3 7.9 8.8
49* - - - .
74° - - - -
85 5.0 2.3 -5.9 -2.4

189* - - - -
239 4.2 -0.7 -20.4 -8.9
mean 7.5 9.6 -6.1 -0.8

B 20 12.6 7.5 10.2 9.5
47 10.8 14.1 5.5 6.9
81 17 4 13.5 11.0 8.5
93 13.0 9.3 10.3 7.5

246 11.8 12.7 7.3 8.5

39 12.5 3.3 9.2 7.6

mean 13.0 10.1 8.9 8.1
C 16 4.8 8.1 3.9 6.8
54* - - - -

56 1.9 4.0 0.9 0.1

107 0.1 2.0 0.6 -2.4

mean 2.3 4.7 1.8 1.5

D 30 -0.5 2.6 1.4 -0.4

31 0.2 0.1 -7.1 -3.9
176 7.6 12.4 7.2 8.9
202 7.1 10.6 3.6 1.1

64 2.2 -6.7 -9.4 -4.2
243 5.9 9.2 7.2 1.3

mean 3.8 4.7 0.5 0.5

* ewes did not display estrous cycles

Group A, constant 12L:12D

Group B, artificial sinusoidal pattern, the reverse of natural light.

Group C, artificial sinusoidal pattern, closely mimicking natural light
(artificial summer and winter solstices for Groups B and C were
18L.6D and 6L:18D, respectively)

Group D, natural photoperiod, 53.5° N latitude
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Table IV.4. Average free T3 and T4 concentration at the onset, middle,
and termination, of estrous cycles, for groups exposed to a each
photoperiod regimen.

Phase of Estrous

Onset Middle Termination
A. Free T3
Group A 1.18* * 0.11 1.13* + 0.12 1.98* + 0.29
Group B 0.86> + 0.09 0.79* + 0.10 1.90* + 0.23
Group C 0.85% + 0.13 1.03% + 0.14 1.94* £ 0.33
Group D 0.86° *+ 0.09 0.72° + 0.10 1.82* + 0.23
B. Free T4
Group A 0.75% + 0.08 0.73* + 0.09 1.21* £ 0.10
Group B 0.75* + 0.06 0.67* £ 0.07 1.04* £ 0.08
Group C 0.68% + 0,09 0.71* £ 0.10 0.96*+ 0.11
Group D 0.55* * 0.06 0.67* £ 0.07 0.97* + 0.08

Values are given are least square means * standard error of the mean
(SEM).

&b means with different superscript in a column differ (P<0.05).

* n=3 sheep

Group A, constant 12L:12D

Group B, artificial sinusoidal pattern, the reverse of natural light.

Group C, artificial sinusoidal pattern, closely mimicking natural light.
(artificial summer and winter solstices for Groups B and C were
18L:6D and 6L:18D, respectively.)

Group D, natural light pattern, 53.5° N latitude



Figure IV.1A. Light patterns, predicted total T3 curves for group
averages of each photoperiodic group and estrous
cycles (periods of P4 > 1 ng/ml for 50% of ewes in
each photoperiodic group)
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Figure IV.1B. Light patterns, predicted total T4 curves for group
averages of each photoperiodic group and estrous
cycles (periods of P4 > 1 ng/ml for 50% of ewes in
each photoperiodic group)
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Figure IV.1C. Light patterns, predicted free T4 curves for group
averages of each photoperiodic group and estrous
cycles (periods of P4 > 1 ng/ml for 50% of ewes in
each photoperiodic group)
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Figure IV.1D. Light patterns, predicted free T3 curves for group
averages of each photoperiodic group and estrous
cycles (periods of P4 > 1 ng/ml for 50% of ewes in
each photoperiodic group)
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Figure 1V.2. Progesterone profile (P4)
for ewe #81 (group B) exposed to an
artificial light pattern.
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V. INFLUENCE OF PHOTOPERIOD ON THE VOLUNTARY FOOD INTAKE
AND METABOLIC HEAT PRODUCTION OF EWES

INTRODUCTION

Seasonal photoperiod has long been known to influence the
physiology and behaviour of animals (Brady, 1982). In temperate and
polar regions of the world, many animals must adapt to the natural
seasonal variations in the quality and quantity of food available (Kay,
1985). In order to survive periods of winter scarcity, animals have
developed adaptive physiological strategies. Seasonal patterns in
intake have been observed in domestic sheep (Gordon, 1964; Blaxter et
al., 1982) and wild ungulates (Milne et al., 1978; Ryg and Jacobsen,
1982; Loudon et al., 1989). The general pattern observed for intake is
a maximum during spring and summer and a decline during the fall and
winter. This pattern persists even when food is provided in abundance
throughout the seasons. Changes in daylength have been shown to modify
food consumption in domestic sheep and deer (Kay, 1979; Simpson et al.,
1984). The experimental utilization of two cycles of daylength changes
in one year elicited two distinct cycles in food intake for both deer
and sheep (Simpson et al, 1984).

However, voluntary food intake is a complex process which is
influenced by a variety of factors both internal and external to the
animal. These factors influencing and regulating food intake of
ruminants are detailed in reviews by Weston (1982), Young (1987), and
Grovum (1988). One primary factor regulating appetite is the

physiological status of the animal, with the energy balance attributed



104

as being a central driving force. Although photoperiod is one external
cue which serves to entrain the seasonal cycle in food intake, other
physiological demands may have a more predominant influence (Young,
1987).

Previous photoperiodic studies (Chapter II) demonstrated a
distinct metabolic heat production (MHp) pattern for ewes in relation
light changes, but independent of food intake, which was held constant.
I1f, as has been suggested, energy requirements drives food intake, then
with ad libitum feeding a cyclic pattern would be expected for food
intake. The purpose of the present study, was to examine the food

intake response of ewes previously entrained to varying light regimens.
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MATERIALS AND METHODS
Animals, diet and management

Nineteen Suffolk ewes approximately 2.5 years of age were utilized
in the trial. They were caged in metabolism crates for individual
feeding, in one of four photoperiodic environments to which they had
been exposed for the previous 79 weeks and had been fed a near
maintenance diet of a 600 g pelleted barley based concentrate and 200 g
brome/alfalfa hay.

The ewes were gradually offered increasing amounts of a pelleted
alfalfa based concentrate with 300 g of the previously fed pelleted
barley based concentrate and 200 g hay, for two weeks prior to ad
libitum feeding, to avoid problems in digestive function. Following
this transition period, the ewes then received the pelleted alfalfa
based concentrate ad libitum and 200 g of chopped brome/alfalfa hay
daily. The crude protein (CP) and metabolizable energy (ME) content of
the pellets and hay, on a dry matter basis, were 16.5%, 8.8 MJ/kg and
15.0%, 9.2 MJ/kg, respectively. The ewes received this diet for a
further 32 weeks. Free access to water and trace-mineralized salt was
provided throughout the experiment,

Experimental design

The ewes had previously been randomly assigned to one of four
photoperiodic environments. All groups began the trial while exposed to
approximately 12 h daily light. Group A were maintained in constant
12L:12D. Group B were exposed to an artificial sinusoidal light pattern

with an initial decrease in daily light. Group C were exposed to the
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reverse artificial sinusoidal light pattern of group B and closely
mimicked the natural seasonal light pattern. The type of lighting and
photointensity are detailed in chapter II. Group D were maintained in a
windowed area and exposed to the natural seasonal light pattern
experienced at 53.5° N latitude. At the start, natural daylight
experienced by this group was 13.5 h. Photointensity varied daily with
season and climatic conditions for group D. The light patterns for all
groups are shown in Figure V.1. The final 15 weeks of the constant
feeding trial are included to demonstrate the previous photoperiod
exposure.

Experimental procedures and measurements

Records were kept of daily voluntary food intake (VFI); refusals
were weighed back each day and the amount of food given was adjusted to
give a refusal of approximately 300 g per day. Ten day digestibility
trials were conducted after 7 and 25 weeks of ad libitum feeding, for
the determination of dry matter (DM) digestibility of the diet. Live
weight was recorded weekly for each ewe.

Metabolic heat production (MHp) values were determined by indirect
calorimetric measurements. The oxygen consumption was measured
utilizing a ventilated hood apparatus which enclosed the animals head.
The utilization of the hood technique over the water bath technique
(utilized in the constant feed trial) relates to ad libitum feeding,
whereby a set measurement time during a 24 h period could not be
established which would be equivalent between animals because of the
variation between ewes in their times eating and ruminating.

Measurements were therefore done on each sheep for a 24 h period, once
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every 4 weeks during the first 16 weeks of the trial and once during the
final 3 weeks of the trial. The daily average MHp was calculated from
the rate of ventilation (V,) (approx. 125 L/min) and oxygen
concentrations (0; and 0,) using the equation of McLean (1972).

MHp = 20.47 V, (0; - 0O,)
Oxygen concentrations were measured using a dual-channel paramagnetic
analyzer (Taylor Servomex OA 184). These data were recorded and stored
for later processing and analyses using an electronic Datataker (model
DT100, Data Electronics, Box Hill, Viec., Australia). This system was
calibrated every 4 weeks using the iron burner technique of Young et al
(1984). The calculated daily average MHp value was utilized as the
estimate of MHp for the animal.
Statistical analyses

Anilysis of variance was done using the General Linear Models
procedures (SAS, 1988) for DM digestibility, food intake, liveweight and
estimated liveweight gain. Food intake (total and per kg-’3 liveweight)
and liveweight were analyzed in three periods, these being, the first 10
weeks, the second 10 weeks and the final 12 weeks of ad libitum feeding.
Overall treatment differences were established using the error term of
sheep nested within treatment. The significance of the mean differences
were determined using a t test equivalent to the Fisher’s least-
significant-difference (LSD) test.

Linear regressions were fitted to intake (total and per kg-’3
liveweight) versus week for the period of declining intake for each ewe.
Linear regression analysis was also conducted for MHp (MJ/kg-73/d)

versus intake (MJ/ngs/d), with the inclusion of the values for the
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final measurement taken during the restrict feeding trial. Analysis of
variance of the computed slopes of the regression lines was done to
examine treatment effects. The significance of the mean differences
were then compared using the t-test (LSD). Values are given are means *

standard deviations (SD) unless otherwise specified. Significance was

assessed at P<0.05 unless otherwise stated.
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RESULTS

During the first 2 to 3 weeks of ad libitum feeding, 2 sheep in
group B had periods of inappetence which were related to bloat. Later
during the trial, 2 sheep from groups A and C also displayed one or two
periods of inappetence lasting 2 to 3 weeks. In one case bloat was
evident, however, in the other cases there appeared to be other health
problems related to leg problems. To avoid possible confounding effects
related to this, data from those sheep afflicted at this stage were not
included in the analysis.

There were no significant differences between groups or with time
in the dry matter digestibility of the diet, with an overall average
digestibility of 49.8 + 2.4%. This was significantly lower than the
average dry matter digestibility (75.7 % 2.8%) for the previous restrict
feeding period.

The pattern of food intake is illustrated in Figure V.l. The
general pattern displayed for groups A, C and D, involved an initial
increase to a maximum average intake of about 3572 g/d during the first
4 to 8 weeks, followed by a continual decline for the remaining weeks
(Figure V.1A). Group B had a similar increase (maximum average intake
of 3390 g/d), followed by a decrease in VFI until approximately week 10,
at which point intake plateaued, at an average of 2200 to 2900 g/d.

During the initial two 10 week periods of ad libitum feeding,
there were no significant differences between the photoperiodic
treatment groups in azbsolut~ VFI or intake expressed per kg body weight

75, Absolute VFI during the final 12 weeks was significantly greater
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for the ewes exposed to artificially increasing daily light at this time
(group B) than for the ewes in the reverse natural light or constant
light (Table V.1). The intake of group B was on average 23% and 26%
greater than groups A and D, respectively. Group C had an average
intake 17% lower than group B, although this was not significant. In
addition, groups C and D were highest (not significant) at peak intake,
which coincided with increasing daylength for these groups.

The average rate of decline, (as estimated from the slopes for the
regressions), in absolute (total) intake for the ewes in group B (11.1
g/week), was significantly lower than that for the ewes exposed to the
reverse artificial and natural light pattern (decline of 45.2 and 63.7
g/week, respectively). The ewes in constant light had an intermediate
decrease in total intake of 38.5 g/week (Table V.2).

At the start of the experiment, the ewes maintained previously in
constant light were significantly heavier (64.1 kg) than those exposed
to seasonally changing light (58.9 kg). Liveweight increased in a
similar manner for all groups and began to stabilize following 15 to 20
weeks of ad libitum feeding (Figure V.1l). The ewes in constant light
(group A) remained significantly heavier for the first 20 weeks, than
the ewes initially in artificially decreasing light (group B) and those
1ﬁ natural light (group D) for the first 0 weeks (Table V.1).
Similarly estimated liveweight gain was significantly greater for group
D in comparison to group A during the initial 10 weeks (Table V.l).
Differences in liveweight had been eliminated by the final 12 weeks
(Table V.1), although group B had a significantly greater liveweight

gain than group D at this time.
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MHp values followed a pattern similar to that of VFI with a peak
value occurring for all groups during the initial 4 to 8 weeks of ad
libitum feeding and then declining over time. No significant
differences were observed between groups during the initial 10 weeks
(Table V.1). However group B had a significantly greater daily MHp than
groups C and D for the final measurement taken during weeks 29 to 31,
which coincided with the higher food intake observed for group B at this
time. MHp (MJ/kg’3/d) was directly related to food intake (MJ/kg-73/d)
for all groups (r=0.93, P < 0.001) (Table V.2). The regression lines
depicting this relationship are shown in Figure V.2, whereby values for
all ewes in each group have been plotted for MHp (MJ/kg:75/d) and energy
retention (determined as difference between intake and MHp) against food

intake (MJ/kg'73/d).
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DISCUSSION

A photoperiodic influence became increasingly prominent during
after 20 of weeks of ad libitum feeding, at which time ewes exposed to
increasing daily light (group B) had a greater intake than ewes in the
reverse natural (group D) and constant light (group A) pattern. A more
subtle influence was evident during initial ad libitum feeding, with
groups C and D having greater intakes coinciding with the time of
exposure to peak daylengths. Group C had peaks and nadirs in light
approximately 4 weeks later than the natural light group. Therefore
during the final weeks of the study, group D had been exposed to a
decreasing daylength for a greater period and light changes had almost
reached the naturally shortest day. This may account for group C having
a higher intake than group D, such that in the natural environment
minimum intakes of sheep have been found to occur from December to
February, coinciding with the time of minimum and initially increasing
daylength (Gordon, 1964). Maximum intakes are generally evident from
June to August, coinciding with the time of maximum and initially
decreasing daylength (Gordon, 1964).

Present results confirm that seasonal photoperiod serves as a
modifier of VFI, though other factors may have a more marked influence
such as the drive for attainment of genetic body size. This was
evidenced by the similarity in the pattern of VFI during the initial 20
weeks irrespective of the light regimen imposed. In a comparison of 30
kg ewes fed ad libitum in January or July, Blaxter et al. (1982), found

that no seasonal differences in intake since at low body weights the
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effect of daylength cannot nullify a presumptive effect of body size on
VFI. Once inherently determined maximum body size is attained,
photoperiod influences on food intake become more evident.

These results provide evidence in support of the model outlined by
Young (1987), in which long term genetically determined requirements
involving the energy balance of the animal must be satisfied before
modifiers such as photoperiod will have an influence. Once this energy
balance has been established; fluctuations in intake occur around a
consistent level which is characteristic of that animal.

Although the ewes in the present study had stabilized at an
equilibrium weight of approximately 60 kg prior to ad libitum feeding,
this was below their potential ‘mature’ weight. Suffolk sheep are a
large framed breed, with ewes having a potential mature body welight of
77 to 90 kg (Scheer, 1985). 1In the present trial, differences in intake
related to the photoperiodic environments became evident after the ewes
had attained a new stable weight of 85 to 90 kg.

An initial increase in feed intake observed for all groups may
also be a response to a new feed source. Foot and Russel (1978)
observed a similar pattern in mature Scottish Blackface ewes, which were
brought indoors in November, and given one of three roughage diets.
Intake increased to a maximum after 3 to 6 weeks and then fell sharply
(by approximately 25 to 50% of maximum) for the following 6 to 8 weeks
for all the diets (Foot and Russel, 1978). A sharp decline was not
observed in this study, which may reflect seasonal photoperiod
differences. The sharp decline in the study of Foot and Russel (1978),

may have been reinforced by exposure of the sheep to natural decreasing
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daylength. In the present study, the reverse photoperiodic situation
existed for groups C and D, and exposure of these ewes to long
daylengths may have contributed to the more gradual decline (Figure
V.1). The slower rate of decrease in intake observed for group B, also
likeiy reflects the influence of photoperiod. Following adjustment to
the feed and stabilization of body weight, intake for group B
stabilized, at the period of increasing daylength, while intake of the
other groups continued to decline, with decreasing daylength.

The response observed for group A in constant light should solely
reflect the effects related to diet change and physiological status of
the sheep. This was evidenced by the intermediate decline in intake
between group B and the two groups in the reverse light pattern (C and
D). Exposure of the ewes to decreasing photoperiod served to reinforce
the downward trend in intake (groups C and D) whereas exposure of ewes
to increasing photoperiod resulted in a stabilization of intake (group
B). Therefore, the initial intake pattern observed for all groups was
related to the transition from maintenance to ad libitum feeding and the
fat and protein balance of the ewes.

The good correlation between MHp (or energy retention) and food
intake was as expected, as this relationship has been well documented
(Webster, 1983). This increase in MHp with increased food intake is
referred to as the heat increment of feeding and relates primarily to
the energetic inefficiency of the reactions by which absorbed nutrients
are metabolized as well as the heat production associated with eating
and rumination, microbial fermentation and metabolic activities in the

gut (Webster, 1983). The response observed in the present study was one
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in which each successive increase in ME intake produced an equivalent
increment in MHp (Figure V.2), Generally, two linear slopes are
utilized to describe the relationship between energy intake and energy
retention, with the assumption that the efficiency of utilization is
less above maintenance feeding (zero energy retention) than below
maintenance (McDonald et al., 1981).

This known relationship between food intake and metabolic heat
production has made it difficult to separate the factor cued directly by
photoperiodic changes. It has been shown that photoperiod directly
influences food intake in certain ruminants (Kay, 1979; Simpson et al.,
1984). The close correlation between MHp and food intake provides
evidence that food intake directly drives MHp. However previous
evidence from this study demonstrated a photoperiodic influence on
metabolism, independent of changes in food intake (Chapter II).
Therefore present findings of both the food intake and photoperiodic
effects on MHp, are suggestive of a combined influence whereby
photoperiod serves to prime or adjust the metabolic system at the time
of increasing availability of feed in the natural environment situation.
This causes an initial stimulation in appetite and food intake and would
subsequently serve in a positive feedback manner increasing MHp and
subsequently greater intake, until the point at which parameters such as
body fat reserves (necessary for winter periods of food scarcity) are
replenished. This photoperiodic influence may provide an explanation
for the group in decreasing daylength having a higher incidence of
digestive problems and inappetence during the initial weeks of ad

libitum feeding, as they would have a decreasing metabolism at this
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stage and may therefore not be physiologically primed for such increases
in food intake.

As mentioned, control of VFI is complex and involves the
interaction of many different parameters. The assessment of the
importance of physiological and environmental factors is often
difficult. Only with an understanding of how these parameters function
and interrelate can effective and economical feeding schemes be
developed.

From this study, it is evident that a number of factors may
influence the VFI of ewes. The effects of the initial body condition of
the ewes was found to be of primary importance to intake during the
initial period. A photoperiodic influence however, became increasingly
evident, once mature size had been attained, such that the group in long
daylengths have a greater intake than the other groups in the final
weeks of the trial. Further studies of an extended duration may help
determine the degree of fluctuation in intake and the precise time of
peaks and nadirs in intake, in relation to photoperiod, for ewes of this
breed.

In conclusion, this study lends support to the hypothesis of the
energy and protein balance being a primary determinant of voluntary food
intake, with photoperiod serving to modify intake once this inherently
determined body size is established and also serving to adjust the

metabolic system for changes in intake.
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Table V.1 - Group averages of ewes exposed to various photoperiodic
environments, for total food intake, food intake expressed as a ratio of
group A, liveweights, liveweight gain, and MHp, for 3 periods of ad
libitum feeding.

Weeks of ad libitum feeding

1 to 10 10 to 20 21 to 32
A. Food intake (g/d)
Group A 3036 * 29 2595* + 25 2314 t 27
Group B 3009* + 32 2882* + 26 2846 + 33
Group C 3256 * 36 3035 + 29 2436% + 37
Group D 3336" * 36 2961* + 29 2175* + 32
B. VFI expressed as ratio of group A (12L:12D)
Group A 1.00® £ 0.01 1.01* £ 0.01 1.00* £ 0.01
Group B 0.95* + 0.01 1.08* £ 0.02 1.17® + 0.02
Group C 1.03* £ 0.01 1.12* + 0.02 0.98° * 0.02
Group D 1.05* £ 0.01 1.10* + 0.02 0.94¢ # 0.02
C. Liveweight (kg)
Group A 73.9* 0.2 88.0* * 0.2 89.7* £ 0.2
Group B 69.1° + 0.2 83.0> % 0.2 92.4% £ 0.2
Group C 71.1% + 0.3 86.4% + 0.2 92.1* £ 0.3
Group D 69.8° + 0.3 87.0% + 0.2 92.1* + 0.2

D. Estimated liveweight gain (kg/week)

Group A 1.67¢* + 0.09 0.38* + 0.14 0.51% + 0.10
Group B 1.89%® 1 0.12 0.83* £ 0.20 0.78* * 0.14
Group C 1.92%® +0.11 0.56* + 0.17 0.45% % 0,12
Group D 2.06® +0.11 0.63* £ 0.17 0.18> + 0.12

E. Metabolic heat production (MJ/kg-75/d)

Group A 0.65* £ 0.03 0.53* % 0.02 0.47% + 0.02*
Group B 0.64* £ 0.03 0.57% + 0.03 0.54* +* 0.03"
Group C 0.69* £ 0.03 0.63* + 0.03 0.42> + 0,04"
Group D 0.66* + 0.03 0.56% + 0,03 0.38> + 0.03"

Values given as least square means * standard error of mean (SEM)
* value is estimate of measurements taken during weeks 29-31
&.b.¢ peans with different superscript in a column differ (P<0.05)

Group A, constant 12L:12D
Group B, artificial sinusoidal light pattern, reverse of natural light
Group C, artificial sinusoidal light pattern, closely mimicking natural
light
(artificial summer and winter solstices; 18L:6D and 6L:18D,
respectively)
Group D, the natural seasonal light pattern (53.5°N latitude)
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Table V.2. Coefficients of determination (R?), slopes, and intercepts
of linear regressions between food intake and week, and between food
intake and MHp, for each photoperiod regimen.

Intercept Slope R?

A. Food intake (g DM/d) vs week

Group A 3031* + 207 -38.5* + 9.5 -0.56
Group B 3049% + 227 -11.1% + 10.4 -0.18
Group C 3501* + 253 -45.2* £ 11.6 -0.80
Group D 3685* + 253 -63.7* £ 11.6 -0.92

B. Food intake (MJ/kg'73/d) vs MHp (MJ/kg-73/d)

Group A 0.157* £ 0.02 0.472% + 0.03 0.87
Grovg 3 0.166* + 0.03 0.447* £ 0.03 0.87
Group C 0.172* + 0.03 0.467* £ 0.04 0.89
Group D 0.197* + 0.03 0.389* + 0.04 0.94
C. Food intake (MJ/kg'75/d) vs MHp (MJ/kg-75/d)

Group A -0.157* + 0.02 0.528* + 0.03 0.89
Group B -0.166* * 0.03 0.558* + 0.03 0.92
Group C -0.172* + 0.03 0.533* £ 0.04 0.91
Group D -0.197* + 0.03 0.613* + 0.04 0.97

values are given are least square means * standard error of the mean
®.> peans with different superscript in a column differ (P<9.05)

Group A, constant 12L:12D

Group B, artificial sinusoidal pattern of light, reverse of natural
light

Group C, artificial sinusoidal pattern of light, closely mimicking
natural light
(artificial summer and winter solstices of 18L:6D and 6L:18D,
respectively)

Group D, natural seasonal light (53.5°N latitude)
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Figure V.1. Photoperiod regimens and group averages for
weokly dry matter Intake and liveweights
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Figure V.2,

Metabolic heat production (MHp) and energy
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retention (RE) with voluntary food intake (MJ/kg.75/d) and the

calculated regression line
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VI. INFLUENCE OF PHOTOPERIOD ON THE ACTIVITY OF CONFINED SHEEP
INTRODUCTION

Seasonal changes in metabolic heat production (MHp) have been
observed in a variety of animals. Generally metabolic heat production
decreases in the fall and winter and increases during spring and summer.
There is an energy cost assoclated with physical activities such as
standing, eating and associaﬁed feeding activity, and grooming (Toutain
et al., 1977). One activity shown to contribute to the seasonal
variation in heat production is changes in voluntary food intake.
However, Blaxter and Boyne (1982) found a change in MHp that was
independent of food intake. Current research (chapter II) supports
Blaxter and Boyne (1982) observations, in that seasonal changes in MHp
were observed in ewes corresponding to controlled patterns of artificial
and natural seasonal light. The seasonal pattern observed, involved an
increase in MHp with increasing daily light and a decrease in MHp with
decreasing daily light. Casual visual observations of the sheep exposed
to the seasonal light patterns indicated possible variations in their
behaviour, with apparent increases in activity with increased daily
light. Changes in observable physical activities may contribute to the
seasonal variation observed in MHp. Head movement patterns have been
suggested to be a reasonably reliable indicator of excitability and have
been utilized by Kondo and Hurnik (1988) in an assessment of dairy cow
behaviour.

The present study was conducted to determine if seasonal

variations in the behaviour of confined sheep, as measured by particular
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physical activity parameters, could account for some of the variation in

MHp induced by seasonal light patterns. Changes in physical activity

were also examined in relation to food intake and subsequent liveweight

changes of the animals.
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MATERIALS AND METHODS

Animals, Housing and Management

The twenty-two Suffolk ewes utilized for measurements of activity
were involved in a study examining photoperiodic effects on MHp with
restricted feeding (Chapter II). A second period of activity
measurements was conducted during a continuation of the energy
metabolism study which involved ad libitum feeding and measurements of
voluntary feed intake (Chapter V). The ewes were approximately 2 years
of age at the start of the activity measurements and had been
continuously exposed to their respective light environments for the
previous 57 weeks. The ewes were caged in metabolism crates to allow
for individual feeding and fecal collections. Detail of the feeds and
feeding schemes for the restrict fed and ad libitum trial are given in
Chapters II and V, respectively.

xperimental Design

The ewes had previously been randomly assigned to one of four
light environments. The ewes in group A were maintained in constant
daily 12 h light (12L:12D) throughout the trial. The ewes in group B
were exposed to an artificial sinusoidal light pattern the reverse of
natural light. The ewes in group C were exposed to the reverse
artificial light pattern of group B, and this closely mimicked natural
seasonal light with a lag of 4 weeks. The artificial summer and winter
solstices, for group B and C were 18L:6D and 6L:18D, respectively.
Detail of artificial lighting is provided in Chapter II. The ewes in

group D were exposed to ..e natural seasonal light pattern experienced
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at 53.5° N latitude, with photointensity varying daily with season and
climatic conditions. At the start of the activity measurements the ewes
were all exposed to approximately 12 h of daily light. The light
patterns experienced during the final 57 weeks of the main study are
shown in Figure VI.1l. The boxes (1 through 7) below the light patterns
represent the periods of activity measurements.

Experimental measurements

Activity of the ewes was evaluated through transducers to monitor
head movemerits, time spent standing and lying, and (during the ad
libitum feeding period of the study), the number and pattern of jaw
movements.

Side to side (SS) and up and down (UD) head movements were
measured utilizing 2 mercury switches attached to a halter placed on the
head of the animal. The output from the transducers were compiled on a
portapac Datataker model DT100 (Data Electronics, Box Hill, Vie.,
Australia), and the number of activities were counted and recorded every
6 minutes in each 24 h period. For examination of daily patterns the
counts were summed over 30 minute periods and for statistical analysis
for comparison between groups the daily total for each recording day was
utilized.

To determine the amount of time spent standing and lying a turrow
piece of flexible rubber was secured loosely around the girth of the
animal and an elastic was attached from this rubber strip to a
microswitch located approximately 1 m above the back of the animal.

When the anima. lay down, the elastic band pulled down, the switch was

closed and the event recorded. Recordings were taken every 2 minutes
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and estimates for 30 min intervals and daily totals were calculated as
described for head movements.

Measurements of number of jaw movements were taken using a
microswitch attached to the halter at the cheek region which was
connected to a flexible wire positioned underneath the jaw of the ewes.
The number of jaw movements were recorded every 6 minutes and estimates
of number of movements every 30 minutes and daily totals were calculated
as described for head movements. Rumination times were estimated from
periods of repeated consistent jaw movement values, generally coinciding
with times when the animals were lying down. An estimate was obtained
of the time spent ruminating each day.

Statistical analyses

Analysis of variance was done using the General Linear Model (GLM)
procedures (SAS, 1988) for each activity for 24 h totals, the number per
min of light, number per min of dark and the ratio of number/min light
to number/min dark. Overall treatment differences were established
using the error term of sheep nested within treatment. The significance
of the mean differences were determined using a t test equivalent to the
Fisher’'s least significant-difference (LSD) test.

The Kolmogorov-Smirnov (KS) two-sample test (which tests whether
two samples may reasonably have come from the same distribution (Steel
and Torrie, 1980)), was utilized to compare the daily patterns of the
standing for the treatment groups.

Relationships between activities and hours of light experienced,
MHp and liveweight were examined by regression analyses. Significance

was assessed at P<0.05 unless otherwise specified.
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RESULTS

One ewe died during the initial period of activity measurements.
Two ewes were removed from the experiment at the end of the restricted
feeding trial for reasons unrelated to the experimental treatments
imposed. Data collected from these ewes up until their time of removal,
were utilized in the statistical analyses.

Daily activity patterns

All ewes exhibited a régular daily pattern of activities as shown
in Figure VI.2, during the restricted feeding period. This daily
pattern consisted of an increase in activity 1 to 2 hours prior to
feeding, a peak during feeding and an elevation for 2 to 4 hours
following feeding. This elevation was of greater duration for both SS
head movements and standing duration in comparison to UD head movemeants.
An increase in standing duration was also prominent but of lower
magnitude from 0500 tc 1000 h (Figure VI.2). The daily standing pattern
was not significantly different between treatment groups during periods
1l to 3 of restricted feeding.

The average daily pattern during ad libitum feeding was similar to
that observed during restrict feeding but with a reduced peak in
activities from 1200 to 1800 h daily (Figure VI.2). The average daily
standing patterns for groups B and C, which were in reverse artificial
light patterns, are shown in Figure VI.3, for measurement periods 4 and
5. There was a significant difference (P<0.0l) in the standing pattern
of group B in comparison to groups C and D during period 4. Similarly,
the daily total and the proportion in the light phase were found to be

significantly greater for group B at this time in comparison to groups C
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and D. Groups B and C also had a significantly different pattern
(P<0.01) during perlod 5. Although there was no difference between
these groups in the total time spent standing per day (Table VI.1),
there was a difference in the proportion of time standing in the light
phase of the day with group B being significantly greater.

The general daily pattern for jaw movements observed for the ad
libitum feeding periods were similar to the pattern for standing. A
peak in number of jaw movements resulted at feeding time and another
smaller peak at 400 to 700 h (Figure VI.2). Rumination followed a
similar pattern with peaks in percentage of time spent ruminating

occurring at 1100 to 1400 h and 0400 to 0700 h.

Treatment and period variations in activity

i. Treatment variations

Representative values of all activity measures are shown in Table
VI.1 for selected periods of measurements during restricted and ad
libitum feeding. Analyses of variance revealed significant treatment
differences in standing duration both for the daily total and amount of
time in the light phase for particular measurement periods. Group B
spent approximately 30% greater time standing per day than group D in
measurement period 3. Similarly, group B spent 25% to 30% greater time
standing per day than both groups C and D during measurement period 4.

Although there was no significant difference in the total time
standing per d for any of the groups in period 1 and 2, there was a
significant difference in the time spent standing in the light portion

of the day. In period 1 group D and in period 2 both groups C and D
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spent a significantly greater time standing during the light phase than
group B. The ewes in group B similarly spent significantly greater time
standing in the light phase than the ewes in groups C and D during
measurement periods 4 and 5. In both cases, this was an increase of
approximately 35%.

No significant differences related to imposed light treatments
were observed for head or jaw movements for daily totals or proportion
in light phase (number/min light), with the exception of up and down
head movements being significantly greater for group B in period 5
(Table VI.1).

1i. Period differences

During restricted feeding, the ewes spent between 40 and 50% of
the day standing. However during ad libitum feeding there was a
significant decrease over time in daily standing time for all groups.
Standing time decreased from an average daily total of 558 * 96 min/day
during the first 4 weeks of ad libitum feeding to 358 + 39.3 min/day
during the final 4 weeks. There was also a significant decrease in
total jaw movements with time for all groups during the ad libitum
feeding trial.

For the restricted feeding periods, there was a significant
relationship between the hours of daylight experienced and the standing
duration in light phase in relation tc the amount of light exposure
(R?-0.72, P=0.0005). As shown in Figure VI.4, there was a linear
decline in standing time per min of light with an increase in daily
light exposure. No relationships were apparent between h of light and

other activities or between MHp and various activities.
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For the ad libitum feeding periods there was a significant

relationship between MHp (M/kg'7°/d) and total number of jaw movements
(R?=0.66, P=0.00014) and MHp (M/kg'’5/d) and daily standing duration
(R%=0.32, P=0.02), with a linear decline in total jaw movements and
standing duration with a decrease in MHp. There was also a significant
relationship between liveweight and total standing duration (R2=0.46,
P=0.004), such that standing duration decreased with an increase in

liveweight (Figure VI.4).
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DISCUSSION

Photoperiodic influences were observed for standing activity, but
there were no significant patterns in relation to light in the other
activities measured. Differences in jaw movements were not expected for
measurement periods 4 to 6, as there were found to be no treatment
differences in the voluntary food intake or metabolic heat production of
the ewes at these times (Chapter V). There were a limited number of
measurements done during period 7 as there were health problems noted
for some of the ewes at this time and this may account for a lack of
differences during the final measurement period.
Daily Activity Pattern

A distinct daily activity pattern in standing and head movements
was observed for all groups during the restricted feeding period. The
initial peak in standing time and side to side head movements
corresponds to the time of arrival of farm workers and the subsequent
cleaning of the ewes cages during the week. The time of this peak also
coincides with the time the lights came on in the rooms. Studies have
found that when natural or artificial daily light-dark cycles are
imposed on confined animals, they are most active around sunrise (or
when the lights go on) and again around sunset (when the lights go off)
(Curtis, 1981). This peak was present even on weekends when human
activities were minimal, suggesting that the onset of daylight also
contributed to the increase in activity.

The second peak, beginning one to two hours prior to feeding time,

was in anticipation of feed with appetite being an important factor.
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The ewes displayed a stereotyped restless behaviour involving the
banging and chewing of their dishes and playing with the salt blocks in
their dishes during this time. The performance of set patterns in the
behaviour of sheep have been reported previously in relation to events
which excite the animal such as feeding (Hecker, 1983). Done (1975)
observed that patterns of stereotype behaviour not seen in newly
introduced sheep were obvious in sheep that had been confined for about
6 months and very prominent in sheep confined for up to 2 years. The
peak in standing or head movements resulted during eating. During
restrict feeding, eating would usually last for 30-60 min. Following
this there was an elevation in activity up until the approximate time
the lights went off. This again supports findings of increases in
activity at ‘dusk’.

A similar daily pattern was observed for ad libitum feeding with a
reduction in the intensity of the feeding peak (Figure V.2). Part of
this pattern was likely a conditioned response from the previous
restricted feeding period as appetite would no longer be a strong
contributing factor.

Treatment Variations in Activity

Exposure of groups C and D to longer daylengths may have
contributed to the 30% reduction in standing per day during measurement
periods 3 and 4, in relation to group B in the reverse light situation.
Support for the influence of amount of light exposure on standing time
is provided by results of a recent study by Phillips and Schofield
(1989), whereby natural daylength was extended by an additional 10 h of

artificial light for dairy cows housed in winter. The cows in naturally
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short daylengths stood approximately 20% longer per day than the cows
exposed to the artificially extended daylengths (Phillips and Schofield,
1989).

Photoperiodic influences were also evident for the time spent
standing during the light portion of the day. For both the restrict and
initial periods of ad libitum feeding, those sheep exposed to short
daylengths spent 30 to 40% greater time standing during the light phase
of the day. There was a linear decrease for standing duration (min/min
light) with an increase in the amount of daily light exposure (Figure
VI.4) for the restrict fed periods. However, this relationship was not
evident for the ad libitum feeding trial as other factors shown to
contribute to the daily standing activity of the sheep became prominent
at this time. Toutain et al., (1977) found a significant difference in
the time spent standing for sheep of different ages and body weights.
Yearling sheep were found to spend the smallest time standing (191
min/15 h) followed by 4-6 year old fat sheep (294 min/15h) and then 4-6
year thin sheep (356 min/15h). In the present study, the sheep
increased in weight during ad libitum feeding from a stabilized average
weight of 58 kg to a final average weight of 94 kg. Standing time for
this period was therefore found to be more closely related in a linear
manner to the changes in liveweight than to h of light (Figure VI.4),

The general findings do not provide support for the theory of
changes in activity contributing to the to the seasonal changes in
metabolic heat production. During ad libitum feeding, MHp was closely
correlated to food intake, as evidenced by the relationship MHp to jaw

movements. The pattern of head movements were influenced primarily by
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feeding activities with no differences seen related to light treatments.
This method of head movement measurement may not serve as the best
measure of activity of the sheep and other areas need examination.
Videotaping of activity has become more widely utilized and may be a
more useful tool to examine and classify specific activities and their
timing.

Activities such as standing have been shown to have an energy cost
for sheep of 0.5 to 0.7 kJ/kg W/h (Toutain et al., 1977, Osuji, 1974).
Based on a cost of standing of 0.5 kJ/kg W/h, the contribution of
standing to dally total MHp was calculated and found to be only a small
portion of the daily total MHp. The contribution was approximately 4.5
to 5.0 percent for restrict feeding and 1.5 to 2.0 percent for the ad
libitum feeding trial. Variations in standing duration were not found
to be a contributing factor to wvariations in metabolic heat production
as increases in standing duration did not coincide with increases in MHp
during restrict feed. In contrast, the reverse situation was evident
although not significant, with a decrease in MHp (M/kg.75/d) coincident
with an increase in standing duration (R2=0.31, P=0.06).

It would appear that changes resulted in the energy expenditure of
sheep during restricted feeding, which were not explained by the
physical activity parameters examined. However, measurements taken were
limited to the final 20 weeks of the restricted feeding trial. Toutain
et al. (1977) suggested that the state of vigilance could have a
significant effect on daily energy expenditure. Heat production was
found to decrease by 10-20% in sheep when asleep compared to when awake

(Toutain et al., 1977). The state of vigilance of the sheep in the
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various light environments may be a contributing factor to the
variations observed in MHp.

The findings of this study could also support a hypothesis by
Phillips and Schofield (1989) suggesting that other physiological
mechanisms involving hormonal changes and shifts in reactions at the
cellular level (substrate cycles), may account for changes in parameters
such as energy metabolism that occur in relation to photoperiod.

Changes in thyroid hormones,.which are known to increase cellular
enzymes and processes such as protein synthesis (Guyton, 1986), were
found to coincide with changes observed in metabolic heat production in

the present study and may therefore be the important factor influencing

the changes in MHp.
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Table VI.1 - Standing duration (min) and head movements, for daily
totals (sum of 24 h values) and value in light phase based on minutes of

light received during the 24 h measurement.

Measurement period 3 (restricted feeding)

A,
Activity Group A Group B Group G Group D
Standing
total (min) 6042 + 11 727° £ 12 632 + 12 530° *+ 12
0.78® + 0.02 0.55° + 0.02

light* 0.56%* 0.02 0.58* + 0.02

Head movements

Side to side
total 53323® + 4739 47342% * 3705 57473* + 4433 58153* * 4239
light* 48.3* + 8.8 38.0* + 6.9 58.7* + 8.3 52.7* + 7.9
Up and down
total 4166 + 1125 10616° * 1125 6794% + 1289 6293 + 1233
light* 3.9+ 2.3 8.8 + 2.3 9.3% + 2.6 5.7% + 2.5
B. Measurement period 5 (ad libitum feeding)
Standing
total (min) 494 % 27 499° + 30 470" % 35 348 + 41
light 0.42% + 0.09 0.52° * 0.12 0.37%®* + 0.04 0.29° % Q.07

Head movements

Side to side
total 41332* + 6115 51063* + 7155 61440 + 7834 54554% + 9366
light' 27.8°% £ 4.0 37.3* £ 4.7 36.9* + 4.6 36.3* + 5.8
Up and down
total 8588° + 683 13592% * 670 10969 + 1189 10053* + 1039
light' 6.8+ 0.7 12.2* + 0.6 8.0+ 1.1 8.1* £ 1.0
Jaw movements
total 32118* * 3363 30228* * 3686 34109* * 4414 40926° + 4948
light' 25.82 + 3.0 31.12 + 3.3 25.9* + 4.0 30.0* £ 4.4

&bc peans with different superscript in a row differ (P<0.05).
values are given as least square means * standard error of the mean
standing value expressed as min/min daylight, head and jaw movements

expressed as no. of movements/min of daylight.

Group A, constant 12L:12D
Group B, artificial sinusoidal light pattern, reverse of natural light.

Group C, artificial sinusoidal light pattern, closely mimicking natural

light.
(artficial summer and winter ‘solstices’ 18L:6D and 6L:18D,

respectively).
Group D, natural light pattern, 53.5° N latitude.
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Flgure VI.1. Light patterns and least square means for
standing duration of each group for each measurement period
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Flgure V1.2, Dally actlvity patterns for restricted and
ad libltum feed!ing trlal
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Flgure VI.3. Dally standing pattern for perio. 4 and §
Perlod 4
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Flgure VI.4. Observed values for dally standing duration In reiation to (A)
hours of dally light exposure and (B} llvewelght and the calculated regression
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VII. GENERAL DISCUSSION

Photoperiod is one of the most consistent and best known seasonal
predictors utilized by animals to ensure that physiological processes
are in harmony with existing environmental conditions. The sheep is one
example of an animal which is physiologically fine-tuned to its external
environment via photoperiodic cues, as evidenced in its reproductive
function (Yeates, 1949).

As mentioned, the mechanism by which light information is sensed
in mammals occurs via the retina and a complex of neural pathways sent
to the pineal gland. Melatoniﬁ released from the pineal gland is
thought to act as the ‘'neuroendocrine transducer’ converting the light
and correlated neural information of the environment into an endocrine
message available to all tissues (Cassone, 1990). How melatonin
influences other endocrine responses varies between mammalian species
(Kennaway, 1984). In terms of seasonal reproductive function, melatonin
is often referred to being antigonadal in action (Vriend, 1983).
However, this hypothesis has been derived mainly from animals which are
long-day breeders (Kennaway, 1984). In animals which are short-day
breeders such as domestic sheep, evidence has shown that melatonin
serves both an inductive and inhibitory action on the reproductive axis
and has been referred to as a timekeeping hormone (Karsch, 1986).

Distinct seasonal cycles in the energy metabolism and voluntary
food intake of wild and domestic ungulates have been reported (Kay,
1985). However changes observed in metabolic heat production (MHp) have

generally been attributed to the photoperiod induced changes in



144
voluntary food intake. Although Blaxter and Boyne (1982) found a
seasonal pattern in MHp independent of food intake, the mechanism by
which this occurred was still undetermined.

The present study provided a highly controlled, comprehensive
examination of factors influencing and controlling seasonal changes in
MHp processes. A schematic of the parameters examined in the present
study is shown in Figure VII.1l, with the main focus of the study on the
energy metabolism of the animal, as was indicated by MHp. Parameters
known to influence MHp, including temperature, food intake and activity
were maintained near constant allowing for the examination of influences
related strictly to photoperiodic variations. This study serves to
reconcile different responses observed in relation to temperature in the
field situation versus a laboratory setting. The primary hypothesis of
the study was that photoperiod was the main cue responsible for the
seasonal metabolic pattern observed in ungulates (Silver et al., 1969;
Renecker and Hudson, 1986), which then serves to stimulate appetite.

The initial part of the study (Chapter II), provided support for
this hypothesis whereby seasonal variations in photoperiod, both
artificial and natural, elicited a pattern in MHp of ewes with a
constant near maintenance food intake. However, some of the ewes in
constant light provided evidence of inherent patterns. In the second
stage of the study (chapter III), it became evident that although
photoperiod was the primary cue, hormonal changes in response to the
light, were the mechanism responsible for changes in energy metabolism.
Thyroid hormones (specifically total T3 and free T3 and T4 plasma

concentrations) were most responsive serving to drive the metabolic
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response, as thyroid hormones are known to regulate basal metabolic rate
through its influence on protein synthesis, cellular enzyme systems,
mitochondria and the active transport of ions through cell membranes
(van Hardeveld, 1986; Nunez, 1988). Thyroid patterns, also provided
evidence to support the hypothesis linking the metabolic processes and
reproductive axis (Chapter IV). The cessation of estrous cycles
coincided closely with increased plasma levels of thyroid hormones and
is in support of recent studies in which thyroidectomy resulted in
disruption of the cessation of estrous (Nicholls et al., 1988).

The pineal gland has been shown to influence the neurocendocrine-
thyroid axis in hamsters in an inhibitory manner similar to its anti-
gonadal action (Vriend, 1983). Current findings lend support to anti-
thyroidal activity in sheep whereby thyroid hormone levels were found to
decrease at the time when the duration of melatonin secretion has been
shown to increase with shortening daylengths (Karsch, 1986). This
supports the hypothesis of a modulatory influence of the pineal gland on
the neuro-endocrine-thyroid axes and the neuroendocrine-gonadal axes
(Vriend, 1983), with decreasing daylength inhibiting thyroid activity
but stimulating reproductive activity in the ewes.

The implications of the link between reproductive and metabolic
function relate to the necessity to synchronize the timing of these
processes as one is dependent on the other. Increases in metabolism
coincide with the time of increased feed availability, thus enabling
attainment of proper body condition necessary for reproduction and
production of offspring or milk, with young born at a time of the year

to allow the highest probability of survival. The findings of the
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present study provide evidence for an intricately coordinated and
integrated system with thyroid hormones serving in a dual manner to
regulate both the termination of one system and the initiation of
another.

The utilization of exogenous thyroxine has been prewinusly shown
to stimulate food intake of sheep (Forbes, 1986). However, feed intake
patterns of the ewes in the present study appeared to be regulated by 2
or 3 different driving forces (Chapter V). Feed intake was regulated
initially by the inherent drive to achieve the genetically determined
maximum body mass or composition (Blaxter et al., 1982, Young, 1987).
Once attained, then the known photoperiodic modulation of intake
(Simpson et al., 1984) became increasingly evident, with the group
exposed to increasing daily light having the greatest intake. MHp was
closely correlated with food intake, supporting previous evidence of
food intake effects on MHp (Webster, 1983). Photoperiod serves to
modulate the metabolic response, stimulating appetite at times of
increased food availability in the natural environment. Similarly, the
low MHp is advantageous coinciding with natural times of decreases in
food availability, leaving more of a limited energy consumption for use
in thermoregulation and requiring less tissue mobilization.

The light patterns and associated thyroid hormone patterns
accourited for most of the MHp response at constant feed intake.
Apparent visual differences in the ewes behaviour were not reflected in
the measured activity parameters which were similar between groups with
the exception of daily standing patterns (Chapter VI). Daily standing

duration was greatest with exposure to decreasing daylengths although
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generally not significant but a significantly greater proportion of time
was spent standing during the daylight period for those ewes exposed to
short photoperiod.

In conclusion, the experimental findings supported the primary
hypothesis that photoperiod serves to induce seasonal changes in energy
metabolism, independent of food intake. In addition, the study also
provided information as to the physiological mechanisms regulating
metabolism, and is a step towards understanding the interaction of
seasonally induced physiological changes.

Future studies should focus on interactive environmental
influences such as seasonal photoperiod and temperature. Similar work
has focused on the interactive effects of these parameters on
reproductive response such that the observed rate at which short
photoperiod induced gonadal atrophy in hamsters was found to be
dependent on environmental temperature (Pévet, 1986). Also future
research into the mechanisms responsible for the changes in MHp and
reproduction and how these systems interact. To understand the
contribution of particular factors individual analysis is necessary but
the interaction of components is necessary to provide a more complete
understanding of the whole functioning system in seasonally sensitive
animals, enabling development of efficient and cost effective production

systems.
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Figure Vil.i. General schematic of photoperiodic Influence
on physlological parameters

<’Lotopen9
Food /

avallablility

Endocrine
changes

Food Iintake

_ Reproductive

Activity
Behavlor

Growth
body condition




149

REFERENCES

Blaxter, K.L. and Boyne, A.W. 1982. Fasting and maintenance
metabolism of sheep. J. Agric. Sci. (Camb.) 99: 611-620.

Blaxter, K.L., Fowler, V.R., and Gill, J.C. 1982. A study of the
growth of sheep to maturity. J. Agric. Sci. (Camb.) 98: 405-420.

Cassone, V.M. 1990. Melatonin: time in a bottle. in: Oxford Review of
Reproductive Biology. vol. 12. S.R. Milligan, ed., Oxford
University Press. Oxford. p. 319-367.

Forbes, J.M. 1986. The Voluntary Food Intake of Farm Animals.
Butterworths, London.

Karsch, F.J. 1986. A role for melatonin as a timekeeping hormone in
the ewe. in: Melatonin in Humans. R.J. Wurtman and F.
Waldhauser, eds., Spring-Verlag Wien, New York. p. 109-124.

Kay, R.N.B. 1985. Seasonal variation of appetite in ruminants. in:
Recent Developments in Ruminant Nutrition. W, Haresign and D.J.A.
Cole, ed., Butterworths, London. PP. 199-210.

Kennaway, D.J. 1984. Pineal function in ungulates. in: Pineal
Research Reviews. vol. 2. R.J. Reiter, ed., Alan R. Liss, Inc.,
New York. p. 319-367

Nicholls, T.J., Follett, B.K., Goldsmith, A.R., and Pearson, H. 1988.
Possible homologies between photorefractoriness in sheep and
birds: the effect of thyroidectomy on the length of the ewes
breeding season. Reprod. Nutr. Develop. 28: 375-385.

Nunez, J. 1988. Mechanism of action of thyroid hormone. in: Hormones
and their Action, Part I., B.A. Cooke, R.J.B. King and H.J. van
der Molen, eds., Elsevier Sci. Publ. BV. pp. 61-79.

Pévet, P. 1986. Environmental control of the annual reproductive cycle
in mammals: role of the pineal gland. in: Comparative Physiology
and Environmental Adaptations. P. Pévet, ed., Vol. 3. 8th ESCP
Conf., Strasbourg. p. 82-100.

Renecker, L.A. and Hudson, R.J. 1986. Seasonal energy expenditures and
thermoregulatory response of moose. Can. J. Zool. 64: 322-327.

Silver, H., Colovos, N.F., Holter, J.B., and RHayes, H.H. 1969. Fasting
metabolism of white-tailed deer. J. Wildl. Manage. 33: 490-498.

Simpson, A.M., Suttie, J.M., and Kay, R.N.B. 1984. The influence of
artificial photoperiod on the growth, appetite and reproductive
status of male red deer and sheep. Anim. Reprod. Sci. 6: 291-299.



150

van Hardeveld, C. 1986. Effects of thyroid hormone on oxygen
consumption, heat production, and energy economy. in: Thyroid
Hormone Metabolism. G. Hennemann, ed., Marcel Dekker Inc. New

York. pp. 579-608.

Vriend, J. 1983, Evidence for pineal gland modulation of the
neuroendocrine-thyroid axis. Neuroendocrinology. 36: 68-78

Webster, A.J.F. 1983. Energetics of maintenance and growth. in:
Mammalian Thermogenesis. L. Girardier and M.J. Stock, eds.,
Chapman and Hall. London.

Yeates, N.T.M. 1949. The breeding season of the sheep with particular
reference to its modification by artificial means using light. J.

Agric. Sci. 39: 1-43.

Young, B.A. 1987. The effect of climate upon intake. in: Nutritional
Limits to Animal Production from Pastures. J.B. Hacker, ed.,
Commonwealth Agricultural Bureau, U.K. pp. 183-198,



Table

Table
Table
Table
Table
Table
Table
Table
Table

Table

10

151

APPENDIX
Metabolic heat production (water bath technique)
restricted feed
Liveweight: restrict and ad libitum feeding
Wool weights: restrict and ad libitum feeding
Plasma total thyroxine (T4) concentrations
Plasma total triiodothyronine (T3) concentrations
Plasma free thyroxine (T4) concentrations
Plasma free triiodothyronine (T3) concentrations
Plasma progesterone concentrations
Weekly food intake

Percent dry matter digestibility
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TABLE 1
Metabolic rate (watt) - water bath method

-------- GROUP A (12L:12D)--- -=---- ~--=~-GROUP B (artificial light)-----
sheep 48 49 74 85 189 239 20 38 47 81 93 246

DATE WK
06/29/87 1
07/06/87 2
07/13/87 3
07/20/87 4
07/27/87 5
08/03/87 6
08/10/87 7 72,1 65.7 68.5 73.7 92.8 68.6 67.3 72.0 65.7 66.56 73.4 70.8
08/17/87 8
08/24/87 9
08/31/87 10
09/07/87 11
09/14/87 12
09/21/87 13
09/28/87 14
10/05/87 135
10/12/87 16 73.1 67.6 85.3 87.9 79.8 67.8 76,3 ?5.5 76.8 77.2 79.8 68.0
10/19/87 17
10/26/87 18
11/02/87 18
11/08/87 20
11/16/87 21 88.0 68.7 74.5 75.0 80.6 79.1 76.5 72,7 62.6 85.6 75.2 86.3
11/23/67 22
11/30/87 23
12/07/87 24
12/14/87 25 72.8 71.9 75.6 72.¢ 88.3 74.0 68.3 81.2 88.3 79.8 €1.5 83.3
12/21/87 26
12/28/87 27
01/04/88 28
01/11/88 28
01/18/88 30 76.2 72.1 A:.% ue.4 77,1 77.4 5° £6.5 77" 73.8 60.3 70.4
01/25/88 31
02/01/88 32
02/08/88 33
02/15/88 34
02/22/88 35 270.3 80.9 69.6 77.9 80.8 72.8 55.8 63.4 68.9 67.2 5f.8 73.7
02/20/38 36
03/07/88 37
03/14/88 38
U3/21/88 39 77.2 68.4 72,5 €64.9 74.9 70.9 63.3 65.8 66.3 7C & 52.8 67.8
03/28/88 40
04/04/88 41
04/11/88 42
04/18/88 43
04/25/88 44 74.8 71.1 77.8 60.8 83.8 80.7 60.4 73.9 71.2 66.0 67.8 63.1
05/02/83 A5
05/08/88 A6
05/16/88 47 69.7 62.0 73.5 7i.9 70.5 61.6 60.7 €68.3 61.4 72.0 56.0 63.1
05/23/88 48
05/30/88 A9
06/06/88 50
06/13;88 51 61.4 61.9 66.5 61.4 80.4 87.2 70.8 70.7 72.3 698.7 68.8 68.8
06/20/88 52
06/27/88 33
07/04/88  S4
07/11/88 55
07/18/88 56 66.6 70.9 76.5 78.2 77.7 73.7 61.9 66.5 66.1 76.7 68.8 70.8
07/25/88 57
08/01/88 58
08s08/88 38
08/15/88 60 74.0 64.2 69.8 62.6 80.0 72.4 70.9 64.8 75.7 76.7 67.8 71.0
08/22/88 61
08,/29/88 62
09/05/88 &3
09/12/88 84 67.3 63.3 69.7 65.5 76.6 64.1 75.7 74.3 77.7 75.7 66.6 88.6
09/19/88 65
09/26/88 S§
10/03/88 867
10/10/868 68
10/17/88 68 68.4 62.9 73.6 72.9 73.9 66.4 74.2 78.9 71.2 87.4 75.7 B83.7

10/24/88

~
o



TABLE 1
Metabolic rate (watt) - water bath method

-------- GROUP A (12L:12D)--=---==~ ~==u-

sheep 48 48 74 8s 189

20

38

47 81

GROUP B (artificial light)-----

83 246

DATE WK

10/31/88 71
11/07/88 72 83.6 70.3 83.5 70.4 87.1
11/14/88 73
11/21/88 74
11/28/88 75 77.1 60.3 75.6 82.8 80.1
12/05/88 76
12/712/88 77
12/719/88 78 66.7 66.5 72.4 72.9 80.6
12/26/08 789
01/02/89 80
01/09/88 81
01/16/89 82 73.5 67.8 80.0 80.9 98.7
01/23/88 83
01/30/88 84
02/06/88 85
02/13/89 86
02/20/88 87 71.4 73.0 77.6 79.0 88.8
02/27/89 88
03/06/89 89
037/13/89 90
03/20/89 91 74.1 70.3 76.0 71.5 98.6
03/27/89 82

75.2

80.5

75.8

75.3

69.

74,

63,

72,

68.

62.

72.

68.

70.

68.

73.

63.



TABLE 1

Metabolic rate (watt) - water bath method

DATE
06/28/87
07/06/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/8?
08/24/87
08/31/87
09/07/87
08/14/87
09/21/87
03/28/87
10/05/87
10712787
10/19/87
10/2€/87
11/02/87
11/08/87
11/18/87
11/23/87
11/30/87
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/13/88
02/22/88
02/28/88
03/07/88
03/14/88
03/21/88
03/28/88
04/04/88
04/11/88
04/18/68
04/25/88
05/702/88
05/09/88
05/16/88
03/23/88
05/30/88
06/06/88
06/13/88
06/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
08/29/88
08/05/88
08/12/88
09/19/88
$5/28/88
10/03/88
10/10/88
10/17/88
13/24/88

"
-4
—
CoovaunrwnnR 3

s ps s
” LN

et ol o
(- -R N NV Y

WWWNNNNNDNND NN
NﬂOOQNOU’UNHg

-=-GROUP C

16

70.3

67.5

66.3

68.7

73.1

74.2

76.4

73.2

76.7

74.1

67.3

61.9

87.

73.

83.

70.

63.

67.

76.

75.

80.

75.

79.

63.

(artificial light)
107

56

78.3

87.3

83.8

85.2

75.5

76.9

73.4

6€.3

62.

70.

72.

70.

76.

74,

74,

62.

28

70.

77.

71.

72.

82.

78.

78.

79.

75.

73.

73.2

84.2

75.9

685.9

50.2

64.9

79.0

67.8

72.3

63.5

58.6

75.7

77.7

86.6

87.9

70.5

63.3

64.1

31

77.1

72.5

176

63.4

60.8

59.7

62.6

77.7

78.0

80.3

75.5

63.2

65.8

74.1

GROUP D (NATURAL)

202

60.9

61.1

66.5

74.5

8l1.6

92.8

77.3

62.4

59.7

73.1

58.2

63.0

62.0

69.7

58.5

63.8

58.1

74.1

78.3

71.1

72.3

70.7

77.5

68.0

62.5

63.3

69.9

65.1

80.3

80.1

76.8

80.0

68.7

62.2

71.5

63.7

73.2

58.1

154



TABLE 1
Metabolic rate (watt) - water bath method

--=GROUP C (artificial light)-=-- =-=c---co GROUP D (NATURAL)--~--~-v---v--
sheep 16 54 56 107 88 118 30 31 176 202 64 243
DATE WK
10/31/88 71
11/07/88 72 66.4 63.0 68,0 67.9 57.5 66.2 75.6 67.5 71.1 10.0
11/14/68 73
11/21/88 74
11/28/88 75 64.0 64.4 62,9 73.3 59.0 73.8 70.4 68.0 61.1 72.0
12/05/88 76
12/12/88 77
12/19/88 78 65.0 65.1 64.4 63.3 65.6 &4.5 58.0 67.7 65.7 61.9
12/28/88 M
01/02/89 80
01/09/88 81
01/16/89 82 69.6 75.4 67.5 65.5 65.7 75.3 82.1 79.1 72.8
01/23/89 83
01/30/89 84
02/06/89 85
02/13/89 86
02/20/88 87 75.3 85.8 68.0 69.9 81.0 72.4 106.4 78.1 83.2
02/27/89 88
03/06/89 89
03/13/88 80
03/20/89 91 79.6 82.0 75.8 87.6 73.8 82.6 101.1 75.7 83.3

03/27/889 82
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TABLE 2
Live weight (kg)
restricted (week 1-92) and 24 libitum (week 983-130) feeding periods

-------- GROUP A (12L:12D)----------  ----GROUP B (artjficial light)-----
Sheep 48 49 74 85 189 238 20 39 47 8l 93 246
DATE WK
06/29/87 1 46.0 35.0 51.0 48.0 42.0 36.0 47.0 50.0 41.0 50.0 46.0
07/06/87 2
07/13/87 3 45.0 236.0 48.0 48.3 2.0 36.0 37.0 44.0 47.0 41,0 48.0 45.0
07/20/87 4
07/27/87 S 44.0 35.0 48.0 49.0 42.0 34,0 37.0 440 46,0 42.0 48.0 45.0
08/03/87 6
08/10/87 7 48.0 37.5 S50.0 50.5 43.5 37.0 40,0 48.0 48.0 44.5 52,0 46.5
08/17/87 8
08/24/87 9 48.0 40.0 55.0 52.0 47.0 39.0 41.0 49.0 48,0 48,0 50.0 50.0

08/31/87 10
08/07/87 11 S0.0 44.0 56.0 52.0 49.0 41.0 42.0 S0.0 52.0 48,0 52.0 50.0

09/14/87 12
09/21/87 13 48.0 43.0 55.0 52.0 48.0 4l1.5 42.0 48,0 50,0 48,0 S53.0 50.0
09/28/87 14
10/05/87 15 51.0 44.0 S8.0 55.0 51.0 44.0 A5.0 52.0 55.0 51.0 54,0 53.0
10/12/87 16
10/19/87 17 S53.0 47.0 58.0 56.0 52.0 46.0 46.0 53.0 53.0 50.0 57.0 54.0

10/26/87 18
11/02/87 18 52.0 45.0 56.0 54.0 51.0 46.0 4€.0 51.J 52.0 50.0 56.0 54.0
11/08/87 20
11/16/87 21 53.0 46.5 59.0 56.0 S53.0 47.0 47.0 51.0 54.0 52.0 55.0 56.0
11/23/87 22
11/30/87 23 54.0 49,0 60.0 58.0 54.0 48.0 49.0 S53.0 56,0 54.0 57.0 55.0
12/07/87 24
12/14/87 25 S54.0 49.0 61.0 59.0 54.0 48.0 50.0 55.0 56.0 55.0 598.0 50.0
12/21/87 28
12/28/87 27 55.0 50.0 62.0 58.0 55.0 48.0 50.0 55.0 56.0 55.0 58.0 350.0
01/04/88 28 S54.0 48,0 60.0 57.0 53.0 49.0 48.0 54.0 54,0 54,0 56.0 44.0
0l1/11/88 28
01/18/88 30 S6.0 51.0 62.0 58.0 55.0 50.0 50.0 57.0 56.0 56.0 59.0 46.0
01/25/88 31
062/01/88 32 56.0 52.0 62.0 58.0 57.0 52.0 49.0 56.0 56.0 56.0 58.0 48.0
0z2/08/88 33
02/15/88 34 S59.L 54.0 66.0 62.0 58.0 52.0 54.0 58.0 60.0 58.0 60.0 52.0
02/22/88 35
02/29/88 36 S56.0 52.0 63.0 60.0 57.0 52.0 51.0 56.0 58.0 57.0 59.0 50.0
03/07/88 37
03/14/88 38 58.0 S52.0 63.0 61.0 58.0 52.0 52,0 S58.0 57.0 57.0 60.0 50.0
03/21/88 39
03/28/88 40 59.0 55.0 65.0 63.0 60.0 56.0 $2.0 58.0 58.0 58.0 61.0 52.0
04/04/88 41
04/11/88 42 59.0 55.0 67.0 63.0 61.0 57.0 53.0 59.0 s+ . 58.0 62.0 53.0
04/18/88 43 S8.0 53.0 64.0 61.0 58.0 55.0 52.0 57.0 5 .. 58.0 61.0 51.0
04/25/88 A4 S8.0 52.0 62.0 60.0 60.0 54.0 51.0 58.0 57.0 58.0 61.0 51.0
05/02/88 45
05/09/88 46 S59.0 52.0 63.0 60.0 61.0 55.0 51.0 S58.0 60.0 59.0 61.0 52.0
05/16/88 47
05/23/88 48 58.0 S2.0 65.0 €2.0 81.0 56.0 53.0 $8.0 60.0 60.0 82.0 353.0
05/30/88 48
06/06/88 S0 60.0 51.0 66.0 64.0 62.0 56.0 S4.0 60.0 60.0 60.0 64.0 53.0
06/13/88 51
06/20/88 52 60.0 51.0 65.0 64.0 62.0 59.0 54.0 58.0 58.0 80.0 62.0 52.0
06/27/88 33
07/04/88 S& 60.0 S2.0 65.0 64.0 61.0 58.0 55.0 58.0 60.0 60.0 62.0 53.0
07/11/88 55
07/18/88 S6 60.0 53.0 66.0 66.0 62.0 58.0 54.0 58.0 58.0 60.0 62.0 55.0
07/25/88 57
08/01/88 S8 60.0 53.0 66.0 65.0 63.0 58.0 54.0 50.0 58.0 60.0 63.0 56.0
08/08/88 58
08/15/88 60 60.0 S53.0 64.0 65.0 62.0 60.0 $5.0 60.0 58.0 60.0 64.0 56.0
08/22/83 61
08/29/88 62 60.0 53.0 68.0 68.0 63.0 38.0 56.0 60.0 60.0 61.0 66.0 57.0
09/05/88 63
09/12/88 64 61.0 S6.0 67.0 68.0 64.0 60.0 $5.0 60.0 60.0 61.0 64.0 55.0
09/19/88 65
09/26/88 66 62.0 S56.0 68.0 66.0 65.0 €0.0 55.0 60.0 60.0 61.0 64.0 55.0
10/03/88 67
10/10/88 68 61.0 56.0 66.0 66.0 63.0 61.0 $6.0 60.0 60.0 60.0 64.0 58.0



TABLE 2
Live weight (kg)
restricted (week 1-92) and ad libitum (week 93-130) feeding periods

-------- GROUP A (12L:12D)----=--=-= ----GROUP B (artificial light)

Sheep 48 49 74 85 188 239 20 39 47 81

93

DATE WK

10/17/88 88

10/24/88 70 61.0 56.0 66.0 66.0 63.0 61.0 56.0 60.0 60.0 61.0
10/31/88 71

11/07/88 72 62.0 54.0 67.0 66.0 64.0 62.0 550 62.0 61.0 62.0
11/14/88 73

11/21/88 74 ©62.0 54.0 66.0 67.0 64.0 62.0 54.0 62.0 61.0 62.0
11/28/88 75

12/05/88 76 62.0 54.0 67.0 68.0 65.0 63.0 55.0 62.0 61.0 62.0
12712788 77

12/18/88 78 62.0 56.0 68.0 68.0 66.0 €3.0 56.0 62.0 61.0 62.0
12/26/88 79

01/02/89 80 59.0 52.0 65.0 64.0 62.0 59.0 53.0 59.0 58.0 60.0
01/08/88 81

01/16/89 82 60.0 54.0 66,0 65.0 64.0 60.0 54.0 60.0 60.0 62.0
01/23/89 83

01/30/89 84 62.0 55.0 66.0 66.0 65.0 63.0 55.0 63.0 58.0 861.0
02/06/88 85

02/13/89 86 62.0 55.0 65.0 67.0 64.0 64.0 55.0 61.0 58.0 63.0
02/20/89 87

02/27/80 88 63.0 54.0 66.0 66.0 65.0 63.0 56.0 61.0 60.0 63.0
03/06/68 89

03/13/88 90 62.0 54.0 66.0 68.0 65.0 61.0 55.0 58.0 58.0 60.0
03/20/88 91

03/27/89 92 62.0 54.0 65.0 68.0 66.0 62.0 56.0 60.0 60.0 62.0
04/03/89 93

04/10/89 94

04/17/89 85 61.0 55.0 65.0 67.0 63.0 62.0 55.0 59.0 58.0 81.0
04/24/88 86 65.0 60.0 67.0 70.0 67.0 68.0 58.0 64.0 62.0 67.0
05/01/80 87 67.0 61.0 /0.0 74.0 71.0 68.0 61.0 66.0 66.0 68.0
05/08/89 88 70.0 62.0 73.0 77.0 75.0 73.0 66.0 70.0 70.0 68.0
05/15/88 99 72.0 62.0 75.0 78.0 74.0 72.0 65.0 77.0 72.0 70.0
05/22/80 100 73.0 62.0 76.0 78.0 75.0 73.0 62.0 70.0 68.0
05/29/89 101 ?76.0 68.0 60.0 81.0 80.0 72.0 70.0 75.0 73.0
06/05/88 102 76.0 69.0 82.0 §0.0 81.0 72.0 72.0 75.¢ 70.0
06/12/89 103 76.0 68.0 82.0 80.0 80.0 78.0 76.0 78.0 72.0
06/19/89 104 78.0 70.0 85.0 82.0 681.0 80.0 72.0 78.0 70.0
06/26/88 105 82.0 72.0 86.0 83.0 81.0 84.0 74.0 80.0 72.0
07/03/88 106 82.0 72,0 86.0 83.0 86.0 84.0 78.0 81.0 73.0
07/10/89 107 82.0 74.0 88.0 80.0 86.0 85.0 78.0 80.0 74.0
07/17/89 108 84.0 73.0 81.0 88.0 86.0 88.0 79.0 85.0 75.0
07/24/89 109 84.0 74.0 91.0 86.0 86.0 89.0 79.0 84.0 76.0
07/31/89 110 B84.0 74.5 ©2.0 86.0 86.0 80.0 80.0 84.0 77.0
08/07/89 111 85.0 74.0 93.0 88.0 83.5 90.5 82.0 88.0 79.0
08/14/89 112 B84.0 74.5 94.0 B87.5 83.0 88.5 82.5 87.5 78.5
08/21/89 113 B84.0 74.0 95.5 89.5 88.0 88.5 82.0 88.0 77.5
08/28/89 114 86.0 76.0 96.0 ©0.0 80.0 §0.0 82.0 91.0 79.0
08/04/89 115 86.0 74.0 97.0 86.0 90.0 80.0 82.0 81.0 78.0
09/11/86 116 84.0 74,0 98.0 90.0 90.0 82.0 84.0 93.0 78.0
09/18/89 117 84.0 68.0 96.0 90.0 92.0 80.0 84.0 94.0 78.0
09/25/89 118 83.0 67.0 86.0 90.0 88.0 88.0 85.0 82.0 78.0
10/02/3¢ 119 80.0 68.0 87.0 9z.0 92.0 91.0 86.0 94.0 80.0
10/08/89 120 80.0 72.0 96.0 94.0 92.0 0.0 87.0 95.0 80.0
10/16/8% 121 81.0 72.0 98.0 ©8.0 94.0 92.0 88.0 96.0 82.0
10/23/89 122 82.0 68.0 87.0 9§6.0 ©3.0 3.0 84.0 86.0 82.0
10/30/88 123 82.0 71.0 98.0 96.0 96.0 93.0 86.0 98.0 82.0
11/06/89 124 82.0 71.0 100.0 §6.0 H6.0 ©94.0 8.0 e4.0 82.0
11/13/89 125 86.0 71.6 98,0 96.0 97.0 94.0 80.0 98.0 82.0
11/20/89 126 88.0 72.0 100.0 8.0 ©8.0 92.0 90.0 97.0 83.0
11/27/89 127 88.0 74.0 101.0 97.0 ©8.0 92.0 90.0 100.0 84.0
12/04/89 128 90.0 75.0 100.0 ©8.00 100.0 89.0 81.0 100.0 77.0
12/11/88 129 88.0 75.0 101.0 100.0 98.0 §0.0 92.0 102.0 76.0

12/18/89 130 61.0 76.0 102.0 100.0 99.0 93.0 92.0 102.0 80.0

65.0
66.0
62.0
64.0
63.0
61.0
58.0
61.0
61.0
62.0
60.0
62.0

62.0
64.0
68.0
73.0
72.0
72.0
78.0
78.0
78.0
80.0
81.0
80.0
82.0
81.0
83.0
81.0
84.0
87.0
86.0
89.0
89.0
1.0
80.0
89.0
92.0
92.0
4.0
90.0
94.0
5.0
93.0
93.0
84.0
92.0
88.0

56.
S5.
58,
58,
59.
56,
57.
58.
58.
60.
59.
38.

38.
60.

64

68.
69.
70.

74

75.

76
78

79.
79.
80.
81.
80,
83.
83.
83.
86.
88.

90.
1.
91.
9.
3.
96.

-1}

100,
101.
100,
100,
102.
104,
108,
108.

OOOOOOOOOOOOOOOOOOQOOOOQOOOOOOOOOOOO
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TABLE 2
Live weight (kg)
restricted (week

Sheep

DATE WK
06/28/87 1
07/06/87 2
07/13/87 3
07/20/87 4
07/27/87 5
08/03/87 6
08/10/87 7
08/17/87 8
08/24/87 9
08/31/87 10
08/07/87 11
09/14/87 12
09/21/87 13
08/28/87 14
10/05/87 15
10/12/87 16
10/18/87 17

10/26/87 18
11/02/87 19
11/09/87 20
11/18/87 21
11/23/87 22
11/30/87 23
12/07/87 24
12/14/87 25
12/21/87 26
12/28/87 27
01/04/88 28
01/11/88 29
01/18/88 30

01/25/88 a1
02/01/88 32
02/08/88 33

02/15/88 34
02/22/88 s
02/22/88 36
03/07/88 37
03714/88 38

03/21/88 38
03/28/88 40
04/04/88 41
04/11/88 42
04/18/88 43
04/25/88 4
05/02/88 45

05/09/88 46
05/16/88 LY
05/23/88 48
05/30/88 49
06/06/88 50
08/13/88 51
06/20/88 52
06/27/88 53
07/04/88 54
07/11/88 35
07718/88 56
07/25/88 57
08/01/88 58
08/08/88 58
08/15/88 60
08/22/88 61
08/29/88 62
08/05/88 63
09/12/88 64
09/19/88 65
09/26/88 66
10/03/88 67
10/10/88 68

1-82) and ad libitum (week 83-130) feeding periods
GROUP D (NATURAL)

36.0
37.0
37.0
41.0
41.0
A4.0
42.0
45.0
48.0
45.0
47.0
48.0
48.0

48.0
47.0

49.0
50.0
52.90
51.0
52.0
52.0
56.0
55.0
54.0
56.9
56.0
57.0
56.0
56.0
57.0
58.0
57.0
56.0
57.0
58.0
56.0

GROUP C (artificial light----

54

43.0
44.0
A4.0
45.0
46.0
48.0
a7.0
49.0
50.0
A8.0
49.0
52.0
s1.0

54.0
49.0

52.0
53.0
57.0
52.0
57.0
56.0
57.0
56.0
56.0
56.0
56.0
57.0
58.0
58.0
58.0
58.0
58.0
57.0
58.0
58.0
57.0

56

38.0
40.0
40.0
42,5
44.0
45.0
45.5
48.0
49.0
48.0
48.0
30.0
52.0

52.0
49.0

50.0
52.0
54.0
54.0
6.0
56.0
58.0
58.0
57.0
58.0
56.0
56.0
56.0
58.0
58.0
57.0
58.0
57.0
60.0
80.0
81.0

107

38.0
38.0
38.0
42.0
44.0
45.0
A4.5
47.0
49.0
47.0
51.0
51.0
53.9

52.0
50.0

53.0
54.0
55.0
53.0
57.0
56.0
58.0
58.0
58.0
56.0
56.0
59.0
58.0
59.0
56.0
57.0
57.0
58.0
58.0
58.0
56.0

88

42.0
42.0
42,0
44.0
47.0
47.0
46.5
49.0
50.0
48.0
50.0
50.0
50.0

51.0
49.0

51.0
50.0
54.0
53.0
52.0
56.0
%6.0
55.0
54.02
55.0
56.0
58.0
58.0
60.0
56.0
56.0
56.0
56.0
56.0

118 30 31 176
43.0
43.0
43.0
A5.5
49.0
51.0
50.0 44.0 43.0 2335.0
52.0 46.0 48.0 38.0
54.0 47.0 47.0 39.0
52.0 48.0 46.0 37.0
54.0 AB.0 48.0 40.0
54.0 48.0 49.0 40.0
56.0 48.0 51.0 41.0
58.0 48.0 50.0 42.0
54.0 48.0 48.0 40.0
56.0 49.0 51.0 42.0
56.0 49.0 52.0 45.0
80.0 52.0 52.0 47.0
57.0 51.0 53.0 46.0
60.0 53.0 54.0 48.0
59.0 55.0 55.0 50.0
682.0 56.0 56.0 48.0
82.0 53.0 53.0 48.0
61.0 54.0 54.0 48.0
82.0 54.0 53.0 48.0
62.0 55.0 S54.0 48.0
63.0 56.0 55.0 48.0
62.0 54.2 55.0 49.0
56.0 54.0 50.0
57.0 54.0 49.0
58.0 S55.0 S0.0
57.0 56.0 50.0
57.0 55.0 51.0
58.0 55.0 53.0
60.0 55.0 54.0
58.0 56.0 54.0

202

40,0
41.0
40.0
38.0
42.0
42.0
42.0

42.0
42.0

44.0
45.0
46.0
46.0
51.0
51.0
51.0
49.0
50.0
50.0
50.0
50.0
52.0
52.0
52.0
52.0
52.0
53.0
55.0
55.0
54.0

41.0
42.0
41.0
41.0
43.0
42.0
43.0

43.0
41.0

46.0
46.0
48.0
48.0
50.0
50.0
50.0
47.0
47.0
48.0
47.0
48.0
50.0
49.0
48.0
50.0
50.0
50.0
51.0
53.0
50.0

37.0
39.0
39.0
38.0
38.0
40.0
42.0

2.0
41.0

43.0
45.0
47.0
45.0
47.0
50.0
48.0
46.0
45.0
45.0
48.0
47.0
A3.0
48.0
50.0
48.0
48.0
48.0
48.0
50.0
48.0
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TABLE 2

Live weight (kg)
restricted (week

DATE
10/17/88
10/24/88
10/31/88
11707788
11/14/88
11/21/88
11/28/68
12/05/88
12/12/88
12/19/88
12/26/88
01/02/89
01/09/88
01/16/89
01/23/889
01/30/88
02/06/89
02/13/89
02/20/89
02/27/89
03/06/89
03/13/89
03/20/69
03/27/89
04/03/889
04/10/889
04/17/89
04/24/89
05/01/889
05708789
05/15/89
05/22/89
05/29/88
06/05/88
06/12/89
06/18/89
08/26/89
07/03/89
07/10/889
07/17/88
07/24/89
07/31/89
08/07/88
08/14/89
08/21/89
08/28/89
09/04/89
09/11/88
09/18/88
08/25/89
10/02/89
10/09/89
10/16/89
10/23/89
10/30/89
11/06/89
11/13/89
11/20/89
11/27/89
12704789
12/11/889
12/18/89

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
128
130

1-82) and ad libitum (week 93-130) feeding periods

57.0
58.0
58.0
60.0
58.0
56.0
57.0
56.0
58.0
59.0
58.0
58.0

58.0
62.0
66.0
89.0
70.0
70.0
76.0
74.0
77.0
78.0
78.0
80.0
80.0
80.0
81.0
83.0
84.5
81.5
85.0
85.0
86.0
86.0
84.0
84.0
86.0
86.0
88.0
88.0
89.0
81.0
85.0
86.0
88.0
85.0
88.0
86.0

GROUP C (artificial light----

54

57.0
58.0
58.0
58.0
60.0
56.0
57.0
58.0
59.0
60.0
60.0
60.0

58.0
62.0
68.0
66.0
87.0
87.0
70.0
78.0
80.0
79.0
80.0
8l1.0
82.0
84.0
80.0
83.0
86.0
84.5
87.0
$0.0
80.0
88.0
88.0
88.0
92.0
92.0
84.0
94.0
94.0
94.0
96.0
86.0
96.C
94.0
92.0

56 107

61.0 57.0
61.0 58.0
60.0 60.0
60.0 60.0
60.0 60.0
58.0 56.0
60.0 58.0
61.0 60.0
62.0 60.0
62.0 60.0
62.0 59.0
62.0 59.0

62.0 58.0
66.0 62.0
70.0 68.0
71.0 72.0
73.0 72.0
78.0 73.0
78.0 74.0
78.0 76.0
78.0 82.0
82.0 80.0
84.0 82.0
84.0 83.0
86.0 86.0
85.0 84.0
86.0 86.0
87.5 88.0
88.0 89.5
88.0 91.5
90.0 93.0
90.0 83.0
90.0 93.0
80.0 84.0
88.0 95.0
88.0 82.0
90.0 94.0
80.0 96.0
90.0 98.0
80.0 96.0
91.0 98.0
90.0 88.0
82.0 100.0
94.0 98.0
90.0 98.0

100.0

98.0

98.0

98 118 30

57.0
59.0
58.0
58.0
60.0
59.0
58.0
59.0
60.0
61.0
59.0
60.0

58.0
62.0
68.0
70.0
72.0
73.0
76.0
77.0
77.0
79.0
82.0
83.0
84.0
86.0
88.0
88.3
90.0
91.5
92.0
82.0
92.0
93.0
93.0
84.0
96.0
95.0
96.0
96.0
97.0
98.0
98.0
100.0
98.0
98.0
96.0
98.0

GROUP D (NATURAL)

31

56.0
58.0
58,0
58.0
58.0
57.0
57.0
58.0
58.0
60.0
58.0
58.0

57.0
62.0
87.0
68.0
71.0
71.0
74.0
75.0
74.0
75.0
76.0
77.0
78.0
80.0
80.0
82.5
82.0
83.5
84.0
83.0
83.0
84.0
88.0
84.0
86.0
86.0
86.0
86.0
86.0
87.0
84.0
88.0
86.0
84.0
86.0
83.0

178

53.0
54.0
55.0
55.0
57.0
54.0
54.0
56.0
56.0
56.0
56.0
57.0

56.0
60.0
65.0
62.0
65.0
66.0
70.0
68.0
75.0
73.0
82.0
83.0
82.0
85.0
84.0
87.0
87.5
88.0
89.0
90.0
90.0
91.0
88.0
89.0
91.0
82.0
92.0
88.0
92.0
82.0
93.0
94.0
90.0
92.0
80.0
81.0

202

56.
56.
57.
58.
59.
59.
60.

84

98.
97.
$7.

o

54.0
56.0
55.0
54.0

51.0

48.0
51.0
50.0
50.0
50.0

139
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TABLE 3
Wool Weight (gm)
--------- GROUP A (12L:12D)=~---~--- ====-=-GROUP B (artificial light)---
Sheep 48 49 74 85 18¢ 239 20 38 47 81 93 246
DATE WK
06/29/87 1
07/06/87 2
07/13/87 3
07/20/87 4
07/27/87 S
08/03/87 8
08/10/87 7
08/17/87 8
08/24/87 9
08/31/87 10
09/07/87 11
09/14/87 12
09/21/87 13
09/28/87 14
10/05/87 15
10/12/87 18
10/19/87 17 1254 1315 1162 1263 1487 1049 1378 1328 1404 851 1330 1180
10/26/87 18
11/02/87 19
11/00/87 20
117168737 21
11/23/87 22
11/30/87 23
12/07/87 24
12/1:4/87 25
12/21/87 26 615 690 625 750 780 690 470 480 590 4ABS 485 500
12/28/87 27
01/04/88 28
01/11/88 29
01/18/88 30
01/25/88 231
02/01/88 32
02/08/88 33
02/15/88 34 650 640 670 680 740 680 550 580 580 5S40 S60 350
02/22/88 35
02/29/88 36
03/07/88 37
03/14/88 38
03/21/88 39
03/28/88 40
04/04/88 42
04/11/88 42 730 620 740 740 840 760 S50 680 635 620 830 350
04/18/88 43
04/25/88 44
05/02/88 AS
05/08/88 46
05/16/88 47
05/23/88 48
05/30/88 48
06/08/88 50

06/13/88 s1

06/20/88 S2

06/27/88 53

07/04/88 sS4

07/11/88 55

07/18/88 58 1040 940 1140 1180 1250 1200 800 1040 1190 450
07/25/868 57

08/01/88 58

08/08/88 39

08/15/88 60

08/22/88 61

08/28/88 62

09/05/88 63

08/12/88 64

09/19/88 65

08/26/88 66 775 820 780 805 830 880 620 640 740 690 690 340
10/03/88 67

10/10/88 68



TABLE 3
Wool Weight (gm)

DATE WK
10/17/88 69
10/24/88 70
10/31/88 71
11/07/88 72
11/14/88 73
11/21/88 74
11/28/88 75
12/05/88 786
12/12/88 77
12718/88 78 850
12/26/88 79
01/02/89 80
01/08/88 81
01/16/89 82
01/23/89 83
01/30/89 84
02/06/89 85
02/13/89 86
02/20/89 87
02/27/88 88
03/06/89 89
03/13/89 90
03/20/89 81
03/27/89 92
04/03/88 93 910
04/10/89 94
04/17/89 85
04/24/89 86
05/01/88 97
05/08/89 98
05/15/88 99
05/22/88 100
05/29/89 101
06/05/89 102
06/12/89 103
06/18/89 104
06/26/89 105
07/03/89 106
07/10/89 107
07/17/89 108
07/24/89 109
07/31/89 110
08/07/89 111
08/14/88 112
08/21/88 113
08/28/80 114
09/04/88 115
09/11/89 118
09/18/89 117
08/25/89 118
10/02/88 119
10/09/89 120
10/16/89 121
10/23/89 122
10/30/88 123
11/06/89 124
11/13/89 125
11/20/89 128
11/27/88 127
12/04/88 128
12711780 129
12/18/89 130
12/25/88 131

1010

49 74 85 188 239

780 870 87C 960 930

880 950 1050 1000 930

850 1000 1050 1180 1100

1575 1575 1275 1700 1800 1850

1300 1200 1500 1600 1850 1550

161

------ GROUP B (artificial light)---
39 A7 81 93 248

610 740 760 610 630 3go0

860 1150 1050 B840 970 855

880 1030 930 1080 600
1175 1600 1425 1275 1325
1100 1400 1300 1300



TABLE 3

Wool Weight (gm)

DATE
06/29/87
07/08/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08/31/87
08/07/87
09/14/87
08/21/87
09/28/87
10/05/87
10/12/87
10/19/87
10/26/87
11/02/87
11/09/87
11/16/87
11/23/87
11/30/87
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/15/88
02/22/88
02/29/88
03/07/88
03/14/88
03/21/88
03/28/88
04/04/88
04/11/88
04/18/88
04/25/88
05/02/88
05/09/88
05/16/88
05/23/88
05/30/88
06/06/88
06/13/88
08/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
08/298/88
09/05/88
08/12/88
09/19/88
08/26/88
10/03/68
10/10/88

2
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ocum-uoau:-ulo»-§ o
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el ol
ODNBRWLS>

NN
o

22

16

54

56

107

GROUP C (artificial light)----

118

877

520

AGO

470

770

740

1446

780

610

810

880

880

1232

835

540

570

as¢

700

1115

833

560

660

960

860

1343

670

570

580

980

760

1352

670

570

615

368

3lo

480

790

31

422

500

450

580

710

176

428

530

510

780

GROUP D (NATURAL)
202

350

400

520

580

347

380

340

480

670

377

500

460

530

660

162
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TABLE 3
Wool Weight (am)

----- GROUP C (artificial light)=--- =------GROUP D (NATURAL)----==-n=u=
Sheep 16 54 56 107 g8 118 30 31 176 202 64 243

DATE WK

10/17/88 69

10/24/88 70

10/31/88 71

11/07/88 72

11/14/88 73

11/21/88 74

11/28/88 75

12/05/88 76

12/12/88 77

12/19/88 78 670 910 840 870 600 650 670 600 550

12/26/88 79

01/02/89 80

01/08/89 81

01/16/89 82

01/23/88 83

01/30/89 84

02/06/89 85

02/13/88 86

02/20/88 87

02/27/89 88

03/06/80 89

03/13/88 80

03/20/89 81

03/27/89 92

04/03/89 83 550 970 700 880 550 650 730 600 550

04/10/89 94

04/17/88 95

04/24/89 98

05/01/89 97

05/08/89 98

05/15/88 99

05/22/89 100

05/29/89 101

06/05/88 z°2

06/12/89 1N 720 1010 780 860 740 770 920 840

06/18/89  1ov

06/26/8¢ 10

07/03/¢s 10

07/20/%0 .’

Q7/33/°= U8

07/24/88 1089

07/31/88 110

08/07/89 111

08/14/88 112

08/21/89 113

08/28/68 114

08/04/68 115

09/11/89 116

09/18/88 117 1025 1500 1500 1500 1625 1525 1800 1825

09/25/88 118

10/02/89 119

10/09/88 120

10/16/89 121

10723788 122

10/30/89 123

11/06/88 124

11/13/88 125

11/20/89 126

11/27/89 127

12/04/88 128

12/11/88 128

12/18/89 130 1150 1600 1450 1250 1600 1700

12/25/88 131



TABLE 4

Plasma total thyrothine (T4) concentrations (ug/ml)

DATE
06/28/87
07/06/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08/31/87
09/07/87
09/14/87
08/21/87
08/28/87
10705787
10/12/87
10/19/87
1¢-+26/87
1.,/02/87
13./08/87
11/16/87
11/23/67
11/30/87
12/07/87
12714487
12/21/87
12/28/87
G1/04/88
0l1/13/88
01/1¢/88
01/25/88
02/01/68
02/08/88
02/15/88
02/22/68
02/28/88
03/07/88
03/14/88
03/21/88
03/28/88
04/04/88
04/11/88
04/18/88
04/25/88
05/02/88
05/09/88
05/16/88
05/23/88
05/30/88
06/06/88
06/13/88
08/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
08,/29/88
09/05/88
08/12/88
09/19/88
08/26/88
10/03/88
10/10/88

12

0.008

0.002

0.097
0.072
0.077

0.083

0.087
0.077

0.111
0.075
0.080
0.073
0.069

0.068
0.077

0.059
0.088

0.074
0.054
0.044

0.054
0.058

0.054
0.088

0.061
0.080
0.074
0.051

----- GROUF A (12L:12D)

A9

0.121

0.112

0.081
0.082
0.088

0.089

0.081
0.080

0.081
0.075
0.088
0.085
0.078

0.069
0.088

0.074
0.075

0.109
0.072
0.087

0.089
0.074

0.056
0.058

0.054
0.104
0.082
0.067

74

0.083

0.098

0.082
0.080
0.075

0.081

0.082
0.072

0.085
0.080
0.066
0.088
G.088

0.065
0.084

0.078
0.077

0.081
0.050
0.044

0.071
0.056

0.085
0.077

0.054
0.104
0.059
0.045

85

0.093

0.088

0.082
0.075
0.088

0.078

0.078
0.068

0.078
0.073
0.057
0.084
0.081

0.058
0.078

0.044
0.045

0.068
0.041
0.041

0.046
0.050

0.034
0.048

0.0358
0.073
0.055
0.036

0.081

0.094

0.092
0.084
0.078

0.087

0.080
0.071

0.080
0.082
0.071
0.081
0.071

0.080
0.073

0.052
0.084

0.071
0.043
0.038

0.046
0.050

0.048
0.041

0.045
0.075
0.088
0.045

0.082

0.087

0.085
0.073
0.073

0.074

0.082
0.062

0.085
0.074
0.067
0.088
0.062

0.048
0.079

0.058
0.085

0.081
0.046
0.062

0.057
0.059

0.048
0.051

0.088
0.092
0.078
0.050

GROUP B (artificial light
81

39

47

164

0.081

0.088

0.102
0.084
0.078

0.094

0.064
0.058

0.072
0.048
0.046
0.054
0.061

0.055
0.072

0.047
0.030

0.058
0.044
0.041

0.062
0.057

0.082
0.111

0.079
0.089
0.0865
0.055

0.121

¢.089

0.121
0.083
0.088

0.080

0.088
0.065

0.080
0.070
0.075
0.068
0.082

0.05%
0.074

0.048
0.059

0.065
0.082
0.060

0.080
0.066

0.070
0.134

0.079
0.100
0.068
0.035

0.097

0.086

0,084
0.077
0.073

0.07¢8

0.087
0.073

0.063
0.057
0.062
0.066
0.056

0.044
0.054

0.048
0.054

0.060
0.041
0.041

0.058
0.055

0.039
0.043

0.054
0.060
0.052
0.032

0.087

0.08u

0.086
0.089
0.080

0.088

0.088
0.071

0.063
0.068
0.052
0.058
0.080

0.075
0.086

0.039
0.046

0.0603
0.058
0.040

0.070
0.064

0.080
0.056

0.071
0.075
0.067
0.047

0.082

0.087

0.088
0.088
0.089

0.080

0.089
0.063

0.085

0.079

0.066
0.080

0.048
0.054

0.058
0.047
0.031

0.038
0.068

0.049
0.052

0,065
0.0889
0.058
0.0386

0.087

0.068

0.096
0.075
0.083

0.077

0.081
0.064

0.070
0.048
0.048
0.043
0.041

0.033
0.040

0.034
0.029

0.043
0.033
0.030

0.051
0.045

0.042
0.044

0.082
0.074
0.054
0.047
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TABLE 4
Plasma total thyronine (T4) concentrations (ug/ml)
----------- GROUP A (12L:12D)-~===-=r===es =—=-=--GROUP B (artificial light)-=-==-c-
sheep 48 48 74 85 188 239 20 39 47 81 93 246
DATE WKS

10/17/88 69 0.046 0.062 0.062 0.044 0.037 0.054 0.057 0.062
10/24/88 70

o

.052 0.046 0.061 0.042

10/31/88 71 0.048 0.058 0.048 0.047 0.0A7 0.064 0.056 0.062 0.039 0.058 0.041 0.048
11/07/88 72 0.052 ©0.073 0.080 0.054 0.067 0.068 0.081 0.085 0.043 0.073 0,061 0.055
11/14/88 73 0.042 0.054 0.038 0.038 0.030 0.043 0.048 0.052 0.036 0.048 0.038 0.036
11/21/88 74 0.046 0.070 0.065 0.084 0.052 0.066 0.070 0.072 0.055 0.073 0.068 0.055
11/28/88 75 0.043 0.051 0.043 0.050 0.037 0.045 0.057 0.063 0.046 0.054 0.061 0.042
12/05/88 76

12/12/88 77

12/19/88 78

12/25/88 78 0.084 0.100 0.076 0.081 0.078 0.095 0.091 0.103 0.056 0.081 0.082 0.076
01/02/89 80 0.072 0.067 0.086 0.071 0.073 0.086 0.080 0.082 0.082 0.096 0.054 0.077

01/09/88 81
01/16/88 82

01/23/88 83 0.043 0.042 0.039 0.044 0.043 0.048 0.038 0.045 0.030 0.069 0.037 0.03%
01/30/89 84 0.051 0.088 0.065 0.043 0.0468 0.078 0.036 0.049 0.041 0.062 0,038 0.0%%
02/06/89 85 0.051 0.053 0.046 0.035 0.035 0.048 0.040 0.052 0.036 0.038 0.026 0.040
02/13/89 86

02/20/89 87 0.057 0.057 0.053 0.060 0.051 0.067 0.044 0.068 0.040 0.057 0.041 0,055
02/27/89 88 0.057 0.062 0.053 0.044 0.045 0.063 0.033 0.048 0.038 0.055 0.032 0.042
03/06/89 89 0.059 0.060 0.057 0.038 0.047? 0.068 0.036 0.055 0.044 0.056 0.032 0.037
03/13/89 80 0.037 0.047 0.030 0.020 0.024 0.046 0.020 0.048 0.023 0.034 0.023 0.022

03/20/88 91 0.085 0.044 0.039 0.030 0.040 0.045 0.b38 0.023 0.b35 0.‘56 0.025 0.632



TABLE 4

Plaama total thyronine (T4) concentraiions (ug/ml)

DATE
06/29/87
07/06/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08731/87
09/07/87
08/14/87
09/21/87
09/28/87
10/05/87
10/12/87
16/19/87
10/26/87
11/02/87
11/08/87
11/16/87
11/23/87
11/30/87
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/15/88
02/22/88
02/.98/88
03/07/88
03/14/88
03/21/88
03/28/88
04/04/88
04/11/88
04/18/88
04/25/88
05/02/88
05/09/88
05/16/88
05/23/88
05730/88
06/06/88
06/13/88
06/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
G8/29/88
09/05/88
08/12/88
09/19,88
08/26/88
10/03/88
10/10/88

S rrrrrrOWWUOOWWWWNNNNNNNNRNN -

OO LLLLLLLLLUWL
WNHFOOOINOWUMWIWNRMO

a0 ;m
DBNO WSS

o0 [-N -1 [-R-N-N-N-) [-N -] DOoO

[= =] [~-N-N-)

(= =]

[~ X-N-N-]

GROUP C (artificial light)

54

56

107

GROUP D (natural light)
202

31

176

166

.081

.083

.066
.048
.047

.065

.082
.070

.072
.063
.072
.083
.080

.070
.086

.064
.068

.089
.055
.070

.068
.042

.045
.086

.034
.058
.057
.032

[=N-N-) [- X -] [-X -1 [-N-N~-N-N-) [- X =] coo

Qo

oo

coo0o

.086

.082

.060
.044
.045

.070

.088
.055

.068
.071
.080
.077
.055

.062
.083

.055
.083

.086
.047
.062

.048
.057

.042
.039

.045
.075
.056
.032

0.106

0.080

0.078
0.071
0.070

0.084

0.118
0.079

0.103
0.085
0.093
0.087
0.087

0.070
0.078

0.076
0.079

0.100
0.067
0.061

0.070
0.070

0.045
0.046

0.056
0.065
0.063
0.046

(.083

0.077
0.057
0.059

0.079

0.087
0.084

0.076
0.061
0.074
0.082
0.058

0.054
0.081

0.060
0.067

0.079
0,045
0.046

0.056
0.073

0.046
0.037

0.048
0.061
0.059
0.042

0.087

c.078

0.07%
0.070
0.087

0.073

0.082
0.064

0.080
0.075

0.082

0.108

0.110

0.094
0.082
0.082

0.083

0.088
0.068

0.090
0.076
0.068
0.087
0.080

0.076
0.088

0.077
0.078

0.099
0.0€4
0.054

0.077

0.075

0.060
0.055
0.047

0.074

0.081
0.087

0.080
0.084
0.084
0.678
0.083

0.081
0.105

0.083
6.077

0.076
0.072
0.065

0.068
0.088

0.046
0.036
0.060
0.055

0.082

0.111

¢.092
0.087
0.078

0.085

0.1035
0.088

0.089
0.079
0.075
0.071
0.073

0.067
0.132

0.067
0.058

0.081
€.058
0.057

0.059
0.075

0.055
0.052

0.048
0.073
0.061
0.058

0.0389

0.054

0.083
0.076

0.080
0.070
0.082
0.065
0.06&

0.C63
0.102

0.062
0.054

0.070
0.081
0.063

0.053
0.089

0.0644
0.057

0.039
0.033
0.045
0.030

0.058

0.063

0.0354
0.082
0.063

0.075

.079

.73

oQ

.079
074
.958
.070
.083

0000

o

.053
0.101

. 064
.074

.077
.064
.064

co o (=X =]

.060
.080

oo

0.053
0.062

0.048
0.078
0.078
0,052

0.072

0.085

0.077
0.087
0.073

0.087

0.104
0.088

0.088
J.002
v.070
0.063

0.067
0.133

0.062
0.074

0.080
0.073
0.063

0.078
0.097

0.062
0.063

0.072
0.092
0.085
0.0356

0.044

0.057

0.050
0.047
0.0358

0.068

0.065
0.069

63
57
51
58
47

[-X-RiN-N-)
o000

G.050
0.097

0.068
0.058

0.054
0.048
0.041

0.051
0.058

0.047
0.045

0.030
3.044
0.031
0.024



TABLE 4

Plasma total |hyronine (T4) concentrations (ug/ml)

DATE
10/17/88
10/24/88
10/31/88
11/07/88
11/14/88
11/21/88
11/28/88
12/05/88
12/12/88
12/19/88
12/26/88
01/02/88
01/09/89
01/16/88
01/23/89
01/30/89
02/06/89
02/13/88
02/20/88
02/27/88
03/06/88
03/13/889
03/20/89

0.062
0.066
0.085
0.040
0.050

-GROUP C (artificial light)

54

0.053
0.055
0.043
0.025
0.028

(=X -]

[~ -N-N-N-] [~ N-]

56

.067
062
.053

.073
.087
.072
.042
.062

[=X~-X-]

[N -R-N-N-1

107

044
N1
.028
.053
.029

.087
.097

.044
.0Sg
.048

.067
.062
.068
.038
044

(=N = ~]

[N -N-N-N-]

.046

.057
.072
.059

.082
.078

.079
.075
.081

.087
.085
.081
.072
.058

GROU
3

o

[=X-N-N-N-}

oo

1

.051

.051
.052
.073
.052
.066

.000
.072

0.048

oo

coo0ooo

.0A3
.037

.053
.063
.079
.066
.048

[-N-N-] o0 [-X-N-N-¥-] o

[-X-R-N-N-)

176

.037

.036
.054
L0470
.045
.040

.078
082

.054
.054
.0A8

.085
.058
.057
.062
.048

[=X-N~-1

o000

L1135
.092

.060
.061
.053

.064
074
.069
.060
.053

P D (nucural light)

o

(=N-N-] [=N=)

[~ R-N-N-N-]

0000

167

.064

.091
073
.067

.082
.091

.072
074
.059

.090
.069
.060
.060
.044



TABLE S

Plasma total triiodothyronine (T3) concentrations (ng/ml)
----- GROUP B (artificial light)----

DATE
06/29/¢ "
07/06/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08/31/87
09/07/87
08/14/87
08/21/87
09/28/87
10/05/87
10/12/87
10/19/87
10/26/87
11/02/87
11/08/87
11/16/87
11/23/87
11/30/687
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/15/88
02/22/88
02/29/88
03/07/88
03/1%/88
03/21/88
03/28/88
04/04/88
04/11/88
0a/18/88
04/25/88
05/02/88
05/09/88
05/16/88
05/23/88
05/30/88
06/06/88
06/13/88
06/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
©8/01/88
08/08/88
08/15/88
08/22/88
08/29/88
09/05/88
08/12/88
08/19/88
08/26/88
10/03/88
10/10/88

L J
NN D) b ot b s b 3t pud pod o b 3-
NNO@GNOU’UNHOOONQM.QND‘* 'g

WWWWWNNNNNN
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1.47
1.24
0,82
1.10
1.12
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1.83

1.81

2.39

1.38
1.41

0.89
0.87

1.27
0.99
1.00

1.26
1.03
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= o m
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s
[ RN
- O

0.71
0.60

0.71
0.87
0.75
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0.92

e
o N o
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0.62
0.65

0.76
0.60
0.69

0.69
0.93

1.81

1.78
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» o

[=X-] [~N-X-] [~ ~]
@ o [« X -]
(VN © o r
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1.89

Qo0
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a

(=N -] [-X-X-]
(v XV ] LRV X.]
O~

o »

1.64

2.10

0.83
0.57
0.66
0.58
0.53

0.64
1.23

0.77
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TABL: 5

Plasma total triiodothyrorins (T3) concen:rations (ng/ml)

DATE
10/17/88
10/24/88
10/31/88
11/07/88
11/14/88
11/21/88
11/28/88
12/05/88
12/12/88
12/19/88
12/26/88
01/02/88
01/09/89
01/16/89
01/23/89
01/30/89
02/05/89
02/13/89
02/20/89
02/27/89
03/08/89
03/13/89
03/20/89

Ay

74

SROUP A (12L:12D)

85

188

0.86
0.94
0.83

1.13
0.76
0.92
0.63
0.85

[-X-N-] O =

[-X-N-N-¥)

O-HOKMO

.69
.59

.47
.12
.73

.48
.88

.82
.88
.83

.04
.82
.78
.73
.68

(-]

-

OHOMO

[~E-X-]

[-X-N-N-N-]

Cr-eO =0

-

[=X-2 2

[N -N-N-N-]

ALH

.54
.23
.68
.36
.94

31

.11

0.64

P.60
0.98
0.40
1.22
0.76

-
»n
w

----- GROUP B (artificial light)----

20

39

47

81

93

246

1.04
0.72
0.98

0.81
0.589
0.72
0.27
0.64

cooo0oo ooo

.58
.50

.73
74

78

.66
.79
.87
.46
.56

OrOoOM~O

-

[~ X-X-]

[-N-N-N-N-]

.80

.69
.33
.56
.08
.80

.17
.04

.80
.85
.73

.53
.65

.38
.64

[l -0 -0 o

© e e

cocooo

.59

.53
.37
.60
.81
.08

.43
.39

.88
.14
.76

.93
.83
.67
.66

88

[=N-N-]

o000 0

.91

.50
.13
.68
.42
.23

A7
.73

.73
.52
.66

.67
.53
.63
.31
.35

oo o

[-N-N-N-N-]

.16
.10

.68
.85
.79

.86
.56
.59
.41
.58
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TABLE 3
Plasma total triiodothyronine (T3) concentrations (ng/ml)

=---GROUP C (artif.cial light)--=----  -===----- GROUP D (Natural light)-------
sheep 16 54 56 107 98 118 30 31 176 202 64 243

DATE WK

06/29/87 1

07/06/87 2

07/13/87 3

07/20/87 4

07/27/87 5

08703/87 6

08/10/87 7

08/17/87 8

08/24/87 -]

08/31/87 10

08/07/87 11

09/14/87 12

08/21/87 13 1.52 1.57 1.82 1.47 1.50 1,85 1.02 1.21 0.87 1.12 0.88 0.66
09/28/87 14

10/05/87 15

10012/87 16

10/19/87 17 1.68 1.77 2.08 1.58 1.78 2.22 1.34 1.77 0.83 1.02 1.47 1.13
10/26/87 18

11/02/87 18

11/09/87 20

11/16/87 21 1.52 1.28 1.31 1.31 1.39 1.91 1.16 1.65 1,02 1.05 1.11 1.28
11/23/87 22 0.72 0.80 1.02 0.81 0.87 1.15 0.87 1.29 0.83 0.73 1.37 0.65
11/30/87 23 0.96 1.24 1.50 1.33 1.18 2.08 1.44 1,01 1.05 1.26 i.04 0.91
12/07/87 24

12/14/87 25

12/21/87 26 1.10 1.81 1.73 1.30 1.34 1.52 1.45 1.86 1.13 1.30 1.48 11.21
12/28/87 27

01/04/88 28

01/11/88 28

01/18/88 30 1.54 1.41 1.82 1.68 1.21 .,d0 1.26 1.67 1.07 1.30 1.53 1.37
01/25/88 31 1.48 1.28 1.89 1.39 1.14 1,48 2.089 1.71 1.10 1.18 1.47 1.34
02/c1/88 32

02/08/88 33

02/15/88 34

02/22/88 33 1.49 1.51 1.87 1.36 1.49 1.13 1.08 1.27 1.3 1.04 1.20
02/29/88 38 1.18 0.78 1.50 1.22 1.35 1.46 1.55 1.27 1.37 1.21 1.07
03/07/88 37 1,17 0.68 1.44 0.99 1.16 1.47 1,31 1.15 1.51 0.80 0.91
03/14/8F 38 1.24 1.85 1.48 1.05 1.84 1.12 1.6 1.14 1,18 0.82 1.69 1.05
03/21/88 39 1.38 0.84 1.43 1.22 1.02 1.47 1.88 1.35 1.57 1.42 1.18 0.92
03/28/88 40

04/04/88 a1

04/11/88 42 1.54 1.35 1.55 1.03 1.30 1.49 0.89 0.85 0.95 1.08 0.95
04/18/88 43 1.67 1.41 1.02 1.10 1.61 1.68 1.84 1.70 ..61 1.25 1.28

04/25/88 44
05/02/88 45
05/09/88 46

05/18/88 47 1,13 0.87 1.11 1,05 1. 24 1.49 1.03 0.89 1.02 0.81 0,83
05/23/88 48 1.34 1.08 1.08 1.01 1.55 1.16 1.01 0.94 1.03 ©.95 0.98
05/30/88 A8

06/06/88 50 1.37 1.76 1.80 1.36 1.47 1.31 1.01 1.12 1.37 1.11 0.97
06/13/88 51 0.85 1.08 1.32 1.03 0.77 0.85 0.69 0.97 0.99 1.10 0.86
96/20/8* 52 1,06 0.64 0.80 0.88 0.93 0.98 0.86 1.07 1.28 1.08 0.78
06/27/88 33 '

07/04/88 54 0.0 0.85 0.98 0.83 0.83 0.84 0.86 0.95 0.88 0.79
07/11/88 55 0.95 0.97 1.19 1.14 1,48 1.35 1.37 1.9 1.34 0.76
07/18/88 &=

07/25/688 o7

08/01/3%s  s#

08/08/88  s¢

08/15/88 0 0.64 0.61 0.42 0.52 0.88 0.4 C.60 0.83 1.00 0.88
08/22/88 61 0.65 0.5 0.69 0.87 1.01 0.77 0.72 1.02 0.85 0.86
08/29/88 62

18/05/38 63

09/i2/88 64

08/19/88 65 0.48 0.72 0.81 0.68 0.80 0.75 0.55 0.74 1.04 0.47
09/26/68 66 0.82 1.20 1.086 1.22 1.00 1.18 0.82 1.37 1.31 0.77
10/03/88 67 0.91 0.96 0.93 1.16 1.22 0.79 1.16 1.15 0.68
10/10/88 68 0.47 0.58 0,60 0.73 0.81 0.79 0.61 1.01 0.85 0.54



TABLE 5

Plasma total triiodothyronine (T3) concentrations (ng/ml)

DATE
10/17/88
10/24/88
10/31/88
11/07/88
11/14/88
11/21/88
11/28/88
12/05/88
12/12/88
12/19/88
12/26/88
01/02/88
01/08/89
01/16/88
01/23/88
01730/89
J2/06/88
02/13/88
02/20/88
02/27/89
03/06/88
03/13/89
03/20/88

==--GROUP C (artificial light)------
56 107

sheep
WK

69 0.54
70

71 0.47
72 0.60
73 0.489
74 0.76
75 0.60
76

77

78

79 2.44
80 1.02
81

82

83 0.889
84 1.12
85 1.03
86

87 1.07
88 1.01
89 1.28
80 0.63
81 0.96

16

1.15
0.80
0.78

0.84
0.88
0.73
0.58
0.67

54

O - -

OOr o

.57
.35

.61
.32
.85

.93
.41
.01
.64
.88

0.33
.56

.95

0

0.
0.48
0
0.70

1.48
1.42

98 118

-

F b s s s

OO

- s

.86

.12
.16
.87

.68
.14

.55
.32

70

.41
.52
ey
.43
.13

-

. e gt

.59

73

.18
.43
.06
.18

.85
.26

.23
.13
.23

.00
.22
.22
.15
.08

31

176

0.56
0.79
0.95
1.12
1.14

1.05
1.05
1.57

1.22
1.24
1.26
1.29
0.79

o

- N

e

e O

s s e

202

.85

75

.15
.48
.03
.21

.03
.38

.20
.28
.80

.18
37

39

.18
.01

OHO KK

O =

GROUP D (Natural light)

64

.87
.56

07

.07
.84
.10

.32
.04

.30
.25

94

.20
.15
.81
.14
.87

171
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TABLE 6
Plasma free T4 concentrations (ng/dl)

------------ GROUP A (12L:12D)-====~-~=-=-=~ =-----GROUP B (artificial light)-=-=---==
sheep a8 49 74 85 189 239 20 39 a7 81 93 246

DATE WK
06/29/87 1
07/06/87 2
07/13/87 3
07/20/87 4
07/27/87 5
08/03/87 []
08/10/87 7
08/17/87 8
08/24/87 8
08/31/87 10
08/07/87 11
08/14/87 12
09/21/87 13
08/28/87 14
10/05/87 15
10/12/87 16
10/19/87 17
10/26/87 18
11/02/87 19
11/08/87 20

11/16/87 21
11/23/87 22 0.989 0.838 0.964 0.958 0.965 1.0009 1,018 1.178 1.123 1.033 1.391 0.801

11/30/87 23 0.837 1.085 0.745 0.542 0.889 0.9830 0.850 1.373 0.988 0.758 1.065 0.843
12/07/87 24

12/14/87 25

12/21/87 28

12/28/87 27

01/04/88 28

01/11/88 28

01/18/88 30 0.916 0.891 1.034 0.761 0,805 0.939 0.501 0.878 1.1086 0.770 1.223 0.774
01/25/88 31

02/01/88 32

02/08/88 33

02/15/868 34 0.7135 1.032 0.835 0.901 1.042 1.215 0.674 1.074
02/22/88 35 1.380 0.978 1.130 1.050 0.838 0.873 0.818 1.105
02/29/88 368

03/07/88 37

03714/86 38 0.977 1.081 1.415 0.810 0.854 1.222 0.752 1.111 0.722 0.727 1.004 0.442
03/21/88 39 0.9490 1,003 0.901 0.760 0.810 0.782 0.687 1.372 0.655 0.707 0.983 0.432
03/28/88 40

04/04/88 A}

04/11/88 42 0.812 0.564 0.874 0.757 0.882 0.616 0.878 0.628 0.613 0.998 0.786 0.531
04/18/88 43 1.257 1.296 1.461 1.268 1.277 1.297 1,169 1.214 0.832 0.82v 1.281 0.S532
04/25/88 &4

05/02/88 45

05/09/88 46

05/16/88 47 0.795 0.824 1.122 0.613 1,056 0.768 0.684 0.908 0.729 0.562 0.887 0.435
05/23/68 48 0.821 0.914 0.991 0.727 1.046 0.758 0.811 0.832 0.782 0.558 0.816 0.280
05/30/88 A9

06/06/88 50

06/13/88 51 0.690 0.931 0.8613 0.570 0.707 0.680 0.570 0.867 0.488 0.778 0.844 0.464
06/20/88 S2 0.539 0.730 0.721 0.690 0.545 0.974 0.398 0.888 0.568 0.796 0.625 0.396
06/27/88 53

07/04/88 54 0.636 0.578 0.812 0.876 0.586 0.604 0.621 0.918 0.559 0.938 1.01€ 0.831
67/11/88 55 0.556 0.811 0.513 0.605 0.558 0.713 0.668 0.859 0.710 0.635 0.981 0.566
07/18/88 356

07/25/88 57

08/01/88 S8

08/08/88 59

08/15/88 60 0.878 0.692 0.941 0.434 0.735 0 a.° 1,028 1.031 0.458 0.759 0.837 0.681
08/22/88 61 0.709 0.621 0.817 0.602 0.639 &. . i 0.745 1.147 0.452 0.623 0.898 0.588
08/29/88 62

08/05/88 83

09/12/88 64

09/18/88 65 1.250 0.956 1.0483 1.301 0.942 1,045 1.439 1.603 1.091 1.267 1.431 1.154
09/26/88 66 1.603 2.012 2.380 ..849 1.527 2.167 1.882 2.468 1.260 1.528 2.236 1.752
10/03/88 67

10/10/88 68 1.155 1.308 1.086 ©.8b2 0.995 1.160 1.332 0.837 0.773 1.014 1.056 1.089

1.068 0.814 0.951 0.895 0.974 1.030 1.037 1.257 0.848 0.882 0.9871 1.175

.808 0.814 0.786 0,590
.683 0.588 0.722 0.738

(=X -]



TABLE 6
Plasma free T4 concentrations (ng/dl)
e el GROUP A (12L:12D)--===v=cccer= oeu-o GROUP B (artificial light)----
sheep 48 A9 74 85 189 239 20 39 A7 81 23
DATE WK

10/17/88 69 1

10/24/88 70
10/31/88 71 0.803 0.941 0.956 0,307 0.893 0.873 1.025 1.274 0.758 1.027 1.141 0
11/07/88 72 0.887 1,222 1.094 1.161 1,061 1.087 1.204 1.440 0.803 1.225 1.312 1
11/14/88 73 0.823 1.079 0.819 1.012 0.785 0.833 1.213 1.208 0.849 0.952 1.124 0
11/21/88 74

11/28/88 75

12/05/88 786

12/12/88 77

12/19/88 78

12/26/88 79 1.015 1.283 0.998 1.319
01/02/88 80 0.982 0.990 1.053 0.823
01/08/88 81

01/16/89 82

01/23/89 83 0.613 n.470 0.555 0.567 0.488 0.468 0.408 0.818 0.342 0.786 0,590 0
01/30/89 84

02/06/89 85

02/13/88 86

.005 1.384 1.479 1.058 0.892 0.986 1.359 1.694 1.186 1.276 1,549 1

.985 1.147
.800 0.833

.117
.815

.287 0.643
.000 0.657

(=N}
[T
-
o -

02/20/89 87 0.600 0.818 0.745 0.8932 0.840 1.061 0.676 1.062 0.507 0.721 0.525 0
02/27/89 88 0.689 0.781 0.620 0.661 0.624 0.767 0.383 0.681 0.460 0.632 0.567 0
03/06/88 89 0.635 0.780 0.689 0.543 0.617 0.866 0.511 0.710 0.536 0.528 0.468 0
03/13/89 90 0.631 0.824 0.870 0.601 0.522 1.093 0.400 0.688 0.497 0.817 0.633 0
03/20/88 81 0,596 0.867 0.776 0.653 0.621 0.643 0.532 0.432 0.542 0.883 0.471 0

03/27/88 92

.004 1,661 0.
.879 1.043 0.

173

.036

. 848
.029
.918

838
801

.418

.830
.47
.AAQ
.AA7
477



TABLE 6

Plasma free T4 concentrations (ng/dl)

==-GROUP C (artificial light)----

DATE
06/28/87
07/06/87
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08/31/87
08/07/87
09/14/87
09/21/87
00/28/87
10/05/87
10/12/87
10/19/87
10/28/87
11/02/87
11/09/87
11/18/87
11/23/87
11/36/87
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/15/88
02/22/88
02/28/88
03/07/88
03/14/88
03/21/88
03/28/88
04/04/88
04/11/88
04. 42788
04,55/88
03/02/88
05/08/88
05/16/88
05/23/88
05/30/88
06/06/88
08/13/88
06/20/88
08/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
08/29/88
08/05/88
09/12/88
08/19/88
09/26/88
10/03/88
10/10/88

B bt 4t pd s b ot Pt b et Pt
OQG\JQU’UNHGOGNGU’UNH%

o‘laummmmuuuuuuuuuubboo'.vo.bbouuw

57
68

54

56 107

118

0.9067

0.484
0.552

0.685

0.850
0.986

0.944
0.983

0.999
1.353

1.127
1.045

0.737
0.808

0.658
0.577

0.671
0.721

0.775
1.247

0.807

0.866

0.7112
0.484

1.023

0.833
0.872

1.071
0.752

0.837
1.441

1.007
1.029

0.707
0.708

0.601
0.848

0.680
0.553

1.058
1.590

0.843

1.210

0.717
0.581

1.445

1.072
1.123

1.208
1.252

0.855
1.541

0.974
1.188

0.9803
0.694

0.798
0.769

0.651
0.515

0.915
1.211

1.025

0.84A8

0.683
0.456

0.865

1.029
0.917

0.779
0.484

0.683
1.267

0.942
0.853

0.502
0.613

0.591
0.703

0.627
0.360

0.727
0.914

0.945

1.195

0.774
0.890

0.929

0.937
1.113

1.075
0.858

1.085
1,528

1.278
1.1684

0.798
0.897

0.629

0.514
0.522

0.824

1.1352
0.800

1.082
0.807

0.613
0.661

0.571
1.023

0.573
0.601

0.725
0.850

1.112

--=--GROUP D

0.978

0.876

1.034

1.178

1.084
1.098

' 1.110

2.880

3 0.801

2.188

1.012
0.884

0.860
0.787

0.680
1.262

0.742
0,524

0.954
1.628

1.067

31

0.329

0.328
0.501

0.827

0.813
1.107

1,015
0.920

0.838
1.737

0.858
0.710

0.654
0.580

0.484
1.152

0.417
0.427

0.537
0.781

0.588

(NATURAL)-~-~-

176 202

0.509

0.875
0.701

0.881

0.854
1.026

1.080
1,070

0.637
1.476

0.827
0.750

0.682
0.645

0.637
1.074

0.550
0.528

0.838
1.702

1.003

0.610

502
c.783

1.042

1.118
1.114

0.847
1.066

0.908
2.058

0.914
0.963

0.742
0.845

0.898
1.143

0.630
0.590

1.052
1.853

1.204

0.488

0.675
0.659

0.737

0.901
0.723

0.741
0.623

0.570
1.480

0.741
0.535

0.431
0.476

0.673
0.724

0.665
0.401

0.566
0.816

0.512



TABLE 6
Plasma free T4 concentrations (ng/dl)

------ GROUP C (artificial light)----  =--~=----GROUP D (NATURAL)----==mm=nce-
sheep 16 S4 56 107 98 118 30 31 176 202 65 243
DATE WK
10/17/88 69 0.724 0.686 1,013 0.572 0.971 1.157 0.638 1.021 1.200 0.831
10/24/88 70
10/31/88 71 0.524 0.585 1.009 0.800 0.608 0.927 0.611 1.001 1.177 0.689
11/07/88 72 0.556 0.709 0.882 0.684 0.680 0.873 0.804 0.839 1.121 0.654
11/14/88 73 0.593 0.852 0.641 0.662 0.758 1.052 0.705 0.8686 1.233 0.499
11/21/88 74
11/28/88 75
12/05/88 76
12/12/88 77
12/18/88 78
12/26/88 79 1.263 0.883 1.223 0.989 1.026 1.308 1.051 1.812 0.823
01/02/89 80 0.876 1.263 1,130 1.027 0.837 1.071 0.535 0.913 1.034

01/08/88 81

01/16/89 82

01/23/88 83 0.458 0.622 0.774 0.374 0.791 0.953 0.635 0.632 0.908
01/30/89 84

02/06/88 85

02/13/89 86

02/20/89 87 1.078 0.964 0.960 0.938 1,328 1.008 0.895 0.823 1.421
02/27/89 88 0.798 0.795 1.210 0.715 1.057 0.912 0.636 1.062 1.150
03/06/89 89 1.346 0.758 0,864 1,038 1.055 1.184 0.795 0.928 0.893
03/13/89 80 0.915 0.723 0.882 0.716 0.936 1.027 0.639 0.868 1,029
03/20/89 91 0.788 0.508 0.949 0,735 0.7985 0.792 0.704 0.712 0.767

03/27/89 92
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TARE 7
Plasma free T3 concentrations (pg/ml}

----------- GROUP A (12L:12D)~-===-~====-~== ====-==-GROUP B (artificial light-------
sheep A8 A8 74 85 189 239 20 a8 47 81 93 246

DATE

06/29/87

07/06/87

07/13/87

07/20/87

07/27.37

08/03/87

08/10/87

08/17/87

08/24/87

08/31/87

08/07/87

09/14/87

08/21/87 13 1.716 1.142 1.868 2.408 1.758 1.124 1.463 1.8686 2,185 1.652 1.303 2.521

08/28/87 14

10/05/87 15

10/12/87 16

10/18/87 17

10/26/87 18

11/02/87 19

11/08/87 20

11/16/87 21

11/23/87 22 1,332 1.638 0.9v5 1.058 0.800 0.722 1.811 1.232 1.483 1.380 1.508 1.482

11/30/87 23 1.089 1.287 1.476 1.290 1.360 1.068 0.803 1.881 1.518 1.366 2.738 2.106

12/07/87 24

12/714/87 25

12/21/87 28

12/28/87 27

01/04/88 28

01/11/88 29

01/18/88 30 2.137 1.730 1.488 1.069 1.521 0.853 0.945 1.369 2.268 0.838 i.041 n 882

01/25/88 31

02/01/88 32

02/08/88 33 .

02/15/88 34 0,988 0.200 1.438 1.121 1.480 1.682 1,033 1.456 0.817 1.136 1.1 ».7i*

02/22/88 35 1,602 1.467 1.882 0.858 1.852 2,273 0.835 0.645 0.500 0.500 0.Suv ..=01

02/28/88 36

03/07/88 37

03/14/88 38 1.758 1.367 2.238 1.380 2,220 2.438 0.687 1.228 1.585 0.676 1.133 0.692

03/21/88 39 1.784 1.902 1.158 1.275 1,384 0.707 0.500 1.242 2.106 1.263 0.735 0.500

03/28/88 40

04/04/88 41

04/11/88 42 1.610 1.086 1.421 1.397 0.824 0.571 1,331 0.856 1.338 1.464 0.541 0.500

04/18/88 43 2.045 7.100 1.858 1.302 1,439 2.377 2.014 1.732 1.868 1.016 1.741 0.500

C4/25/88 44

05/02/88 45

05/08/88 46

05/16/88 47 0.Bi:

05/23/88 48 1,102

05/30/88 48

06/06/88 50

06/13/88 51 1.101 1.277 1.208 0.692 1.344 1.624 0.657 1.101 0.995 1.508 0.500 0.500

06/20/88 52 0.988 1.143 1.467 1.940 0.R803 1.640 0.588 0.500 0.655 1.709 0.889 0.765

08/27/88 53

07/04/788 54 1,226 0.693 1.548 0.820 0.989 0.871 0.574 1.183 0.893 1.163 0.500 0,998

07/11/88 55 1.020 0.812 0.730 0.500 0,500 0.877 0.864 0.560 1.174 0.500 0.500 0.593

07/18/88 58

07/25/88 57

08/01/88 58

08/08/88 38

04/15/88 60 0.704 0.500 1.254 0.500 1,188 1.042 1.081 0.851 0.500 1.205 0.500 1.155

08/22/88 61

08/29/88 62

09/05/88 63

09/12/88 64

09/19/88 65 1.124 1.114 1,929 2.139 2.468 3.2568 2.688 2.356 2.678 1.644 1.784 2,050

09/26/88 66 A.306 3.620 4.772 5.494 3.552 3.904 6.350 ~.763 2.209 4.396 3.858 3,851

10/03/88 67

10/10/88 68 3.065 2.478 2.916 2.603 1.803 2.732 3.203 2.532 2.584 1.3893 1.671 3.902

-
ocmumuuun»—-ﬁ

-
N

.~82 1.253 2.148 1,542 2,543 0.981 0.500 0.50¢ 0.7i5 0.771 0.601
934 1.207 0.500 1.313 1.736 0.985 0.824 1.080 ).629 0.500 1.047

YR



TABLE 7
Plasma free T3 concentrations (pg/mi)
""""""" GROUP A (12L:12D)--==--=-wo=~cw -~---==-GROUP B (artificial light-------

sheep 48 A9 74 85 189 238 20 39 A7 81 93 248
DATE WK
10/17/88 68 3.188 3.199 2,388 2.235 1.450 2.250 4.036 2.452 3.847 1.114 3.858 1.374
10/24/88 70
10/31/88 71 2.150 2.833 1.356 2.828 2.380 3.140 3.230 2.238 1.706 2.135 2.138 3.558
11707/88 72 1.321 2,186 2.294 2.987 2.495 3.238 4.828 3,781 2.685 2.823 2.626 2.583
11/14/88 73 0.808 0.898 0.815 2.055 0.792 0.513 1.565 1.760 2.642 1.546 2.085 1.996

11/21/88 74

11/28/88 75

12/05/88 78

12/12/88 77

12/19/88 78

12/26/88 79 1.657 1,082 0.954 1.732 1.159 2.240 1.227 1,509 1.031 6.864 2.228 1.573
01/02/88 80 1.397 1,083 0.817 1.497 0.944 1.372 1.584 1.535 1.480 3.725 1.057 1.083
01/08/89 81

01/16/88 82

01/23/89 83

01/30/89 84

02/06/89 as

02/13/89 84

02/20/68 87 2,343 0,758 0.500 0.500 0.823 0.844 0.3500 0.500 0.867 0.500 0.500 0.580
02/27/88 88 0.500 0.395 0.500 O0.500 2.972 1.862 1.272 0.604 0.660 1.701 1.323 1,185
03/06/88 &9 1.208 1.258 0.500 1.717 0.500 0.500 0.500 0.500 0.500 1.825 0.642 0,500
03/13/88 80 0.700 2,656 0.500 0.500 0.858 0,500 0.500 0.500 0.500 0.520 0.500 0.500
03/20/80 81 0.776 1.542 0.500 2.302 0.879 1.333 0.500 0.500 1.344 0.500 0.500 1.047

03/27/89 92



TABLE 7

Plasma free T3 concentrations (pg/ml)

DATE

08/z3/€ 7
07/06/867
07/13/87
07/20/87
07/27/87
08/03/87
08/10/87
08/17/87
08/24/87
08/31/87
08/07/87
09/14/87
08/21/87
08/28/87
10/05/87
10/12/87
10/19/87
10/26/87
11/02/87
11/08/87
11716/87
11/23/87
11/30/87
12/07/87
12/14/87
12/21/87
12/28/87
01/04/88
01/11/88
01/18/88
01/25/88
02/01/88
02/08/88
02/15/88
02/22/88
02/28/88
03/07/88
03/14/88
03/21/8%
03/28/88
04/04/88
04/11/88
04/18/88
04/25/88
05/02/88
05/09/88
05/16/88
05/23/88
05/30/88
06/06/88
06/13/88
06/20/88
06/27/88
07/04/88
07/11/88
07/18/88
07/25/88
08/01/88
08/08/88
08/15/88
08/22/88
08/29/88
08/05/88
09/12/88
08/19/88
08/26/88
10/03/88
10/10/88

18

54 56

GROUP C (artificial ligh

107

t)
88

1.265

0.500
0.500

2.194

1.420
1.667

1.825
2.151

1.688
3.568

2.245
3.272

1.011
1.083

1.080
0.782

0.500

0.500
3.134

0.500

1.796 1.804

0.500 0.500
0.656 1,510

1.80

2.052 3.1+
2.024 3.719

2,484 2.021
1.645 2,108

1.509 1.870
2.502 1.599

2.127 2.137
1.496 2,042

1.538 2.501
1,448 1.302

0.500 1.038
0.873 1.086

0.500 0.500

0.958 0.500
3.476 3.338

1,589 2.217

1.235

0.500
0.500

2
-.&57

1.046
1.126

1,527
1.585

2,348
1.663

0.981
0.786

0.798
0.852

0.847

0.564
3.382

2.275

1.597

1,377
2.887

2.583

1.5981
1.535

2.255
1,664

2.078
2.797

2.754
2.751

0.868
1.059

30

0.859

0.500
0,682

1.187

162

fo~

2,912
3,921

N
@
(=X -]

2.314
1.928

0.873
1.7

0.898
2.085

0.784

0.721
?.878

1.566

GROUP D (Natural light)

3l

1.085

0.863
0.676

2.439

0.95€
*.703

2.426
1.458

1.311
2.830

2.019
1.511

0.728
1.863

1.173
1.829

0.857

2.270
2.885

1,596

176

0.500

0.500
0,500

0.811

1.501
1.363

1,897
2.344

0.960
2.712

1.707
0.885

0.881
0.877

0.705
1.402

0,5,

1.581
0.986

0.500

202

0.500

0.500
0.808

1.341

1.353
1.465

1.553
1.351

1.461
2.480

1.842
1.430

1.344
1.645

0.988
1.860

1.897
3.718

1.875

64

0.500

0.638
1.263

2.277

1.577
1.192

1,139
2.406

1.661
1.707

1.361
1.085

1.290
1.685

1.060
1.482

0,362

2,448
4,382

3.4509

243

0.500

0.500
0.583

0.988

1.566
1.176

1.73%
1.081

1.419
1.832

1.793
1.030

0.575
0.691

0.833
1.051

0.875

0.500
2.180

0.878

178



TABLE 7

Plasma free T3 concentrations (pg/ml)

DATE
10/17/88
10/24/88
10/31/88
11/07/88
11/14/88
11/21/88
11/28/88
12/05/88
12/12/88
12/19/88
12/26/88
01/02/89
01/09/89
01/16/89
01/23/89
01/30/89
02/06/89
02/13/89
02/20/89
02/27/89
03/08/89
03/13/89
03/20/88
03/27/88

16

=-GROUP C (arti
54 S

ficial ligh
6

107

t)
88

ONNEN

.104
.040

.561
.645
.723
.018
.698

0.500 2.304

0.500 0.768
1.360 1.254
0.588 0.644

1.317 1.817
2.231 1.604

1.233 1.430
2.082 2.968
0.915 1,502
2.448 1 957
0.667 0.23%

1.168

1.555
0.571
0.583

1.176
1.760

1.872
1.272
2.215
i . 452
2.782

1.408
0.926

2.382
4.175
2.895
2.862
2.285

NN

.89
.183

.533
.828
.728
.07
.796

D (Natural light)
176 202 64
0.500 2.101 2.397
1.990 2.600 2,544
1.075 2.551 3.050
0.719 1.244 1.52¢
1.407 2.932 1.541
0.984 1.331 1,061
2.712 1.408 2,486
2.696 4.233 2.623
1.643 1.861 1.485
1,858 2.428 1,931
1.325 1.782 1.414

179
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TABLE 8
Plasma progesterone concentrations (ng/ml)
------- GROUP A  (12L:12D)~-=---~=-=-- --=-GROUP B (artificial light)------
sheep 48 49 74 85 188 239 20 38 LY 81 83 248
DATE WEEK
06/29/87 1
07/08/87 2
07/13/87 3
07/20/87 4
07/27/87 5
08/03/87 6
08/10/87 7
08/17/87 8
08/24/87 ]
08/31/87 10
09/07/87 11
09/14/87 12
08/21/87 13 0.80 0.17 1.30
08/28/87 14 0.70 3.48 1.18
10/05/87 15 1.02 6.24 1.10
10/12/87 16 0.80 1.30 1,03 1.27 0.04 0.10 0.13
10/18/87 17 0.78 2.34 1.23
10/26/87 18 0.58 0.42 1.16
11/02/87 19 0.30 0.08 7.69 0.i4 0.03 2.72 1.27
11/09/87 20 0.768 2.35 1.29
11/16/87 21 0.58 1.02 0.18 0.02 0.05 0.15
11/23/87 22 0.83 1.27
11/30/87 23 0.28 1.13
12/07/87 24 0,52 0.12 0,22 0.08 0.02 0.02 0.63
12/14/87 25 0.682 0.88 4.83 0.02 0.04 0.12
12/21/87 26 1.04 1.18
12/28/87 27 1.2%5 0.08 0.090 0.08 0.03 0.08 1.09
01704788 28 1,08 0,08 0.12 0.02 0.03 0.08 1.18
01/11/88 28 0.82 1.28 0.26 0.04 0.02 0.04
01/18/88 30 1.32 0.96
01/25/88 31 1,03 0.08 0.05 0.04 0.03 0.10 0.82
02/01/88 32 0.84 1.37 0.20 0.15 0.24
02/08/88 33 0.80 0.11 0.09 0.03 0.03 0.07 1.22 0.22 0,31 0.19
02/15/88 34 0.90 1.1 0.28 0.27 0.28 0.22
02/22/88 35 1.12 1.39 0.18 0.14 0.19 0.22
02/29/88 368 0.75 1.29 2.99 0.40 0.38 0.35 0.32
03/07/88 37 0.85 0.26 0.38 0.3%4 0.31 0.37 2.43 0.38 S5.59 0.37 0.33 0.28
03714788 38 1.41 0.45 0.29 0.37 0.190 0.34 3.40 1.78 6.68 3.61 0.77 0.32
03/21/88 39 3.80 0.37 0.37 0.33 0.23 0.37 7.02 3.71 1.8 S5.73 S5.89 0.29
03/28/88 40 7.92 0.42 0.30 0.31 0.27 0.32 3.21 0.11 7.87 0.51 0.48 0.31
0A/04788 41 1.23 0,31 0.27 0.38 0.31 0.2 7.11 4,01 0.48 5.24 5,08 0.37
0A/11/88 42 1,02 0,29 0.25 0.50 0.27 0.39 1.3 0.37 5.81 0.20 3.72 0.28
04/18/88 43 2.48 0.35 0.32 5.35 0.27 0.3 5.79 2.55 2.87 2,02 3.03 0.37
04/25/88 44 3.63 0.44 0,36 0.45 0,23 0.35 1.85 0.97 1.92 0.38 5.22 0.48
05/02/88 45 7.21 0.37 0.30 4.90 0.27 0.23 5.61 3.17 S.04 1.48 0.39 0.20
05/09/88 46 0.95 0.19 0.12 6.32 0.30 0.20 5.82 4.65 0.41 2.92 3.25 1.19
05/18/88 47 S5.56 7.94 5.50 0.40 0.34 0.34 2.62 1.67 4.73 0.11 0.44 4,11
05/23/88 48 4,19 03.43 0.46 S5.50 0.36 0.41 7.72 6.02 0.26 4.35 2.55 0.86
05/30/88 49 3.61 0.44 0.37 0.44 0.28 0.41 1.48 0.24 4,19 0.33 35.84 5.
06/06/88 S0 7.72 1.40 0,32 4.54 0.30 0.38 5.95 4.43 8.77 3.53 0.354 0.20
06/13/88 51 0.22 3.99 0.33 2.51 0.12 0.4l 1.5 0.46 1.23 0.38 4.99 4.42
06/20/88 S2 3.74 8.59 1.73 1,75 1,086 0.42 5.84 2.57 5.64 1.80 0.2 0.50
06/27/88 53 6.94 0.45 1,07 6.23 35.24 0.48 7.46 4,84 0.48 6,23 6.00 3.18
07/04/88 SA 0.02 0.33 0.35 0.45 0.18 0.38 1.01 3.52 0.45 1,54 1.94
07/11/88 S5 0.81 0.41 0.20 5.94 0.10 0.13 7.13 3.44 6.05 0.84 6.14 1.39
07/18/88 56
07/25/88 57
08/01/88 S8 1,88 0.35 3.42 7.00 0.08 0.48 5,32 1.43 0.28 7.00 0.73 1.88
08/08/88 58 0,50 0.38 2.77 0.30 ¢.16 1.23 0.03 1.75 0.22 0.30 1.66 1.19
08/15/88 60 1.29 0.40 0.38 4.10 0.11 4.38 4.75 0.85 4.10 4.83 1.82
08/22/88 61 5.87 4.64 0,08 1.22 0.03 0.10 0.08 0.03 3.03 0.05 0.10 4.69
08/29/88 62 0.03 2.00 0.01 1.38 1.34 3.01 0.07 1.38 6.14 0,03 0.06 0.22
08/05/88 63 0.04 0.18 0.12 0.02 0.09 0.08
08/12/88 64 2.77 3.56 2.77 0.13 0.03 0.88 0.09 0.05 4.65 0.10 0.12 0.09
09/19/88 65 0.09 0.10 0,31 2.87 0.02 7.55 0.17 0.04 ©0.10 0.02 0.08 0.03
08/28/88 66 0.11 0.03 1.11 0.08 0.57 0.02
10/03/88 67 0.78 0.12 0.14 0.16 0.16 1.23 0.15 0.03 1.24 0.06 1.02 0.03
10/10/88 68 0.05 0.08 1,87 3.20 0.46 13.74 0.17 0.05 0.4 0.05 6.18 0.06
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TABLE 8
Plasma progesterone concentrations (ng/ml)
------- GROUP A (12L:12D)----=------ -~---GROUP B (artificial light)------
sheap 48 1] 74 8s 189 239 20 3s 47 81 93 246

DATE  WEEK
10/17/88 68
10/24/88 70
10/31/88 71 0.06 0.07 0.12 0.05 0.02
1170 ,68 72 0.12 .69 0.10 0.08 0.03 0.14
11/14/88 73 0.29 .98 1.17 3.55 0.03 4.30 0.08 0.06 0.03 0.04 0.88 0.02

11/21/88 74
11/28/88 75
12/05/88 78 2.70
12/12/88 77 2.76
12/19/88 78
12/26/88 79
01/02/89 80 0.09 0.11 0.07 0.41 0.03
01/08/88 81

01/16/80 82 S5.26 7.27 5.681 0.12 1.47 0.39
01/23/80 83 0.05 8.88 0.14 0.14 0.05 3.76

» -

.76 1.42 4.46 0.02 8.05 0.11 0.04 0.07 0.06 0.03
.17 3.42 0.06 0.96 0.05

o>

01/30/89 84 6.17 0.07 0.05 0.08 0.05 0.07
02/08/80 85 0,10 10.96 0.61 0.03 1.15 0.99 0.08 0.08 0.04 0.12 0.06 0.04
02/13/869 88 0.10 0.23 0.07 0.03 0.04 3.21 0.15 0.07 0.02 0.05 0.03 0.02
02/20/89 87 0.16 0.01 0.02 0.04 0.10 0.06
02/27/80 88 0.20 0.16 0.02 0.04 0.16 0.02
03/06/89 89 0.16 0.34 0.02 0.08 2.35 0.03
03/13/89 90 0.05 0.03 0.10 0.02 0.03 0.22 1.04 1.50 0.07 0.03 0.18 0.02
03/20/88 91 0.04 0.15 0.11 0.03 0.04 1.20 2.61 0.03 3.45 0.358 3.18 0.02
03/27/89 92 4,21 1.43 0.12 4.52 0.08 0.05
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TABLE 8
Plasma progestarone concentrations (ng/ml)
----- GROUP C (artificial light)---- -=----GROUP D (natural light)-
sheep 16 54 56 98 107 118 30 31 64 176 202
DATE WEEK
06/29/87 1
07/06/87 2
07/13/87 3
07/20/87 )
07/27/87 5
08/03/87 8
08/10/87 7
08/17/87 8
08/24/87 9
08/31/87 10
09/07/87 11
08/14/87 12
09/21/87 13 1.23 0.31 0.02 4,46 0.00 0.05 0.01 0.00
09/28/87 14 1,16 0.20 0.03 1.17 0.54 0.00 0,02 0.00
10/05/87 15 1.16 0,27 0.11 2.20 0.40 0.09 0,00 0.00
10/12/87 16 1.25 0.19 0.06 4.02 4,66 1.88 0.00 0.00
10/19/8?7 17 1,25 0.20 +4.84 0.28 0.2 1.30 0.00 0.04 0.03 0.08
10/26/87 18 1.28 0.20 0.31 0.13 0.34 1.66 4.20 3.67 0.00 2J3.34
11/02/87 19 1.21 0.15 0.22 0.63 0.20 4,12 0.17 2.95 0.00 0.00
11/08/87 20 1.23 0.21 0.28 0.94 0.19 0.77 3.34 0.28 0.25 2.50
11/16/87 21 1.14 0.06 0.33 0.04 3.38 1.32 2,25 7.54 2.88 0.38 4.88
11/23/87 22 2.08 0.02 1.73 0.00 0.02 0.00 4.76 0.00 0.03 3,75 1.18
11/20/87 23 5.16 0.08 0.79 0.00 0.00 0.01 1,15 swwewe 1 90 0.37 2.63
12/07/87 24 1,06 0.02 0.00 0.00 0.17 6.11 6.60 0.34 3,39 5.84 0.00
12/14/87 25 7.21 0.04 0.00 0.05 3.91 0.44 4.81 0,00 1.60 1.61 4.44
12/21/87 26 1.64 0.04 3.20 4.68 0.11 0.20 3.08 6.32 5.1 0.01 1.892
12/28/87 27 4.99 0.01 3.72 0.08 2.91 6.21 5.87 0.21 1.17 3.66 1.27
01/04/88 28 5.01 0.05 1.70 0.88 35.03 0.08 1.41 5,498 1.77 1,10 5.80
01/11/88 29 3.85 0.04 6.11 5.17 0.87 5.73 7.24 0.18 6.84 4.89 0.00
01/18/88 30 6.28 0.16 0.00 0.23 3.18 0.87 7.08 2.00 0.07 0.00 2.54
01/25/88 31 0.62 0.06 6.16 4.17 0.068 3.14 2.64 6,32 2.07 2,32 0.7
02/01/88 32 5.21 0.11 0.06 0.08 3.69¢ 5.76 6.80 0.00 0.10 0.89 0.00
02/08/88 33 3.18 0.03 0.49 2.74 3.12 0.43 6.53 3.88 0.00 0.00 0.00
02/15/88 34 3.79 0.23 0.55 1.50 0.84 35.40 1.57 0.28 0.06 0.01 0.00
02/22/88 35 7.08 0.00 4,84 2,23 0.32 0.1 7.5 0.00 0.00 0.00 0.00
02/29/88 36 1.11 0.04 0.00 S5.41 23,83 3.40 6.23 0.00 0.00 0.07 0.00
03/07/88 37 0.76 0.06 0.00 0.12 4.75 4,31 $.68 0.00 0.00 72.02 0.00
03/14/88 33 1.00 0.08 0.20 1.85 0.25 0.87 5.45 0.00 0.00 0.00 0.00
03/21/88 3@ 1.07 o0.25 0.23 1.80 0.37 7.23 1.23 0.00 0.00 0.07 0,00
03/23/88 40 0.75 0.18 0.3% 1.86 0.32 0.20 1.0 0,00 0.00 0.00 0.00
04/04/88 41 0.81 0.07 0.22 1.90 0.28 4.63 0.83
04/11/88 42 0.88 0.12 0.13 0.21 0.29 0.58
04/18/88 43 1,15 0.13 0.53
04/25/88 44 1,53 0.15 0.03 10.15 0.09 0.57
05/02/88 45 1.06 0.10 0.05 9.68 0.11 0.61 0.03 0.04 0.03 0.02
05/08/88 46 1.17 0.14 0.28
05/16/88 47 0.78 0.13 0.35
05/23/88 48 1.12 0.15 0.58
05/30/88 A9 1.14 0.14 0.53
06/08/88 S0 1.23 0.13 0.02 0.85 0.13 0.47
06/13/88 51 1.13 o0.21 0.12
06/20/88 52 1.23 0.05 0.34 0.02 0.02 0.04 0.02
06/27/88 53 1.24 o0.1l0 0.32
07/04/88 54 0.20
07:11/88 5% 0.03 0.08 0.04 0.32 0.07 0.43 0.04 0.02 0.02 0.22
07/18/88 56
07/25/88 57
08/01/88 58 0.03 0.09 0.07 0.12 0.05 0.02 0.06 0.03 0.93 0.1¢
08/08/88 58 0.07 0.10 0.07 0.11 0.04
08/15/88 60 0.07 0.05 0.02 0.13 0.07
08/22/88 81 0.05 0.05 0.22 0.03 0.03 0.02 0.83 1.27 1.23
08/29/88 62 0.31
08/05/088 63 0.82 0.08 0.11 0.27 0.04
09/12/88 84 2.51 0.07 7.88 1.01 0.03 2.49 0.36 2.59 2.81 2.85
09/19/88 85 0.81 0.05 9.12 7.02 0.04 0.04 3.81 0.04 0.43 0.03
09/26/88 66 4.84 0.05 0.08 0.08
10/03/88 67 ~ -~ 0.08 0.05 0.04
10/10/88 88 ...< 0.05 0.15 0.08



TABLE 8

Plasma progesterons concentrations (ng/ml)

DATE
10/17/88
10/24/88
10/31/88
11/07/88
11/14/88
11/21/88
11/28/88
12/05/88
12/12/88
12/19/88
12/26/88
01/02/89
01/08/89
01/16/89
01/23/89
01/30/89
02/06/89
02/13/889
02/20/89
02/27/88
03/06/89
03/13/89
03/20/89
03/27/89

sheep

WEEK
1]
0
71
72
73
74
75
76
77
78
79
80
8l
82
a3
84
85
86
a7
1]
a9
90
01
92

GROUP C (artificial light)----

54

58

107

118

1.12
0.02
0.21
6.46
8.35
5.69
4.36
6,02
1.19
0.25
2.12
0.08

2.38
0.07

0.09

0.13

> O ~NOooO®

cooNWL

0.48
0.33
0.24
5.47
4.64
4.AB
0.47
3.14
0.15

0.46
1.20

0.08
0.04
0.02
0.03

GROUP D (natural light)-

31

1.82
7.01

.28
.04

oo

7.568

4.89

64

2.83
0.08

.26
.15

Mo

2.80
2.69

176

202

0.05
0.72

2.14
0.85

183



TABLE 9

weekly food intake (gm)

DATE
29-Jun-87
06-Jul-87
13-Jul-87
20-Jul-87
27-Jul-87
03-Aug-87
10-Aug-87
17-Aug-87
24-Aug-87
31-Aug-87
07-Sep-87
14-Sep-87
21-Sep-87
28-Sep-87
05-Oct-87
12-Qct~-87
19-0ct-87
26-0Oct-87
02-Nov-87
09-Nov-87
16-Nov-A7
23-Nov-87
30-Nov-87
07-Dec~87
14-Dec-87
21-Doc-87
28-Dec-87
0A-Jan-88
11-Jan-88
18-Jan-88
25-Jan-&8
01-Fab-88
08-Feb-88
15-Feb-88
22-Feb-88
29-Feb-88
07-Mar-88
14-Mar-88
21-Mar-88
28-Mar-88
O4~Apr-88
11-Apr-88
18-Apr-88
25-Apr-88
02-May-88
09-May-88
16-May-88
23-May-88
30-May-88
06-Jun-88
13-Jun-88
20-Jun-88
27-Jun-88
04-Jul-88
11-Jul-88
18-Jul-88
25-Jul-88
01-Aug-88
08-Aug-88
15-Aug-88
22-Aug-88
29-Aug-88
05-Sep-88
12-Sep-88
19-Sep-88
26-Sep-88
03-Oct-88
10-Oct-88

SH
WK

CDONOALS W &

"""" GROUP A (12L:12D)---=====-=-=-  ~-GROUP B (artificial light)}---
48 48 238 189 74 85 9 20 246 A7 81

all shesp given 800 g per day from weeks 1 to 92

184



TABLE 8

weaekly food intake (gm)

DATE

17-Oct-88
24-0ct.-88
31-0Oct-88
07-Nov-88
14-Nov-88
21-Nov-88
28-Nov-88
05-Dec-88
12-Dec-88
19-Dec-88
26-Dec-88
02-Jan-89
09-Jan-89
16-Jan-89
23-Jan-89
30-Jan-89
06-Feb-89
13-Feb-89
20-Feb-89
27-Feb-80
06-Mar-89
13-Mar-89
20-Mar-89
27-Mar-89
03-Apr-89
10-Apc-89
17-Apr-89
24~Apx-89
01-May-89
08-May-89
15-May-89
22-May-89
29-May-80
05-Jun-89
12-Jun-89
10-Jun-89
26-Jun-89
03-Jul-89
10-Jul-88
17-Jul-~-89
24-Jul-89
31-Jul-89
07-Aug-89
14-Aug-89
21-Aug-89
28-Aug-89
04-Sep-89
11-Sep-89
18-Sep-89
25-Sep-89
02-Oct-89
09-Oct-~89
16-Oct.-89
23-0Oct-89
30-Oct~88
06-Nov-89
13-Nov-89
20-Kov-89
27-Nov-88
0A-Dec-89
11-Dec-88

SH ¢
WK
69
70
7
72
7
74
73
78
77
78
19
80
a1
82
83
84
85
(1.}
87
88
88
0
81
02
03
04
03
96
97
1]
99
100
101
102
103
104
103
108
107
108
109
110
1
112
113
114
115
118
117
118
119
120
121
122
123
124
125
126
127
128
120

GROUP A (12L:12D)

48

239

189

2452
1871
2001
2264
2440
2360
2514
2370
2458
2370
2267
2265
2238
2008
2173
1908
2102
2004
1678

503

367

883
1332
1801
1532
1827
1815
1502
1422
13685
1528
1752
1334

2521
2568
2028
2083
3082
2832
2744
2698
2738
2832
2521
2784
2781
2565
2513
1941
2244
2215
1670
1937
2037
1734
1387
1622
1894
1841
1511
1734
21684

2307
2214
2201

2083
3381
3393
3300
3408
3204
3150
3258
3393
3200
3101
3188
2887
2778
2658
2148
2430
2397
2380
1750
1883
26826
2682
2208
2307
2282
2551
2432
2110
1578
1360
1512
1012

2985
3090
2758
3280
3234
2886
2721
2890
3090
3024
2712
2504
2534

801
1502
2241
2
3187
2925
20874
2587
2837
2094
2840
2797
2840
2847
2811
2782
2678
26825
2598
2468

2985
3327
3708
4013
k1)
3708
3’87
4097
3N
3es2
3841
3583
3424
3294
3511
3097
3522
3240
3358
3070
3094
3244
2705
2935
2730
2273
2677
2522
2304
2807
2192
2414
2467

2881
241
3203
3438
3235
2839
3039
2797
3080
20091
2435
2384
2347
2668
2767
2610
2874
2455
2351
2287
2538
2854
2842
2808
2642
2838
2700
2608
2580
2698
2402
2494
26810

--GROUP B (arti

23

20

ficial
246

LY

light)=-~-
81

2812
3304
3see
3244
3439
3316
3300
3404
3134
3109
2456
26668
2494
3046
3135
3001
2883
3077
2850
2750
2958
il
3ol
2990
2741
2594
2637
2597
2159
2043

29088
3729
3944
3271
3737
3813
k1133
3393
3e18
3226
3023
2886
3150
3370
3256
3367
2099
3024
2897
2714
2074
3239
3101
2883
2757
2583
2574
2547
2541
2577
2887
2890
2780

2059
2333
3216
2064
3247
2003
2943
2600
2300
2701
2309
2433
2506
2421
2924
2820
3027
2859
2819
2604
2866
2041
2891
3083
2947
3030
3006
3119
3100
3021
3153
3174
3075

2076
3108
3350
3477
36135
3078
3737
3049
3657
3550
3229
3544
3all
3589
as7o
3153
3303
3s26
3367
3569
3148
3413
3516
as7n3
2849
3233
3121
2843
3220
2729
3157
2943
2765

1318
1954
1800
2033
2140
2272
2380
2376
2464
2408
2418
2481
2541
2387
2489
2469
2451
2173
2244
2300
2343
2536
2647
2513
2497
2517
2570
2480
2351
2457
1619

927
1785

185
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TABLE 9
weekly food intake (gm)

GROUP C (artificial light) ----GROUP D (Natural)---
107 16 54 36 202 30 31 176

all sheep given 800 g per day from weeks 1 to 92

SH
DATE WK
28-Jun-87
06-Jul-87
13-Jul-87
20-Jul-87
27-Jul-87
03-Aug-87
10-Aug-87
17-Aug-87
24-Aug-87
31-Aug-87 10
07-Sep-87 11
14-Sep-87 12
21-Sep-87 13
28-Sep-87 14
05-0ct-87 13
12-0ct-87 18
19-Oct-87 17
26-0ct-87 18
02-Nov-87 18
08-Nov-87 20
16-Nov-87 21
23-Nov-87 22
30-Nov-87 23
07-Dec-87 24
14-Dec-87 25
21-Dec-87 26
28-Dec-87 27
0A-Jan-88 28
11-Jan-88 29
18-Jan-88 30
25-Jan-88 31
01-Feb-88 32
08-Feb-88 33
15-Feb-88 34
22-Feb-88 35
29-Feb-88 36
07-Mar-88 37
14-Max-88 38
21-Mar-88 39
28-Mar-68 40
O4-Apr-88 Al
11-Apr-88 42
18-Apr-88 A3
25-Apr-88 44
02-May-88 A3
09-May-88 48
16-May-88 47
23-May-88 48
30-May-88 49
06-Jun-88 50
13-Jun-88 51
20-Jun-88 52
27-Jun-88 33
04-Jul-88 54
11-Jul-88 53
18-Ju'-88 36
25-Jul-88 57
01-Aug-88 58
08-Aug-88 58
15-Aug-88 60
22-Aug-88 81
29-Aug-88 62
05-Sep-88 83
12-Sep-88 64
19-Sep-88 63
26-Sep-88 68
03-0Oct-88 67
10-Oct-88 68

ODODNOUMIPWN-



17 -Oct-088
24-0Oct-088
31-0ct-88
07-Nov-88
14-Nov-88
21-Nov-88
28-Nov-68
05-Dec-88
12-Dec-88
19-Dec-88
26-Dec-88
02-Jan-89
09-Jan-89
1€-Jen-89
23-Jan-89
30-Jan-89
06-Feb-89
13-Peb-89
20-Feb-889
27-Feb-89
06-Mar-89
13-Mar-80
20-Mar-89
27-Mar-88
03-Apr-89
10-Apr-88
17-Apr-89
24-Apr-89
01-May-89
08-May-89
15-May-089
22-May-89
29-May-089
05-Jun-89
12-Jun-89
19-Jun-89
26-Jun-89
03-Jul-89
10-Jul-89
17-Jul-89
24-Jul-89
31-Jul-88
07-Aug-89
14-Aug-89
21-Aug-89
28-Aug-89
04-Sep-89
11-Sep-88
18-Sep-89
25-Sep-89
02-Oct-89
09-Oct-89
16-Oct-89
23-Oct-89
30-Oct-88
06-Nov-088
13-Nov-89
20-Nov-89
27-Nov-89
04-Dec-89
11-Dec-89

(1]
70
71
72
n
74
73
78
77

77
80
81

a3
84
83

87
88

90
91
92
93
94

[ 1]
97
98
99
100
101
102
103
104
103
108
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

123
124
125
126
127
128
129

2721
3137
3aso
3235
3414
3501
3552
3601
2983
618
3120
an
3313
3457
3071
3433
3172
3262
3208
3021
3077
2403
3071
3157
3047
2930
2815
2771
2343
1988
2441
2291
1465

2834
3492
3834
3951
3082
3301
3412
3401
an
3182
3231
3393
3104
3408
3467
3184
3257
3305
3200
2935
26811
2780
2930
2778
2704
2089
1111
1850
2311
2320
2220
2027
2038

2592
3014
3329
21435
3404
3324
sz
3484
3457
3184
3452
3324
2077
3317
3478
3333
32sl
3170
3017
2794
2744
2017
3137
2992
2830
2878
2764
2475
2408
2877
2632
1831

2855
3018
3301
313l
2091
2768
2050
3228
3201
3194
2248
2097
2831
2887
2804
2851
2518
2692
2270
2147
2200
2542
2388
2210
2130

1807
1941
2144
1710

2798
3002
32435
3200
3187
3351
3a78
3114
3383
3317
2055
3141
3081
2782
2065
2848
2701
2652
2338
2318
2410
2414
2458
2118
1701
2240
1977
2384
2150
1668
2051
1683
1044

2772
2817
3304
3535
3468
34835
3390
3672
3708
3620
3308
3282
3405
31835
3129
2018
3024
3041
2814
2075
2798
3160
26808
2743
2807
2508
2485
22084
2414
2182
1812
1632
1487

2697
2830
3081
3085
3132
20845
3374
3555
3084
2728
2760
2634
2367
2498
2631
2494
2373
2198
2008
2141
2048
2235
2308
2178
2302
1745
1045
1922
1655
1757
1004
1458
1403

2985
3z
3387
3740
3744
3788
g7
4077
ag2s
3797
4024
3770
3931
3885
3861
3708
3s2y
3517
3383
k2908
3024
3401
3114
3147
2345
2577
2855
2321
2633
1888
2018
1700
1688

187
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TABLE 10
Percent dry matter digestibilty

---------------- RESTRICTED PEEDING-------=-----=-=~=-=  =-AD LIBITUM--
month SEP 87 DEC 87 APR 88 JUL 88 OCT 88 FEB 89 APR 80 JUN 89 OCT 89

GROUP SHEEP

A 4B 74.2 75.68 75.8 63.8 73.7 74.5 73.3 47.8 52.2
112L:12D) 239 5.7 78.2 77.8 72.6 79.4 79.4 78.7 50.4 A7.9
49 5.7 78.3 77.9 72.5 74.3 74.8 76.6 51.4 53.9
189 73.5 77.5 7.3 72.7 79.4 7.7 13.9 51.4 48.2
74 73.1 76.5 76.4 75.5 753 76.0 7.2 AB8.4 48.8
8s 74.8 78.2 75.7 67.8 78.1 77.8 72.8 50.3 48.5
B 03 72.8 75.1 76.7 74.7 76.9 77.0 76.6 51.3 49.5
artificial 20 74.3 76.86 76.5 72.0 78.3 7.1 74 .4 3.1 48.2
light 248 75.7 78.0 81.3 72.1 81.3 79.9 77.0 48.6 48.5
8l 74.3 77.0 76.6 71.2 76.3 78.6 76.3 AL 9 A9.4
LY 74.8 75.6 76.5 72.3 79.1 78.8 77.3 50.5 49.0
38 75.7 75.0 78.2 73.8 78.3 80.6 77.9
c 107 75.0 78.3 78.3 70.0 72.3 77.0 83.5 48.2 47.2
artificial 16 741 77.4 78.3 71.2 75.3 74.8 73.3 53.8 47.2
light 58 74.8 75.6 74.6 71.8 76.4 79.0 73.3 5.9 32.3
54 75.5 73.4 76.6 71.3 77.2 75.8 n.g s2.1 52.3
98 75.3 76.8 76.4 68.7
118 68.9 75.8 76.9 77.0
D 176 72.2 75.0 76.8 75.0 77.8 76.8 78.1 AL E 48.86
natural 31 71.2 74.4 73.3 73.9 79.2 73.1 73.6 51.0 47.0
light 30 7.5 73.0 75.5 744 77.9 76.0 78.3 47.3 43.9
84 71.2 76.9 76.7 76.9 78.0 73.5 75.3 7.0 47.2
202 76.3 741 8l.2 79.2 82.1 83.7 80.3
243 72.5 75.7 70.7 72.5 77.0



