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Abstract VI 
 

Abstract 
In temperate climates, mares show seasonal poly-oestrus with a change between sexually active 
ovulatory sexual cycles in spring / summer and reduced reproductive activity during winter months. 
Ambient temperature can influence the reproductive activity in horses. Numerous studies in livestock 
animals have shown that the combination of different weather parameters influenced the reproductive 
cycle. In particular, air temperature in combination with humidity as a good approximation for heat load 
on the animal) influences certain reproductive parameters. An established concept for measuring the 
influence of these two weather parameters on livestock is the Temperature-Humidity Index (THI). In 
horses, multiple publications have shown that ambient temperatures within the thermoneutral zone (TNZ) 
have a positive effect on fertility. The aim of this study was to investigate the influence and / or 
interaction between weather parameters (temperature, humidity, radiation, and sunshine) and their 
effects on reproductive factors, in particular the gestational outcome/pregnancy result. Over a period of 
4 years, 19 horse mares were induced to oestrus hormonally, and subsequently were inseminated with 
sperm of different stallions (n = 26). On day 14, they were flushed (or pregnancy confirmed via 
sonography) and in case of pregnancy, seven days later the pregnancy was terminated with the use of 
prostaglandin. Oestrus was again induced after termination of prior pregnancy (n = 246 year-round 
distributed inseminations in total). The mares were kept in indoor boxes in Bad Saarow with daily access 
(>6 hours) to pasture or paddock. In two of the four observation years, a light program (<8 hours of 
darkness / day during the months of September to April) was implemented in the barn. Data on weather 
parameters (minimum, maximum and daily average for temperature, humidity, temperature-humidity 
index (THI), air pressure, longwave downward radiation, diffuse solar radiation, incoming solar 
radiation and minutes of sunshine per day) were collected from a weather station nearby (at a straight-
line distance of 8 km from the testing site). The influence of reproductive and weather parameters 
(individually and in combination, continuously and partially additionally subdivided into classes) on the 
pregnancy result, taking into account the light program, were calculated utilizing SAS 9.4’s generalized 
linear mixed model (procedure GLIMMIX) with a binary output (pregnant / not pregnant). Unbalanced 
data structure (more observations from some horses than others) and repeated data (multiple 
observations per horse) could thus be adequately considered. The individual combination of mare and 
stallion was taken into account as a random effect. The effects of the weather parameters were analysed 
for each biological phase of the mare (Follicular maturation, ovulation, oviductal Phase and uterine 
phase) separately. As expected, the timing of artificial insemination (AI) relative to ovulation had a 
significant impact (p<0.05) on the gestational outcome. The data showed that AI within 48 hours prior 
to ovulation had the highest chance for pregnancy, followed by AI six hours after ovulation. The lowest 
pregnancy rates were generated when AI was performed more than 48 hours before ovulation. While 
the majority of the observed weather parameters and their combinations had no significant influence on 
the pregnancy outcome at any stage of the reproductive cycle, a moderate diffuse solar radiation (<1000 
J/cm2) during ovulation showed a significant positive influence (p=0.0160) on fertility. In the oviductal 
phase, a higher sunshine duration per day increased fertility (p=0.035). In addition, higher rates of 
pregnancy could be achieved with weaker longwave downward radiation (<2500 J/cm2) during follicular 
maturation (p=0.0146). In the analysis (without including data from the light program), when weather 
parameters were subdivided into classes, the positive influence on fertility in the uterine phase (p=0.0122) 
was shown. In addition, the ambient average temperature had a positive (p=0.0345) effect on the 
pregnancy result when inseminating within 48 hours prior to ovulation. In summary, the influence of 
the examined weather parameters on pregnancy rates of mares in Germany’s temperate latitudes appears 
to be low overall. This is likely due to the fact that the horses' TNZ (TNZ = 5 °C – 25 °C) and comfort 
zones with respect to the less heat-load relevant weather parameters (humidity and THI), were rarely 
exceeded (e.g. 13% of days >25 °C). 
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1 The Seasonal Reproductive Cycle of the Horse Mare 
The mare is a seasonal breeder with a change between the sexually active ovulatory sexual cycles in 
spring and summer (breeding season) and reduced activity of sexual phases in the winter months 
(anoestrus) (Ginther, 1974, Morel, 2015). In the northern hemisphere, the spring and late autumn form 
more irregular periods of oestrous cycle activity being representing the transitions between two extremes 
(transitional phases). Minimum ovarian activity was reported to occur at the end of January and February 
(Palmer et al., 1983). The first ovulation in spring marks the beginning of the breeding season (Burkhardt, 
2009). The biological breeding season of horses located in the northern hemisphere is from March 
through September.  

The seasonal reproduction of mares is mainly driven by daylight length and not surprisingly, where the 
most research was conducted thus far. Short-wavelength blue light was reported to effectively regulate 
equine biological rhythms and reproductive parameters (timing of ovulation and parturition) (Murphy, 
2019). Light is primarily received by the retina of the eye and distributed to the pineal gland which is 
known to be a transformer synthesising the hormone melatonin (Palmer et al., 1992). The information 
is obviously distributed through neural pathways other than the eyes (vision), as blind mares also express 
seasonal reproductive activity (Aurich, 2009). However, no research was identified to explain why the 
mares were blind (directly at birth or due to a disease such as Equine Recurrent Uveitis) and furthermore 
how the blindness affected reproductive activity. Conversely, to this statement, in one study the 
researchers applied low intensity blue light to a single eye of a group of mares. Not all mares went into 
oestrus with this treatment (7.5% less) compared to the group of mares treated with a common light 
program along with barn lighting (250 lux), however, this result was not statistically significant (p=0.335) 
(Murphy et al., 2014). Mares on light programmes under constant daily lights continued to have a change 
of reproductive activity between periods of increased and reduced reproductive activity. The authors 
concluded mares not exposed to daylight had periods of increased and reduced reproductive activities 
that took place between the breeding season and anovulatory stages (Palmer et al., 1982). These mares 
were no longer in synchrony with the seasons, nor with the animals in the herd (Van Dierendonck et al., 
2004). This was confirmed by other authors for both long days and short days and was referred to as 
refractoriness, which can best be described as a failure of continued response to the current type of 
photoperiod (Kooistra et al., 1975). Removing the pineal gland or the ganglion cervical superior did not 
influence the seasonal reproduction, but further light influence of the reproductive cycle of those mares 
was not attainable (Grubaugh et al., 1982). Even today, it remains questionable as to which organ 
remains to be the main pathway in terms of light to influence reproductive cycle of the mare or if other 
environmental and weather factors are more influential. In addition, a seasonal variation of different 
blood parameters/serum concentrations of prolactin, thyroxine and triiodothyronine relative to season 
and the oestrous cycle could be shown (Irvine, 1967, Johnson, 1986). An endogenous rhythm is the basis 
for the seasonal reproductive activity of the mare. Steadily increasing day length results in an onset of 
ovulatory cycling, which typically occurs during March in the Northern hemisphere. Therefore, 
reproductive activity is highest with long days and short nights. In winter, lighting conditions are 
therefore not beneficial for an active reproduction in the mare due to short days and long nights resulting 
in a reduced reproductive activity; the hypothalamus pituitary and the ovaries have reduced activity and 
reported to finally suspend completely (Nagy et al., 2000). Foals are naturally born in the spring and 
summer, a season that has environmental conditions favourable for survival. In this context, one 
interesting study described when days were artificially short, ovarian failure increased immediately 
(Palmer et al., 1983). Furthermore, it was presented that mares with a foal had complete ovarian activity 
in May or winter when exposed to two months of artificially long days (Palmer et al., 1983).  
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Younger mares aged up to five years had a reduced breeding season (Palmer et al., 1983) and were 
earlier in cycle in the autumn than older mares (Carnevale et al., 1995). The cycle in the spring in mares 
older than 15 years began later than in younger mares (Carnevale et al., 1992). However, in all breeds 
ovulatory problems can be observed during the so-called transitional phase in the spring (Pycock, 2000, 
Panzani et al., 2011). The very first oestrus in a mare is generally extended and does not necessarily 
result in ovulation (Mari et al., 2009). 

The duration of anovulatory phase, the period of the year with no cyclic activity, was influenced by 
external factors such as feeding and stabling (Allen et al., 2000). Mares kept outside in paddocks or on 
pasture year-round usually had a later onset of ovulatory activity than mares kept in stables (McDonnell, 
2000). In addition, often a more customized support of individual animals in stable conditions is possible. 
It was further believed that indoor stabling can have a positive impact on ovarian activity due to higher 
temperatures when due to lower energy requirements were needed. In contrast, ambient temperatures 
did not have a positive effect on the reproductive cycle (Guerin et al., 1994, Zeller, 2000). One study 
indicated an earlier onset of oestrus in mares housed in stables at a much higher temperature compared 
to a control group in outdoor stables with temperatures below zero degrees Celsius (°C) (Tucker et al., 
1980). However, the mares housed outside lost weight likely having an effect on the onset of oestrus, as 
proper nutrition and mares in a well-fed condition tended to have a higher chance for a positive 
pregnancy result (Fradinho et al., 2014). In well-fed mares, the ovulatory cycle started earlier in the year 
(Cymbaluk et al., 1990) compared to mares in a negative energy balance (Meyer et al., 2001). It could 
not be clarified whether an earlier start of ovulatory cycles in the year was due to access to pasture and 
fresh grass (and its ingredients), or only influenced by an enhanced nutritional status (Carnevale et al., 
1997). 
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2 Effect of Weather Parameters on the Reproductive Cycle of Horse Mares´ 
Where are we today in equine research regarding the influence of weather parameters on the 
reproductive cycle? In a very limited amount of presented studies, an influence of certain weather 
parameters on the reproductive parameters of a horse mare was shown to exist.  

Limited research was conducted on temperature and the effect on mares. However, a common concept 
regarding the influence of temperature on the horse is known as the ‘thermoneutral zone’ (TNZ). The 
TNZ was defined for the first time in 1985 as between -15 °C and 10 °C in still air conditions (McBride 
et al., 1985). However, ten years earlier temperatures ranging from 0 °C to 5°C were reported to be the 
lower critical temperature (LCT) in which the metabolic rate increases in order to retain deep-body 
temperature (Young et al., 1973, Mount, 1974). A few years later another study described the TNZ as 
the range of temperatures in which the horse does not need any additional energy expenditure to hold 
the body temperature (Christopherson et al., 1986). Based on the definition of those previous studies ten 
years later Morgan et al. (1997, 1998) presented different studies and established the range of the TNZ 
ranging from 5 °C to 25 °C (Morgan, 1997, 1998). Temperatures >30 °C were defined as the upper 
critical temperature (UCT), where the metabolic rate as well as the evaporative heat loss increases and 
the tissue thermal insulance is minimal. Peripheral vasodilation is maximal (i.e. minimal thermal 
insulance of the tissue) (Morgan, 1998). Particularly a very limited number of studies exist on the effect 
of temperature in terms of reproduction. Two studies described the onset of the first ovulation in relation 
to ambient temperature. Dini et. al. (2019) measured ambient temperature inside the barn and the outside 
temperature as a measurement of comfort and considered the temperature differences when examining 
the onset of ovarian activity in mares. Mares were exposed to artificial light before sunrise (overhead 
lighting as fluorescent tubes during two hours from 3:00am to 5:00am) and direct sunlight during the 
day. However, no effect of increased ambient temperatures was identified that significantly increased 
the time of return to oestrus (Dini et al., 2019). The authors concluded that mares under artificial 
photoperiod and exposed to more intense daylight had a shorter interval to first ovulation. Two authors 
looked at the outside temperature and obtained a strong correlation to maximum (correlation coefficient 
r=0.56; p=0.09) and minimum (r=−0.67; p<0.01) environmental temperatures (Guerin et al., 1994). 
However, the authors’ observations were based on circumstantial environmental conditions that 
appeared to occur together with an early onset of the natural breeding season. Similarly, results of 
another study evaluated the endogenous hormonal control of the mare's oestrus cycle in Thoroughbred 
mares (based in the UK) and observed the transition of anoestrus to oestrus following winter was slower 
with abrupt cold temperatures (Allen, 1987). Unfortunately, Allen did not further define the term 
temperatures and the mares evaluated were likely not in the thermoneutral zone (TNZ). Environmental 
temperature appeared to be a crucial variable influencing the oestrous cycle in mares revealing that 
length of oestrus was longer in certain months due to temperature and minutes of sunshine per day (Ju 
et al., 2002). Unfortunately, the study did not quantify temperatures and it can be assumed that 
temperatures were not the only parameter triggering heat stress in the mares, as the average temperature 
per month was taken as the basis.  

An even earlier study looked at the effect of temperature and a light program for 120 days in two 
groups of pony mares (Sharp et al., 1975). The authors revealed that treated animals went into oestrus 
behaviour when having a larger size of dominant follicles compared to the control group. Based on the 
results, a differentiation between the effect of temperature and light could not be concluded.  

Regarding humidity, most studies were performed in the training segment and here high humidity 
(which has a negative effect on horses), was defined as being more exceeding 75% relative humidity 
(Groenendyk et al., 1988, Foreman et al., 1996, Mills et al., 1996, Marlin et al., 1999, Geor et al., 2000). 
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However, defining different ranges of temperature and humidity that affect horses are a generalization 
and individuals might have distinct deviations. An embryo transfer study evaluated the effect of heat 
stress on the recovery of embryos and identified nearly a 50% reduction in embryo recovery rate in 
mares exercised under hot and humid conditions (Campbell, 2014). Zeller (2000) discovered that the 
duration of service period decreased with increased temperature (horses in TNZ) and lower air moisture 
(<~85% relative humidity) (Zeller, 2000).  

One study took into account a Temperature-Humidity Index (THI) (THI = 0.7* wet bulb temperature 
+ 0.3* dry bulb temperature) and the effect of mares´ thermoregulatory responses during summertime 
on road transport and stall confinement (Green et al., 2007). The study indicated that core body 
temperature of individual horses had a tendency to increase with increased THI; unfortunately, the study 
did not evaluate reproductive parameters. Only one study could be identified that evaluated THI and the 
effect on reproduction in mares: The study evaluated the effects of THI during the month of foaling on 
the duration of gestation of Thoroughbred mares (Scalco et al., 2018). Pregnancy data from mares  
housed in two different stud farms - one in sub-tropical climate (236 pregnancies of 161 mares) and one 
in tropical climate (201 pregnancies of 118 mares) were collected and analysed to calculate the effect of 
THI on gestation length. Reportedly, the management, as well as nutritional status and housing of the 
mares was similar. Age was the only factor identified to be different between groups of enrolled mares. 
No significant effect was observed between location, foal sex, parity and age of the mare. The conclusion 
of the study was that higher THI (THI>66) had a negative effect on the length of gestation. 

Two studies were identified evaluating the effect of solar radiation on horses, but unfortunately, neither 
study evaluated solar radiation in the context of reproduction. However, horses do appear to be affected 
by solar radiation, as it was discovered that horses actively seek shade when solar radiation is high 
(Snoeks et al., 2015). Previously published data indicated shelter seeking was higher (7.1% more 
observations) before and during peak solar radiation (Holcomb et al., 2014). However, the reason why 
horses seek shelter could be different depending on each particular situation and was not clearly 
confirmed. When trying to find the answer why shelter was searched for on hot sunny days, studies 
bared different outputs. One study reported a thirty-minute shelter use had no effect on rectal and skin 
temperatures (p>0.05) (Hartmann et al., 2015), whereas other authors reported  an effect on rectal and 
skin temperature, as well as respiration rate in the horses in the shade (Holcomb et al., 2013). However, 
horses do seek shelter for other reasons which are likely due to environmental factors such as disturbance 
by biting insects (King et al., 2010). Nevertheless, if solar radiation has an effect on a horse's 
physiological homeostasis, a corresponding effect in reproduction could be possible. 

Weather is closely related to the month and season. Therefore it is no surprise that certain studies did 
not focus on weather parameters as particularly, but focused on the month/season when prominent 
weather conditions occurred in the evaluated month/season. One survey evaluated the reproductive 
success of Arabian mares in Turkey and retrospectively analysed data on 2,189 mares collected over 30 
years (1976-2007) with the target to investigate, if and to what amount, environmental factors affected 
reproductive parameters (Cilek, 2009). The study indicated that heritability of gestation period for 
Arabian mares was low (12%) and that 88% of total (phenotypic) variance was determined through 
environmental factors. Conversely, the study only looked at the month and did not differentiate any of 
the two environmental parameters, temperature and humidity, that were reported to influence first 
service period, foaling interval, oestrus cycle per pregnancy, and number of inseminations per 
conception. Similarly, earlier studies taking the same approach mainly looked at the month as 
environmental factor and the relationship to gestation length as the reproductive parameter (Howell et 
al., 1951, Hintz et al., 1992, Meliani et al., 2011). A study conducted in Taiwan identified a correlation 
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between month and reproductive parameters such as oestrus, pregnancy, parturition, as well as nursing 
period (Ju et al., 2002). In another study in tropical conditions, in Pakistan it was revealed that 
conception rates were higher in mares bred during winter (horse in TNZ) compared to summer months 
(horse not in TNZ/horse in heat stress) (Warriach et al., 2014). Four years later, a study conducted in 
Brazil demonstrated significant effects on of year, season and temperature regarding the recovery rate 
of the embryos (p<0.05), but no significant effects were observed on parameters such as year, season, 
hormone treatment, rainfall and photoperiod, regarding the pregnancy rate (p>0.05) (Rua et al., 2018). 
However, the authors confirmed that time and duration of the reproductive phases were different 
depending on horse breed. One author stated that less domesticated species such as pony breeds express 
a strong seasonal reproductive behaviour with long anovulatory phases during winter (Aurich, 2011). In 
some mares ovulatory cycles stop for a few weeks, while other mares cycle year round with reduced 
and/or occasional follicle growth (Donadeu et al., 2007) and stages with complete arresting ovarian 
activity were extremely rare (Ferreira-Dias et al., 2005). One study conducted in Taiwan, where the 
climate was humid with mild winter and sweltering summer, reported the distribution of the mares’ 
oestrus over the year was bimodal (Ju et al., 2002). This reproductive occurrence may be unique for 
mares in Taiwan. In addition, Arabian mares based in the Kingdom of Saudi Arabia remained in oestrus 
the entire year (Ali et al., 2014) and this same phenomenon was observed for Arabian mares in Pakistan 
(Warriach et al., 2014). Another study in Egypt in Arabian mares reported  mares were in oestrus the 
whole year, but oestrus was less frequent in summer than in spring and autumn (El‐Wishy et al., 1990). 
It was discovered that in a subtropical environment (the study was conducted in India) postpartum 
reproduction and ovarian activity may be delayed (Sharma et al., 2010). A study conducted in Venezuela 
indicated that the length of oestrus was longer in tropical climate, where the authors related this 
difference more to photoperiod, than temperature (Verde et al., 2018). 
 
One study from the 1960s analysed 2,107 gestations and evaluated correlations between environmental 
temperatures, hours of sunshine, rainfall and relative humidity to the season of mating. The authors 
reported the most significant variables were temperature and hours of sunshine and both were highly 
correlated to the season of mating. Furthermore, they discovered that higher temperatures (>13.5 °C) 
during the season of mating resulted in a shorter duration of pregnancy (Astudillo et al., 1960). 
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3 The Effect of Weather Parameters on Fertility of the Horse Mare - Summary of Studies 
Published studies describing the effect of weather factors on reproductive parameters in the horse mare 
can be summarized as follows: 

• Allen (1987) reported the endogenous hormonal control of the mare's oestrus cycle in 
Thoroughbred mares based in the UK observed that the transition of anoestrus to oestrus after the 
winter was slower with abrupt cold temperatures (not further defined). 

• Sharp et al. (1975) indicated that mares exposed to higher temperatures (horses in TNZ) and a light 
program had larger dominant follicles compared to the control group. 

• Mortensen et al. (2010) reported an association that in mares in a hot (horse not in TNZ/horse in 
heat stress) and humid (relative humidity >~75%) environment affected the developmental 
competence of their oocytes. 

• Astudillo et al. (1960) presented that ambient temperature and hours of sunshine were highly 
correlated to the season of mating; higher temperatures (>13.5 °C) during the season of mating 
resulted in a shorter-duration of pregnancy. 

• Dini et al. (2019) reported higher ambient temperatures during anoestrous did not have an effect on 
the interval to first ovulation in the spring; but mares under artificial photoperiod and exposed to 
sunlight during the day had a shorter interval to first ovulation. 

• In addition, Guerin et al. (1994) published that the onset of the first ovulation which starts the 
breeding season of a mare every year, was in strong correlation to the outside maximum 
temperature (correlation coefficient r=0.56; p=0.09) and minimum temperature (r= -0.67; p<0.01); 
horses were in TNZ. 

• McDonnell et al. (2000) demonstrated that mares housed outside year round had a later onset of 
ovulatory activity compared to mares housed inside stables. 

• Ju et al. (2002) indicated that length of oestrus was longer in certain months due to temperature 
(horses in TNZ) and minutes of sunshine per day. 

• Scalco et al. (2018) revealed that a high THI had a negative effect on the length of gestation. 
• Cilek (2009) reported temperature and humidity influenced gestation length up to 88% compared 

to genetic factors. The study did not define specific temperatures but only reported that appropriate 
temperatures (horse in TNZ) were important for the proper length of gestation. Other authors 
findings supported these two environmental factors (temperature and humidity) influenced 
gestation length (Howell et al., 1951, Hintz et al., 1992, Meliani et al., 2011). 

• Warriach et al. (2004) demonstrated that conception rates in mares in Pakistan were higher in mares 
bred during milder winter (horses in TNZ) compared to hot summer months.  

• Campbell et al. (2014) published that embryo recovery rate was 50% less in mares exercised under 
hot (horse not in TNZ) and humid (relative humidity >~75%) conditions compared to the control 
group. 

• Zeller (2000) and Cilek et al. (2009) both described that oestrus as well as the service period was 
shorter, the higher the temperature (horse in TNZ) and the lower the air moisture (relative humidity 
<~85%). 

 
The graphical representations 3-1 to 3-4 show the research conducted on the effect of weather 
parameters display the reproductive cycle and include the study conclusions and references that support 
which reproductive parameters were influenced by which weather parameter, visualizing temperature, 
humidity, minutes of sunshine per day noting the positive or negative effect on the pregnancy result. 
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The figures can be summarized as follows: 

• Figure 3-1 shows research conducted on the effect of temperature and demonstrates that temperatures 
within the TNZ have a positive impact on in every biological phase. Cold temperatures below the LCT 
prolong anoestrus and heat stress (UCT) before fertilization has a negative effect on the competence 
of oocytes. Furthermore, heat stress (UCT) does negatively affect embryo implantation and therefore 
has a negative effect on the pregnancy result. Temperature within the TNZ does seem to influence the 
length of oestrus but with no effect on the pregnancy result. Furthermore, temperature within the TNZ 
does shorten and therefore positively influences the service period.  

• Figure 3-2 presenting research conducted on the effect of humidity shows that higher relative humidity 
(>75%) has an impact on the length of oestrus but not on the pregnancy result. Furthermore, higher 
relative humidity (>75%) negatively influences the competence of oocytes and likewise the embryo 
recovery rate. A lower relative humidity (<75%) positively influences the length of gestation. 

• Figure 3-3 displaying /research conducted on the effect of temperature and relative humidity (shown 
as THI = Temperature-Humidity Index) shows that a high THI negatively influences length of 
gestation and therefore negatively influences the pregnancy result. 

• Figure 3-4 showing research conducted on the effect of sunshine shows that exposure to sunshine in 
general has a positive impact on the pregnancy result in oestrus and gestation in every biological phase. 
It also does seem to influence the length of oestrus but without any effect on the pregnancy result. 
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4 Effect of Weather Parameters on the Reproductive Cycle of Livestock Animals 
In comparison to horses a lot research on the influence of weather parameters on the reproductive cycle is 
done in livestock animals, mainly due to the economics of the food industry. Annual losses averaging 897 
million USD, 369 million USD, 299 million USD, and 128 million USD for dairy, beef, swine, and poultry 
industries, respectively, were reported (St-Pierre et al., 2003). Pierre et al. (2003) further reported that in 
the USA the effects of heat stress on livestock animals can be due to location of animals and furthermore 
due to the fact that the animals produce more metabolic heat because they are a specific genotype. A Guide 
to Agricultural Meteorological Practices (GAMP) was published in 2006 summarizing the main effects of 
weather and climate on production/farm animals and providing guiding principles to farmers in an effort  
to  optimize their management and reproduction strategies (Gomes Da Silva, 2006).  

4.1 Large Ruminants 

4.1.1 Cattle 
In comparison to horses the profitability of each cow is essential to survive in the livestock business (Mee 
et al., 2002). This is why a lot of money is invested into research regarding cattle. Dairy cows are producing 
a higher amount of milk (Dillon et al., 2006), with US milk production per cow more than doubling since 
1970 (NASS, 2016). And while the amount of cows in general is decreasing the herds are getting bigger 
(Lucy, 2001). At the same time the price for a litre of milk the farmer receives is decreasing (Mosheim et 
al., 2009). With the cow being more productive particularly in terms of production (van Arendonk et al., 
2003) reproductive fertility is decreasing at the same time (Walsh et al., 2011). This high economic pressure 
is forcing farmers to increase the value per cow by ensuring the well-being of the single cow in an effort to 
optimize reproductive opportunities. In 1990 one study described that losses of pregnancy are costly by 
tracking 4,732 pregnancies followed from 2,163 cows in a 6,5 year period and even identified the different 
causes for abortion/death of the foetus (Thurmond et al., 1990). Fifteen years later De Vries (2006) 
calculated on basis of the difference of discounted future cash flows (pregnancy or no pregnancy), that the 
average value of a new pregnancy was 278 USD. In the year 2003 two researchers calculated the value in 
the same way with the result of 200 USD (Eicker et al., 2003). The difference could have been due to 
reproductive productive factors, as for example artificial insemination (AI). One author estimated that the 
value of a new pregnancy was between 253 USD and 274 USD (without the additional cost of the 
programmed AI breeding protocol compared with traditional breeding based on detected oestrus (Stevenson, 
2001). He showed that the value of pregnancy increased with lower oestrus detection efficiency. In addition, 
the average cost of a pregnancy loss (abortion) was 555 USD (De Vries, 2006).  

It was clearly presented that heat stress has a major effect on various biological and reproductive 
parameters (Her et al., 1988, Kadzere et al., 2002): In dairy cows heat stress was reported to occur over an 
upper critical temperature (UCT) of 25 °C to 26 °C independent of milk yield or acclimatization state. This 
study refers to body temperature and the values show that already an outside temperature that is 
approximately 10 °C lower then body temperature can heavily affect cows in well-being. Another study 
reported that the bovine thermal comfort zone (TCZ) included ambient temperatures up to 23.8 °C and was 
furthermore influenced by relative humidity (Campos et al., 2004). The TNZ of the cow is officially 
reported to be between 5 °C to 20 °C (National Research Council, 1971). A couple of studies out of the 
reproductive segment further reported that no interactions at ambient temperatures above 24 °C concerning 
temperature negatively influenced the comfort of cattle (Randall, 1993) and that ambient temperatures 
between 15 to 29◦C did not have any impact on growth performance (Nardone et al., 2006). Another authors 
reported that ambient temperatures between 10 °C to 24 °C did not change rectal temperature but increased 
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fat-corrected milk, so the amount of energy required producing the given amount of milk, by 0.2 °C/kg in 
cows producing above 24 kg/day (Berman et al., 1985). 

Heat stress is a major concern in bovine breeding with a majority of research done in this area (De Rensis 
et al., 2003). For example, it was published that heat stress leads to a reduced expression of oestrus (Younas 
et al., 1993, Hansen et al., 2001). Furthermore, a study revealed that there is an impact on follicular 
development (Wolfenson et al., 1995, Wolfenson et al., 1997, Guzeloglu et al., 2001) and on ovarian 
function (Wilson et al., 1998). Heat stress seems to affect productivity of follicular selection as well as 
dominance and size (Badinga et al., 1993). Furthermore, heat stress seems to have adverse effects on the 
quality of ovarian follicles (Badinga et al., 1993, Badinga et al., 1994) probably caused either by a shrinkage 
(Wolfenson et al., 1995) or a small follicle (2mm to 5mm in diameter) (Trout et al., 1998). In addition, it 
was published that follicular growth, development and luteolytic mechanisms were compromised in heat-
stressed cows; as a result, luteolysis was delayed, and second wave dominant follicles did not ovulate 
(Wilson et al., 1998). One of the reasons might be that follicular steroid production under heat stress is 
different (Wolfenson et al., 1995). Various studies indicated that there is a reduced size of the first and 
second wave dominant follicles (Badinga et al., 1993, Wilson et al., 1998) as well as a decrease of the 
dominance as reflected by an increased number of large sized follicles (Badinga et al., 1993, Badinga et al., 
1994, Wolfenson et al., 1995, Roth et al., 2000). Roth in 2008 discovered that there are effects of heat stress 
on follicular function resulting in disruption of the follicle and its enclosed oocyte (Roth, 2008). In addition, 
in-vivo and in-vitro studies support the view that bovine oocytes are susceptible to thermal stress at various 
stages of follicular development. Not only the individual ovulated oocyte, but the ovarian pool of oocytes 
can be damaged during heat exposure, too (Rutledge et al., 1999, Zeron et al., 2001, Al-Katanani et al., 
2002). These effects were confirmed by more recent studies (Torres-Júnior et al., 2008, Souza-Cácares et 
al., 2019). Additionally, there is a delayed regression of subordinate follicles (Wilson et al., 1998). Such 
alterations may lead to the early rise of the pre-ovulatory follicles and an increased period of dominance 
(Wolfenson et al., 1995) both of which appear to negatively impact conception rates (Mihm et al., 1994). 
The effects of heat stress on follicular recruitment at this point was not studied intensively, so that there is 
no clear answer at this time (Wolfenson et al., 2000). However, warm months were more closely associated 
with lower conception rates than were cool months (33.7% compared to 40.1%) (Gwazdauskas et al., 1975, 
Cavestany et al., 1985). This effect had previously (Ingraham et al., 1974) and recently (Sönmez et al., 
2005, Nabenishi et al., 2011) been confirmed by other authors. Along with this one study found almost the 
double number of incidences of retained placenta and postpartum metritis during warm months than during 
cold months (24.1% during the period of May through September compared to 12.2% the rest of the year) 
(DuBois et al., 1980). Another study presented that the pregnancy rate was significantly higher (p<0.05) in 
cooled as compared to control cows (Wise et al., 1988). The negative effect of AI with higher temperatures 
outside the TCZ of the cow was confirmed in other studies (Thompson et al., 1996). In addition it was 
revealed that conception rate was affected by heat score prior to AI (Chebel et al., 2004). Several studies 
with lactating dairy cows indicated late embryonic losses due to heat stress (Ealy et al., 1993, Ryan et al., 
1993). Furthermore, studies showed that embryos at early developmental stages are more prone to thermal 
stress and become more resistant in a later developmental phase (Hansen, 2007, 2007). This might happen 
due to the elevation of maternal body temperature (Sakatani, 2017). Two studies indicated that high 
temperatures and relative humidity did not affect embryo recovery rate (Villa-Mancera et al., 2011, Pinto 
et al., 2017). The first study even reported that the embryo transfer success rates improved with increasing 
environmental temperature (odds ratio of 1.1–1.2; p<0.003) (Villa-Mancera et al., 2011). Other studies 
indicated that there is an association between mares in a hot and humid environment and changes in their 
ovarian follicle development and ovulation which led to a reduction in embryo recovery (Mortensen et al., 
2009). In this context one study showed that cows which were exposed to heat in the summer months had 
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reduced fertility in autumn (Hansen, 1997, Roth et al., 2001, Roth et al., 2001). Other authors confirmed 
the negative effect of high temperature on the embryo recovery rate and presented that in the summer a 
higher embryo recovery rate at 26 °C (71%) and lower one at 27 °C (51.4%) (p<0.05) (Oliveira et al., 2015). 
The same study revealed that the pregnancy result was higher at 24 °C (81.5%) and lowest (35%) at 27 °C 
(p<0.05). One early study already reported that production of embryos by superovulation and embryonic 
development was decreased in cows exposed to heat stress (Putney et al., 1988). Another study reported 
significantly lower conception rates in cows with above-normal body temperatures at the time point of 
insemination because of decreased fertilization and a higher incidence of embryonic deaths (Fuquay, 1981). 
Gwazdauskas et al. (1975) presented that an important weather parameter determining conception rate was 
maximum temperature on the day after insemination. Consequently, it can be summarized that various 
studies illustrate the influence of heat stress on oestrus, follicles, ovarian function and oocytes and can cause 
reductions in fertility in (lactating) dairy cows that lead to a lower pregnancy rate as well as lower amounts 
of milk production. However, in contradiction to this a reproductive analysis of 19266 Holstein cows from 
Arizona over a five year period did not find any negative effects of thermal stress on milk production and 
fertility (Ray et al., 1992). 

Therefore, from a management perspective the target has to be to keep the cow as cool as possible (Hansen 
et al., 1999). As a consequence a number of studies were done assessing management practices with the 
target to reduce respiration rate, body temperature and improve the overall well-being of dairy cattle 
(Roman-Ponce et al., 1977, Blackshaw et al., 1994, Collier et al., 2006, Kendall et al., 2007). 

In order to categorize heat stress in cows and take into account that temperature and humidity are very close 
to each other a Temperature-Humidity Index (THI) was defined and made a key indicator affecting 
performance. The THI was described for the first time in 1959 by Thom who used dry bulb temperature 
and wet bulb temperature in order to estimate the magnitude of heat stress in cattle (Thom, 1959). A couple 
of years later the THI in which horses exhibit heat stress was set to a value of 62 (Johnson et al., 1962).  
The THI was first used in dairy cows in the 1960s to prove the assumption that a decline in milk production 
could have been caused by heat/humidity.  Until today various definitions of THI were set up and defined. 
Another study looked at eight different THI in dairy cattle with the objective to find out, if such a THI is a 
good indicator of heat stress in lactating dairy cows in a subtropical environment (Dikmen et al., 2009). 
They developed equations using meteorological variables that predicted rectal temperature. The outcome 
was that all THI models gave a good prediction. In most studies, the THI is based on the formula of the 
NRC. This THI is using means of hourly measurements of air temperature (T) and relative humidity (RH) 
resulting in the following formula: THI=(1.8*T°C+32)−(0.55−0.0055×RH%)*(1.8*T°C−26) (National 
Research Council, 1971). The THI can be seen as an important key performance indicator and various 
studies in cattle were done on reproduction and lactation. For example one study tried to evaluate the 
relationship between the THI and the incidence of medical treatments in lactating dairy cows with a focus 
on fertility (looking at ovarian cysts, abnormal oestrus, endometritis, retained placenta) in the first 21 days 
of the breeding cycle. However, in that study, no significant effects of the THI classes and seasons on the 
incidence of fertility treatments were found (Sanker et al., 2013). When looking closely at the data a 
tendency can be found that the incidence of medical treatments was higher in THI classes THI<50 than in 
classes above this value. One study looked at the relationship between higher THIs and the expression of 
oestrus and showed that a THI greater 78 decreased the expression of oestrus (Sönmez et al., 2005). This 
effect was previously reported in other studies (Rodtian et al., 1996, Landaeta-Hernández et al., 2002). 
However the THI maximum threshold was not defined in detail as it was only stated that the THI was higher 
than 25. Other studies reported a reduced fertility and pregnancy rate with the THI being greater than 
THI>72 (Morton et al., 2007) and THI>72.9 (Amundson et al., 2006). Another study revealed that if the 
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THI was greater than 80 the first one or three days after artificial insemination the conception rate decreased 
from 30.6% to 23% respectively (García-Ispierto et al., 2007). However, they reported that the negative 
effects of heat stress on conception rate days however was already reported back in 1974 (Ingraham et al., 
1974). One study looked at the effect of heat stress on ovarian follicle development, and poorer oocyte 
quality post-partum was obvious from a THI of 75. Other authors reported even lower thresholds (THI>73) 
(Schüller et al., 2014). A greater effect of THI measurements taken on the day of artificial insemination 
compared to THI measurements taken further days from day of insemination was confirmed in another 
study (Brügemann et al., 2013). In this study the THI threshold was greater than THI>60. The effect of a 
lower conception rate due to higher THIs on previous and concluded that a THI higher than ~67.9 negatively 
influenced both parameters (Alves et al., 2014) . 

In lactating cows it was recognised that milk production is reduced (Bouraoui et al., 2002) in particular 
when THI levels exceed 72 (in this study the THI of 72 equates e.g. to 25 °C and 50% relative humidity) 
(Ravagnolo et al., 2002). One study re-evaluated physiological and production parameters and specified a 
new THI threshold of 68 for lactating dairy cows producing more than 35 kg/day (Zimbelman et al., 2009) 
which was a new and contradictory result to earlier studies which stated that heat stress occurred 
independently from production level of milk amount . Earlier studies defined the threshold of a THI greater 
than 75 (McDowell et al., 1976) and a minimum of 64 (Igono et al., 1992). Similar values were published 
by other authors ranging from THI=35 and THI=72 where the cow is reported to be in the TCZ and 
THIs>78/80 affecting the biological functions of the animals (Du Preez et al., 1990, Brown-Brandl et al., 
2003, Bohmanova et al., 2007). A recent study reassessed the THI in a sub-tropical region of India and 
stated that main physiological responses to heat stress started at THI 74 (Jeelani et al., 2019). Furthermore, 
the study reported that a THI of 74 to 79 led to moderate stress and THI greater than 80 induced severe heat 
stress. Cycling back to the concept of the TCZ one study in particular outlined a THI lower than 71 in which 
the cow is in the TCZ (Armstrong, 1994). 

It was published that there are genetic differences in tolerance to heat stress (Pegorer et al., 2007) and it 
was presented that different genes can be turned on and off in cattle. This means that cows are able to adjust 
to their environment (Kondrashov, 2012) as other species (Barrett et al., 2008). Brügemann et al. (2011) 
investigated this topic and looked at the genetic analysis of protein yield in dairy cows. A couple of years 
later at the genetic background and gene expression based on the THI defined by the NRC in 1971 also 
known as “The Oklahoma Mesonet Cattle Heat Stress Index” looking at cattle that is mainly housed outside 
(Brügemann et al., 2011, Brügemann et al., 2013). In the first study they matched the collected data of 
nearly 155.000 Holstein cows with data from the public weather station and defined four classes of THI. 
They then looked at genetic correlation of test-day protein yield between the whole ranges of values for 
THI illustrating that additive genetic variances for daily protein yield did reduce with heat stress and were 
lowest at the beginning of lactation as well as at a threshold THI of 60. However, they concluded that 
probably no significant genotype × environment interaction for protein yield exists. In the second study 
they compared conception rate and somatic cell score from 5611 Holstein cows living in different housing. 
Even though the results did not confirm high correlations between the two parameters the authors concluded 
that higher THIs might have a negative effect on conception rate especially with cows located on pasture. 
Other research group found an interaction not only between genetics, milk composition and amount 
(Bernabucci et al., 2014) but similarly between genetic components and THI for example in a study done 
in Luxembourg and Tunisia (Hammami et al., 2008) as well as Georgia (USA) (Aguilar et al., 2009). 
Recently it was published that the conception rate and pregnancy rate in dairy cattle decreased with a THI 
above 72 (Dash et al., 2016). 
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The criticism regarding the THI is, however, that it does not take into account other weather parameters 
such as solar radiation and wind speed. Solar radiation seems to influence the overall well-being of cows 
(Da Silva et al., 2010). In the reproduction field it was revealed that follicular development and the growth 
of medium sized follicles both were reduced in cows exposed to direct solar radiation in the previous 
oestrous cycle (Roth et al., 2000). Furthermore, high radiation seems to drive cows behaviour to actively 
seek for shade when average ambient solar radiation is increased (Tucker et al., 2008) with the goal to 
decrease the radiant heat load (by 30% or more) (Blackshaw et al., 1994). In order to add in solar radiation 
and wind speed to the THI a heat loss load index (HLI) was developed which can be used as an alternative 
to a the THI (Gaughan et al., 2002, Gaughan et al., 2004). One study taking this HLI into account bared 
that shade effectively reduced rectal temperature of beef cattle when the HLI exceeded 78 (Gaughan et al., 
2004). In addition to the HLI, the accumulated heat load (AHL) model was developed a couple of years 
later by the same group of researchers (Gaughan et al., 2008) displaying that threshold HLIs are different 
in different genotypes of cows. The outcome was a paper that defined seventeen genotypes (Gaughan et al., 
2010). However, the HLI could not be established as a key performance indicator such as the THI. 

Temperature, humidity and solar radiation are in close relationship to the daily hours of sunshine (Wilks 
et al., 1999). Light duration and intensity are critical for the level of melatonin secretion and therefore for 
its influence on the reproductive axis. This is because in mammalian species melatonin secreted by the 
pineal gland is the neuromodulator which then mediates the influence of light on the hypothalamic-
pituitary-ovarian axis. And, the effect of daylight influences young cattle early: One study indicated that 
increased daylight enhanced growth until the onset of sexual maturity (Hauser et al., 1983). And although 
cows are not seasonal breeders, some results demonstrate that season of birth and season of attainment of 
puberty do influence the age of puberty in heifers. So for this reason season may have influenced age of 
puberty by affecting serum concentrations of luteinizing hormone and serum prolactin or growth rate 
(Schillo et al., 1983). One study conducted in Israel looked at the effect of month (including day length and 
the outcome of milk production) and demonstrated a negative effect of temperature on milk production; in 
particular the mutual effect of the environmental average temperature and day length was responsible for 
0.96 of the variability in average milk production during lactation and 0.93 of that in average protein 
production during lactation (Barash et al., 2001). It was confirmed in several studies that increased day light 
leads to higher amount of milk (Hjalmarsson et al., 2014, Crawford et al., 2015). This is reported to be 
mediated through the IGF-1 Receptor as a higher blood IGF-1 concentration in cows is reported to lead to 
increased milk yields (Dahl et al., 2003). In cows raised under increased photoperiod duration with 16 hours 
of light and eight hours darkness a 1.,8 times higher level of prolactin resulting from the thyrotropin 
releasing hormone was reported (Peters et al., 1981). Some studies disclosed that keeping the cow with 
longer periods of light during the dry period could increase the effectiveness of dairy cattle farming during 
the next lactation and lead to an increased milk production (Miller et al., 2000, Auchtung et al., 2005, 
Velasco et al., 2008). Furthermore, it was presented that different parts of the light spectrum revealed 
various effects on the neuromuscular parts with maximum effects being achieved with red light and 
minimum effects with blue or violet light (Yurkov, 1980, Penev et al., 2014).  

In summary various research was done focussing on weather parameters such as high temperatures, 
humidity, solar radiation, sunshine or a combination of weather parameters such as the THI or HLI. All 
these weather parameters are contributing to heat stress in cows and negatively impacting their comfort 
level. These weather parameters have negative effects on reproductive parameters such as oestrus, follicles 
and follicular development, ovarian function and oocytes leading to reduced fertility, a lower pregnancy 
rate and decreased milk production in dairy cows. Therefore, in cattle the selection for heat-tolerant animals 
is one possible option to mitigate the risks of heat stress (Nguyen et al., 2017). Physiological or genetic 
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manipulation of the cow to improve embryonic resistance to elevated temperature is a promising approach 
for enhancing fertility of lactating dairy cows (Hansen, 2007). The overall management objective besides 
these genetic and reproductive options is to keep the cow in their TCZ by looking at weather parameters 
and key performance indicators such as the THI in order to adjust management techniques such as housing. 

The graphical representations 4-1 to 4-3 display the reproductive cycle of the cow and for which aspects 
studies showed which reproductive parameters are influenced by which weather parameter. 
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The figures can be summarized as follows: 

• Figure 4-1 showing research conducted on the effect of temperature demonstrates that heat stress 
(UCT) has a negative effect on the pregnancy result after the luteal phase in all biological phases, 
including the reduced expression of oestrus, the development of sufficient follicles as well as the 
disruption of ovarian function and oocytes. This results in decreased conception rate, negatively 
influencing the embryo implantation. Furthermore, heat stress (UCT) does not seem to affect fertility 
in dioestrus and milk production in lactation phase. 

• Figure 4-2 presenting research conducted on the effect of temperature and humidity (shown as THI 
= Temperature-Humidity Index) shows that a high THI (>60) leads to reduced fertility and decreases 
the expression of oestrus after ovulation (THI>75). Furthermore, a higher THI decreases the embryo 
recovery rate and leads to lower conception rates (THI>68). In addition, the figure shows that a THI 
greater than 60 negatively influences milk production as well as reduced follicular and oocyte activity 
after giving birth. 

• Figure 4-3 showing research conducted on the effect of sunshine, daylight and solar radiation shows 
that exposure to daylight sunshine in general has a positive impact on the onset of sexual activity and 
on milk yield in lactation. Direct solar radiation however has a negative influence on the development 
of sufficient follicles. 

4.2 Buffalos  
A couple of studies regarding weather parameters and reproduction were done in the domestic buffalo 
(Bubalus bubalis) regarding weather parameters and reproduction. Although the domestic buffalo is known 
to be a short day breeder it was presented that in tropical areas near the equator buffalos show a poly-oestrus 
(Vale, 2007). In buffalos that live in high temperature regions it was further published that approximately 
50% of animals are not severely affected by heat stress in pregnancy, but buffalos that are not pregnant in 
the summer season go into silent heat and/or anoestrus (Singh, 2000). In the domestic buffalo it was further 
described that the calving season is regulated by the accessibility of pasture (Vale, 2007) which further 
indicates that buffalo reproduction is influenced by season. Another study indicated that there seems to be 
a negative correlation between reproductive performance and high THI (THI>75) in the domestic buffalo 
(Vale, 2007). Recently it was again revealed that a significant decline in reproductive performances of 
buffaloes was observed above threshold THI 75 (Dash et al., 2016). 

4.3 Small Ruminants 

4.3.1 Sheep 
The attitude of sheep has always had a shaping and nurturing influence on the landscape. Here, the sheep 
grazing can contribute to maintaining the dry grassland (Benthien et al., 2018). However, landscape 
management has become an independent branch of the industry and is the main economic driver in the 
sheep business. Other economic drivers are the production of meat production and milk (Kosgey et al., 
2003, Kosgey et al., 2004).  

Sheep in general seem to cope better with heat stress than cattle when fed the right way (Silanikove, 2000). 
Heat stress (UCT) in sheep is defined as temperatures greater than 35/36 °C and around 50% humidity 
(Johnson, 1987, Shafie et al., 1994) The thermoneutral zones were described as being between 18 to 20 °C 
with 30% humidity (Marai et al., 2007). It was demonstrated that high temperature and high humidity 
have a high negative influence in general on biological functions sheep. The functions are reported to be 



 

Effect of Weather Parameters on the Reproductive Cycle of Livestock Animals 22 
 

feed intake, live body weight and reproductive performance (Rich et al., 1970, Marai et al., 2007, Marai et 
al., 2008). Another author presented that sheep experience disturbances in body metabolism (blood, water, 
protein, energy, minerals, enzymes hormones) and in reproductive activity and fertility due to heat stress 
(Habeeb, 1992). Sheep therefore do respond physically and productivity wise to heat; however the response 
is different if these sheep are pregnant or lactating (Abdalla et al., 1993). The first oestrus is influenced by 
genetic factors such as breed, time of birth and nutrition as well as environmental factors (Hafez et al., 
2013). It was confirmed that oestrus, ovulation and fertilization as well as conception rate and embryonic 
mortality are affected by temperature and length of day by various studies. For example a decrease in 
oestrus activity was observed during spring in various breeds of sheep in different geographic locations 
ranging from the Awassi sheep in Israel (Amir et al., 1965) to the Chios sheep in Greece (Avdi et al., 1988). 
The best environments for reproductive activities in sheep are reported to be a medium temperature as well 
as a medium day length; both are present in the autumn months. Ovulation rate in ewes is at a maximum 
(without breeding of ewes) in the autumn and at a minimum in spring (Aboul-Naga et al., 1987) with the 
highest effect of heat stress on fertility in the first three days prior and post ovulation (Chemineau, 1993). 
Conception rate seems to be lowest in summer and negatively correlated with high temperatures and long 
hours of sunshine (Marai et al., 2008). The greatest effect of heat stress on conception rate was described 
to be at around mating (Curtis, 1983) as well as during the first seventeen days of pregnancy (Soto et al., 
1998). Furthermore, it was shown that heat stress leads to a higher mortality of the embryos, probably 
caused by decreased supply of blood to the ovaries (Lublin et al., 1984) as well as low circulating placental 
hormone concentrations (Regnault et al., 1999). One study showed that in the first month of the sheep 
breeding season the maximum temperature before artificial insemination and pregnancy rate were 
negatively correlated (Santolaria et al., 2014). However, the embryo loss rate of 12% for mono-ovular sheep 
is much lower compared to cattle (Diskin et al., 2008). The exposure of ewes to high temperatures during 
early pregnancy may be accompanied by the production of dwarfed lambs, which are usually or often 
characterized by a hairy appearance. This effect was identified as a huge economic problem as these lambs 
are very small and do not fulfil the expected amounts of wool and/or milk yield (Guitierrez, 1986). Milk 
yield was found to be negatively correlated with heat tolerance, when defining the influence of milk 
production of the Mediterranean dairy sheep and heat stress (Finocchiaro et al., 2005). The researchers 
looked at genetic correlations between the general additive effect of milk production and the additive effect 
of heat tolerance copying the study on the genetic component of heat stress in dairy cattle that had the target 
to develop a heat index function (Ravagnolo et al., 2000).  The main focus was on defining THI thresholds 
for sheep based on weather data. They found that the genetic correlations between the general additive 
effect of milk production and the additive effect of heat tolerance were negative for both daily milk and fat-
plus-protein yields on all days. Based on this they defined a THI threshold of 23 which will result in heat 
stress (Finocchiaro et al., 2005). It was also shown that milk production decreases in lactating ewes when 
they are exposed to a THI greater than 80% (Sevi et al., 2001). And even though the THI is not defined as 
a key figure in sheep the way it is in cattle (because still not commonly used) it can be said that the THI is 
often used as an indicator to estimate the severity of heat stress (Srikandakumar et al., 2003, Fisher et al., 
2005, Marai et al., 2007, Bernabucci et al., 2009, McManus et al., 2009).  

A couple of studies have looked at a possible effect of solar radiation on sheep. One study examined a 
possible effect of solar radiation on milk production; however no effects on milk yield and milk composition 
were found (Sevi et al., 2001). Another study looked at weight gain in female lambs that were exposed to 
solar radiation and showed that there was a negative correlation (Nardone et al., 1991). Conversely, a study 
including many more animals did not reveal any impact of solar radiation on litter size. This study looked 
at 112 ewes and ten rams keeping half of the animals indoors and the other group outdoors. They did show 
an increase in respiratory and heart rates (respectively 52.7+/-8.5 vs. 100+30 and 83.3+/-5.5 vs. 92.7+/-2.5 
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for indoors and outdoors), but did not show any effects of solar radiation on any other reproductive 
parameters such as percentage of females in oestrus or the return rate (95% vs. 100% and 21% vs. 22% 
respectively for indoors and outdoors groups) (Lassoued et al., 2008).  

As in other animals, in sheep the seasonal reproductive cycle is primary underlying a circannual endogenous 
rhythm which is strongly influenced by external environmental factors such as photoperiod (Woodfill et 
al., 1989). Therefore, in sheep light programs are part of the breeding program routine in order to increase 
reproductive performance as in other animals (Dankó, 2003). Woodfill et al. (1989) showed that 
ovariectomized, oestrogen-implanted ewes maintained in continuous lighting conditions for five years do 
continue to have circannual changes in luteinizing hormone secretion. However, at the same time it was 
shown that a development of photo-refractoriness does happen and therefore light programs should be 
changed at regular intervals; for example from 16 to 12 hours of light then from 12 to eight hours of light 
(Malpaux et al., 1988). 

In sheep, clear recommendations on management practice to keep the sheep cool and to retain them in their 
thermal comfort zone were formulated (Sölkner et al., 1998, Kahi et al., 2004, Gizaw et al., 2009). These 
recommendations are physical, physiological and nutritional. Clear guidance on how to manage the mating 
of sheep in order to produce the best possible offspring in certain weather conditions exists. The THI can 
be seen as an indicator to aid in recognizing and classifying sheep in heat stress. Most of the cited studies 
and the knowledge of the conducted research conclude in a recent paper summarizing that weather 
conditions do influence pregnancy rates in sheep, suggesting that the usage of meteorological data can be 
very helpful to schedule the date and time of artificial insemination (Palacios et al., 2015). 
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Figure 4-4 showing research conducted on the effect of temperature and humidity (shown as THI = 
Temperature-Humidity Index) the effect of sunshine and the effect of solar radiation. The data demonstrates 
that heat stress (UTC) has a negative impact on fertility and pregnancy result at all biological phases, 
starting with a decreased ovulation rate leading to a reduced pregnancy rate and a direct effect on the 
offspring (e.g. increased chance for dwarfed lambs) and lower milk yield. Environmental factors including 
season appear to affect oestrus activity but with no effect on the pregnancy result. 

4.3.2 Goats  
Goats are reported to be the fourth largest livestock group with 677 million goats in the world in 1999 
(Morand-Fehr et al., 1999) and 90% of those goats being located in developed markets (Glimp, 1995).  

Research was done looking at the effect of temperature as goats are often located in Mediterranean areas 
(Boyazoglu et al., 2001) and high temperatures affect goats and their reproductive cycle (Gupta et al., 2013). 
Upper critical temperatures for goats in maintenance were described to be 25 °C to 30 °C (Lu, 1989), 
however, pregnant goats can be affected by heat stress at lower temperatures (<20 °C) (Olsson et al., 1995). 
The recognized thermoneutral zone (TNZ) for goats ranges from 12 °C to 24 ℃ (Nikitchenko et al., 1988). 
Nevertheless, goats seem to be able to better adapt to heat than other animals such as cattle and sheep 
(Devendra, 1989). Goats can probably cope so well with thermal stress due to a higher sweating rate via a 
water saving ability (Shkolnik et al., 1972) as well as a lower basal metabolic rate and respiratory rate, 
higher skin temperature and a constant heart rate with cardiac output (Shkolnik et al., 1981). In addition, 
low metabolic requirements combined with the ability to reduce metabolism and the efficiency of the 
utilization of a high forage diet (Silanikove, 2000) further support the ability to better deal with high 
temperatures. One study looked at the effect of high temperatures and relative humidity on follicular 
maturation and exposed goats to heat of 25 °C and 50% relative humidity with a 12 hour ‘light’ and 12 hour 
‘dark’ period for two days and then looked at the growth of their follicles. They found out that follicles 
exposed to heat stress during follicular development do not develop to an adequate size to ovulate (Ozawa 
et al., 2005). But the number of follicles that were observed during the experiment was not different 
compared to the control group. 

One ten year study (2005–2014) of Florida goats based in Spain calculated a Temperature-Humidity 
Index (THI) based on the following formula: THI = T + 0.36 × RH + 41.2, where T = air temperature (°C) 
and RH = relative humidity (Arrébola et al., 2016). The authors performed a logistic regression analysis 
with the positive pregnancy result after artificial insemination as a binary dependent variable including 
48088 artificial inseminations. They indicated that general management and food were important factors 
affecting fertility especially as they revealed that month and year were correlated to weather and pregnancy 
rates. Furthermore, they reported that the odds ratio indicated that mean temperature was beneficial, and 
minimum temperature was disadvantageous to achieving a positive pregnancy rate. They did further report 
the THI (which was not significant) and other parameters, but did not report any effects on pregnancy rates 
towards these detailed weather parameters. A previous study by the same authors demonstrated that higher 
temperatures, solar radiation but lower relative humidity and rainfall had a negative effect on pregnancy 
rates (Arrébola et al., 2016). However, in conclusion weather was mostly related to fertility in goats after 
artificial insemination in spring which is in line with the natural reproductive cycle of goats (Guillen-Muñoz 
et al., 2018).  

A couple of studies are available on the effect of solar radiation on small ruminants. One study exposing 
goats to direct solar radiation showed an increase in respiratory rate (133%) and heart rate (12%) resulting 
in higher rectal temperatures (1.5%) compared to goats kept in shaded areas (Al-Tamimi, 2007). These 



 

Effect of Weather Parameters on the Reproductive Cycle of Livestock Animals 26 
 

goats required up to two weeks to adapt to thermal stress through physiological modifications such as 
respiratory rate. 

In goats the manipulation of the reproductive cycle via a light program is interesting for management 
reasons such as the synchronisation of female goats and offspring (Oliveira et al., 2001) or for genetic 
reasons such as the distribution of better-quality genotypes (Notter, 2012). However, as mentioned before, 
goats are often located in subtropical regions which is why the treatment of the female goat with a light 
program in order to increase fertility in terms of achieving pregnancy is not necessary in most cases 
(Delgadillo et al., 2004). Here light programs are used to increase the rate of kiddings as shown by 
Chemineau et al. (1996) so that 75% of pregnancies have two goat kids (Chemineau et al., 1996) or to 
improve milk yield (Garcia-Hernandez et al., 2007). Light programs in goats are often combined with the 
subcutaneous application of melatonin implants to mimic the real breeding season (Malpaux et al., 1995). 
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Figure 4-5 showing research conducted on the effect of temperature and humidity (shown as THI), the 
effect of sunshine and the effect of solar radiation. The data demonstrates that temperature does have an 
effect on reproductive activity at all biological phases but this does not influence the pregnancy result, 
particularly if the THI is greater than 80. Conversely, it was shown that heat stress in follicular maturation 
negatively influences the follicles and the pregnancy result. A higher solar radiation (>60%) positively 
influences the pregnancy result. 

According to the studies reviewed in this dissertation it can be said that in small ruminants such as sheep 
and goats weather parameters seem to effect reproductive performance and that the manipulation of 
reproduction in female goats is commonly done to increase fertility of the animals. Research was conducted 
on the effect of weather parameters and data from weather stations is used for goats in order to make use 
of the optimal reproductive environment. 

4.3.3 Pig/Swine  
Reproductive problems in the domestic pig are recognized as a potential economic loss to the pig industry. 
Most of this loss seems to be related to heat stress as estimated by St-Pierre et al. (2003) by specifying the 
monetary value to be around 299 Million USD  per year. In terms of reproductive success the main target 
in swine reproduction is to influence the size of piglets when born (Renaudeau et al., 2003) as well as 
achieving a high growth rate of the piglets in the first weeks after birth (time period was defined as puberty) 
(Flowers et al., 1989). Another important target reported is to get the sows pregnant as fast as possible again 
after weaning (Gourdine et al., 2016). 

When analysing the effect of weather on swine it should be kept in mind that in many countries swine are 
in general kept inside stables around the year and therefore the effect of weather is limited in those pigs. 
For reasons of cost reduction and work efficiency, new sow barns are generally planned today for at least 
300 to 400 animals and fattening houses for at least 2,000 to 3,000 animals. In a lot of countries, such as 
the European Union, regulations and laws regulate how stables for pigs must be designed. In Germany, 
these regulations are implemented in the “Tierschutz-Nutztierhaltungsverordnung” with the relevant 
section on keeping pigs (BMEL, 2016). It includes how much light/daylight must be present in the stables. 
Therefore, when reviewing the published data and outlining possible effects of weather parameters on 
reproduction it should be investigated how the pigs are housed and which effect weather parameters could 
actually have.  

Weather is recognized to influence the overall behaviour of pigs especially temperature (Hahn et al., 1987, 
Geers et al., 1989) as pigs cannot sweat. It is described that thermoneutral zone (TNZ) of pigs is around 
15 °C to 21 °C (Coffey et al., 1995) and that heat stress in pigs occurs with ambient temperatures above 
~27 °C (UCT), both depending on age, weight, housing and feeding (Fraser, 1985, Brown-Brandl et al., 
2004, Huynh et al., 2004). Therefore, higher temperatures affect their reproductive behaviour of pigs 
(Olczak et al., 2015). Particularly, the combination of temperature and light/photoperiod (Egbunike et 
al., 1980, Claus et al., 1985, Prunier et al., 1996) was reported to be influential regarding reproduction of 
pigs. A five year study (2003 to 2007) in France including 266 indoor farms, 22.773 batches and 610.117 
sows had the objective of investigating the relative roles of high temperature and photoperiod as 
environmental factors of seasonal infertility in swine (Auvigne et al., 2010). In this study the seasonal 
infertility was defined as the relative difference between the fertility rate in summer and winter of the same 
year. The outcome of the study was that regarding the seasonal infertility in particular the year was 
statistically significant (p<0.001) and temperature was significantly higher in the year 2003 than in the 
other years; this however did not show any statistical differences. Even the authors could not show a direct 
statistical effect between seasonal infertility and temperature, they assumed that heat stress does influence 



 

Effect of Weather Parameters on the Reproductive Cycle of Livestock Animals 29 
 

the seasonal fertility in a negative way as shown in other larger studies (Suriyasomboon et al., 2006, 
Bloemhof et al., 2008). The other effect that was taken into consideration in this large study by Auvigne et 
al. (2010) was photoperiod. However, at the end of the study the authors concluded that no effect of 
photoperiod on fertility could be determined as all animals were under the same photoperiod due to the 
design of the study (Auvigne et al., 2010).  

It is known that pigs are seasonal breeders (Hurtgen et al., 1980) and that the duration and intensity of light 
controls reproduction through the diurnal variations in melatonin secretion by the pineal gland and 
subsequent adaptations in gonadotrophin secretion (Erlich et al., 1985). However, light duration does not 
seem to influence gonadotrophin secretion in sows (Kermabon et al., 1995). Under heat stress the flow 
secretion of the luteinizing hormone and circulating concentrations of cortisol are decreased whereas those 
of growth hormone are increased (Prunier et al., 1996). Just recently a study analysed cortisol levels of 
sows in two consecutive reproductive cycles via hair cortisol and stated that physiological phases did have 
a significant effect on the cortisol concentration (p<0.00001) showing an increased cortisol concentration 
during late pregnancy and lactation (Bacci et al., 2014). Furthermore, the authors showed that the season 
of the year had a significant effect (p<0.005), with the lowest cortisol concentration documented during the 
hot season. This explains why long light duration and more obviously high ambient temperature play a role 
in a prolonged anoestrus (King, 1987) and that ovulation rate can be lower in summer and the duration of 
oestrus longer in summer than in late autumn and winter. In consequence the interval from weaning to 
oestrus is prolonged in summer (King, 1987, Prunier et al., 1994). Furthermore, one study indicated that an 
increase in light duration results in a decrease in loss of live weight during lactation when ambient 
temperatures are >25 °C but not with temperatures lower than <25 °C. The cause however might be a 
reduction in appetite as litter growth did not change. One study confirmed that energy intake is lower at 
higher temperatures (18 °C to 28 °C) which did result in greater heat production (20%), decline in milk 
yield (25%) and a less intake of food (40%) (Black et al., 1993). However, as reproductive activity and 
milk production are depending on mainly only nutrition there could be an indirect effect on reproduction 
and the time of the return to oestrus (Dourmad et al., 1994). One early study looked at intensive pig breeding 
units and monitored those over a period of 2.5 years (930 days). It was recognized that the main period of 
least reproductive activity were the warm summer months of July and August (Stork, 1979). As in other 
animals’ genetic differences in tolerance to heat stress was shown (Renaudeau et al., 2007, Zumbach et al., 
2008). This shows that temperature and heat stress in pig seem to have an effect on multiple reproductive 
factors regarding pre- and post-mating (Xue et al., 1994). It was shown that increased environmental 
temperatures decease ovulation rate (Teague et al., 1968) and that heat stress in sows is correlated with 
decreased dry matter intake as well as milk yield (Black et al., 1993). Furthermore, heat stress leads to a 
decrease in body weight in the lactating sow (Black et al., 1993). It is however not clear if high ambient 
temperatures correspondingly affect the return of oestrus after weaning. While one study did confirm a 
significant effect (Prunier et al., 1996) other authors such as Gourdine et al. (2016) found that there was no 
effect of the weaning-to-oestrus interval by season (Gourdine et al., 2016). One study published that heat 
stress has an influence on fertility of the sow up to five weeks before and after mating (Wettemann et al., 
1985). They moreover discovered that reduced conception rates and reduced litter size are the result of sows 
under heat stress between zeros to 16 days after mating. However, other authors did not find any correlation 
with litter size in sows under heat stress (Johnston et al., 1999). Heat stress however does seem to have a 
negative effect on embryo development (Kojima et al., 1996). One study looked in particular at heat stress 
in young and older animals and found that younger animals are not as susceptible to high temperatures as 
younger animals that have not entered the breeding season (Flowers et al., 1989). One study looked at 
minimum temperatures for pigs defining the animal's lower critical temperature (LCT) that affects the 
pig. The LCT of the pig depends on body weight and age  (Baker, 2004) and is effective when temperature 
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falls below 12 degrees Celsius (Baker, 2004). Likewise, it can be concluded that low temperature has a 
negative effect on pig reproduction (Hafez, 1964). 

Furthermore, humidity seems to play a key role in the reproduction of pigs (Teague et al., 1968, 
Suriyasomboon et al., 2006). Pigs are often exposed to high humidity when stabled indoors (Kunavongkrit 
et al., 2000). It was recognized that humidity can go up to 80% depending on the floor of the pig stable 
(Randall, 1983). Nevertheless, it was presented that humidity seems to have very little effect on feed 
efficiency, rectal temperature and skin temperature (Morrison et al., 1969, Hahn et al., 1987). An early 
study by the same author showed that there is a decrease in average daily gain with an increase in relative 
humidity from 45% to 95% (Morrison et al., 1966). The Temperature-Humidity-Index (THI) is a common 
tool to define heat stress in pigs (Lucas et al., 2000). Furthermore, in one study on the economic losses of 
livestock a Temperature-Humidity-Index (THI) for sows was used: The threshold is 74 (St-Pierre et al., 
2003). Looking at the studies it becomes clear that high humidity has an impact on pigs but besides very 
low humidity in addition to high temperatures leads to heat stress in pigs (Egbunike et al., 1980).  

Only one study looked at the effect of radiation heat loss defined as the loss of heat through the air between 
areas of different temperatures, but did not take reproduction into account unfortunately (Baker, 2004).  

The graphical representation 4-6 displays the reproductive cycle of the sow and for which aspects studies 
showed which reproductive parameters are influenced by which weather parameter. 
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Figure 4-6 showing studies/research conducted on the effect of temperature, the effect of sunshine and the 
effect of season demonstrates that heat stress (UTC) does have a negative effect on reproductive activity at 
all biological phases and therefore on the pregnancy result. Heat stress (UCT) prolongs the onset of oestrus, 
decreases ovulation rate, negatively influences luteinizing hormone as well as cortisol growth hormone and 
leads to lower conception rates and embryonic development.  Furthermore, heat stress (UCT) leads to a 
decreased litter size and less milk yield. Weather, season and exposure to sunlight influence the 
reproductive activity but with no effect on the pregnancy result.  

Several studies on management recommendations in terms of creating the optimal comfort zone are 
available and commonly used by farmers. Recommendations are available for: indoor housed pigs (Jackson 
et al., 2018), ventilation (Morsing et al., 1997), sprinkling  (Hsia et al., 1974, Barbari et al., 2009) systems 
as well as nutrition (McGlone et al., 1988, Close et al., 2007). In the future, the swine industries want to 
obtain more data on the microclimate within the barns. However, it is probably difficult to access 
information in a large number of herds. Therefore another approach was proposed to collect data about 
management routines used by farmers to identify weather and seasonal effects and to analyse their 
effectiveness (Auvigne et al., 2010). 

4.4 Avian Species 

4.4.1 Poultry 
Research was conducted in poultry and in particular on temperature and humidity. It was determined  that 
the thermoneutral zone (TNZ) in poultry is around 18 °C to 22 °C and that temperature and humidity 
together have a high influence on production efficiency and live performance, as reported in a range of 
studies  summarized in the following paragraph. A number of studies in livestock animals have used a 
Temperature-Humidity-Index (THI) as thermal comfort index as it integrates the effects of temperature and 
humidity and may offer certain principles to predict the effects of thermal conditions on performance. One 
study on heavy broilers looking at different temperature and humidity illustrated that THI has a a high 
influence in broiler chickens (Purswell et al., 2012). This studies used dry-bulb temperature (15 °C, 21 °C, 
and 27 °C) and relative humidity (50%, 65%, and 80%), and calculated the THIs (formula: THI = 0.85 * 
Tdb + 0.15 * Twb). THIs were in the range of 14.8 to 26.9 measuring live performances parameters such 
as body (gain) weight, body feed intake as well as feed conversion ratio. The body temperature was taken 
in three birds from each treatment group. The results indicated that as the THI reaches approximately 21 °C, 
the performance significantly decreased and body temperature increased up to 1.7 °C above normal body 
temperature for broilers (41 °C). However, the variability in the individual animals was very high so that 
the regression analysis only displayed a quadratic relationship between THI and the measured performance. 
Another interesting study using a temperature humidity index (THI=0.6tdb+ 0.4twb) in chickens 
demonstrated  that the number of eggs produced, as well as the egg size declined significantly with rising 
THIs (Zulovich et al., 1990). This was confirmed in another study where Japanese quails (Coturnix japonica) 
were exposed to heat stress (THI>75) and showed decreased fertility indices and egg quality traits (El-
Tarabany, 2016). In addition, it was recently published that poultry typically require a high ventilation rate 
to maintain thermal comfort and production efficiency (Guerra-Galdo et al., 2015). This work was based 
on the description of a Temperature-Humidity Velocity Index (THIV) for market-size broilers (Tao et al., 
2003). The THVI has the form of THVI= (tdb + twb)*V (where tdb= dry-bulb air temperature and twb=wet-
bulb temperature and V=Velocity). Although a THI reveals relative importance of temperature and 
humidity on animals it does not integrate velocity which is important to be taken into account in tunnel-
ventilated housing which is especially relevant in broiler production.  
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However, other large birds are observed to feel better in mild to moderate thermal environments, indicating 
that the upper critical temperature (UCT) may be lower at larger body weights. Regarding the physiological 
responses of tom turkeys the level of stress at different ages was elevated (Brown-Brandl et al., 1997). Eight 
different THI groupings were evaluated (23 °C to 40 °C and 40% to 90% relative humidity). In very young 
turkeys up to 6 weeks of age, there were no effects regarding temperature or humidity on the stress level, 
and  in the older turkeys (>ten weeks of age) temperature could not initiate any stress but humidity was 
more important. The authors concluded that this might be an important factor to maintain internal body 
temperature. Another study ten years later used the THI as well as long-term hourly summer weather data 
collected over 30 years from 238 locations in the USA, resulted in a Building Thermal Model for housing 
poultry. The model gives specific guidelines and recommendations on where to build a poultry farm and 
which tools, such as cooling systems, could be necessary in order to achieve the ideal housing environment 
(Green et al., 2007). 

In addition, sunshine and length of day are reported to be important environmental factors for timing the 
onset of seasonal reproductive activity in avian species (Saldanha et al., 1994). One study tried to explain 
the effect of photoperiod on the onset of reproductive activity by looking at the vasoactive intestinal peptide 
in female turkeys which appeared to be a physiologically relevant prolactin releasing factor during the 
course of the reproductive cycle (Mauro et al., 1992). Another study investigated the effect of sunshine and 
length of day and looked at the role of neurohypophysial peptide arginine vasotocin within the variation in 
the ovary and shell gland activity of the Japanese quail (Coturnix japonica) (Srivastava et al., 2012). The 
results indicated that diverse peptides and hormones are involved in the reproductive cycle of avian species 
as in other species, which is now generally accepted. In general it can be concluded that diverse peptides 
and hormones are involved in the reproductive cycle of avian species as in other species.  

Several studies indicated that ducks (Benoit et al., 1966), poultry (Lewis et al., 2000) and chicken (Zhang 
et al., 2014) respond to radiation. All studies concluded that these avian species are sensitive to red light 
longwave radiation (around 630/640nm). This happens through the hypothalamic extra-retinal 
photoreceptors, which are receptive to this range of long-wave radiation, and positively affects reproductive 
performance such as an increased number of eggs produced.  The green light (radiation) activates the retinal 
photoreceptors in a way, which decreases reproductive performance (Mobarkey et al., 2010, Baxter et al., 
2014). 

The graphical representation 4-7 displays the reproductive cycle of poultry and for which aspects studies 
showed which reproductive parameters are influenced by which weather parameter. 
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Research conducted on the effect of temperature (in degrees Celsius) with the TNZ from 18 °C to 22 °C, 
the effect of temperature and humidity (shown as THI = Temperature-Humidity Index) and the effect of 
radiation and light/sunshine following the reproductive cycle of poultry showing a positive (= green box) 
or negative (= red box) effect on the pregnancy result 

Figure 4-7: Poultry research conducted on the effect of weather parameters 

 

Figure 4-7 showing research conducted on the effect of temperature, temperature and humidity (shown as 
THI = Temperature-Humidity Index) and the effect of radiation and light/sunshine displays that radiation 
and green light have a negative influence on the pregnancy result at every biological phase. Radiation and 
red light however do have a positive influence on the pregnancy result at every biological phase as well as 
sunshine. Sunshine also stimulates ovary and shell gland activity after fertilization. The figure furthermore 
shows that a higher THI (>75) leads to a reduced amount of eggs and egg size. 
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4.4.2 Wildlife Birds 
Because of their routine 24-hour behaviours, (same pattern of behaviour every day regarding eating, 
sleeping, flying) and small body size, wildlife birds are reported to be severely affected by environmental 
factors such as air temperature, solar radiation and wind speed, (McKechnie et al., 2010) including 
corresponding impact on  endocrine responses (Wingfield, 1984). Conversely, it is reported that Wrynecks 
Jynx torquilla, which are small birds (35g) and belong to genus woodpecker, are probably not strongly 
influenced by temperature and rainfall (Geiser et al., 2008). However, environmental factors together define 
a particular microclimate which does have a certain influence on water and energy budgets of small birds 
(Wolf et al., 1996). These microclimates have an effect on reproduction in terms of rate of egg laying, egg 
weight, clutch sizes shell quality but moreover patterns of nestling growth and parental patterns (Hafez, 
1964, Wingfield, 1984). In a variety of birds it was confirmed that weather conditions (Dawson et al., 2005) 
and in particular radiation influences the way the nests are built, ensuring that eggs have the best conditions 
to be brood (Walsberg, 1981). One study in the United Kingdom showed that insectivorous birds rely on a 
short period of insect richness to feed their offspring and therefore these birds have to time their 
reproductive activities accordingly (Charmantier et al., 2008). This adaption of behaviour to weather 
conditions was previously revealed in other studies. (Krijgsveld et al., 2003, Dawson et al., 2005). Wild 
bird species such as the Black Headed Bunting respond to radiation (Malik et al., 2004). Many more studies 
exist on wild bird species, but are not reviewed in this dissertation. 

4.5 Other Animals 
Limited research was conducted in mice, and it was presented that heat stress does impact some 
reproductive parameters. Aroyo et. al demonstrated in one study that not only the individual ovulated oocyte, 
but moreover the ovarian pool of oocytes can be damaged during heat exposure (Aroyo et al., 2007) and 
that embryonic losses due to heat stress can occur (Ozawa et al., 2002). Similar effects of heat stress on 
follicular development in Pregnant Mare Serum Gonadotropin treated immature rats confirmed  that the 
number of ovulated oocytes was significantly lower in animals exposed to heat than in the control group 
(Shimizu et al., 2000). However, Aroyo et al. (2007) revealed in a second study that offspring developed 
from heat-stressed mice did not differ from control groups that were not exposed to heat  in their learning 
potential or episodic memory (Aroyo et al., 2007). Even though early reproductive stages in mice could be 
influenced by heat. Furthermore heat stress in pregnancy does not seem to affect the later offspring. A 
possible explanation might be that mice are able to switch on and off different genes depending on 
temperature and humidity (Cammack et al., 2006).  

Rabbits appear to be significantly affected by heat, humidity and light. The start of the breeding season was 
shown to be  dependent on the weather (Wight et al., 1961) and certain reproductive parameters are 
influenced especially by heat stress. In female rabbits it was presented that gestation length (Mahrose, 2000), 
conception rate (Bassuny, 1999), litter size (Ayyat et al., 1998), weight (Habeeb et al., 1999) and milk 
production (Nasr, 1994) decline with heat stress. Marai et al. (2001) calculated a Temperature-Humidity 
Index (THI) for rabbits where db °C = dry bulb temperature in degrees Celsius and RH = relative humidity 
in percentage. The results were  then classified as follows: THI<27.8=absence of heat stress, THI 27.8 - 
28.9 = moderate heat stress, THI 28.9 – 30 = severe heat stress and THI>30 = very severe heat stress (Marai 
et al., 2001). It can be summarized that hyperthermia with a THI>30 has a strong negative effect on 
reproduction in rabbits (Marai et al., 2002). 
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One interesting study which is worth mentioning looked at antelope and indicated that solar ultraviolet 
radiation triggers a positive reproductive impulse in this species (Shelford, 1954). Unfortunately, the 
authors did not specify which reproductive parameters are affected in detail. 

Additional studies looked at the influence of weather on the reproductive performance of marine animals 
and indicated that reproduction and breeding might be correlated with temperature (Kinne, 1964, Olive, 
1995, Orton, 2009) and photoperiod (Pearse et al., 1982, Pearse et al., 1986, McClintock et al., 1990). 
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5 Effects of Weather Parameters on Pregnancy Rate in Farmed Species around Days of Pre and 
Post Artificial Insemination  

As stated in the text above the pregnancy rates are reported to be affected by the weather parameters such 
as temperature (heat stress) and Temperature-Humidity-Index (THI) the days around insemination. 
Published studies are summarized in the table 5-1. 

Species Days Weather 
Parameter 

Reproductive Parameter Author, Year 

Cattle -2d  THI Pregnancy rate Ingraham et al., 1974 
Cattle -2d, -5d, +5d, THI Non-return rate Ravagnolo et al. 2002 

 
Cattle +1d to +7d Temperature, 

Heat Stress 
Embryonic development Putney et al., 1988 

Cattle  Day of AI Temperature, 
Heat Stress 

Low fertilization, 
embryonic death 

Fuquay, 1981 

Cattle +1d Temperature, 
Heat Stress 

Pregnancy Rate Gwazdauskas et al., 1975 
 

Cattle -3d  
Day of AI 

THI Pregnancy Rate García-Ispierto et al., 2007 

Cattle Day of AI THI  Pregnancy Rate Brügemann et al., 2013 
Pig -35d to +35d Temperature, 

Heat Stress 
Pregnancy Rate Wettemann et al., 1985 

Pig Day of AI 
+16d 

Temperature, 
Heat Stress 

Pregnancy Rate, 
decreased litter size 

Wettemann et al., 1985 

Sheep  -3d to +3d Temperature, 
Heat Stress 

Fertility, decreased 
ovulation rate, increased 
embryonic death, lower 
birth weight of the lambs 

Chemineau, 1993 

Sheep Around 
AI/Mating 

Temperature, 
Heat Stress 

Pregnancy rate Curtis, 1983 

Sheep First month 
before AI and 
first 17 days 
of pregnancy 

Temperature, 
Heat Stress 

Pregnancy rate Santolaria et al., 2014 

Sheep First 17 days 
of pregnancy 

Temperature, 
Heat Stress 

Pregnancy rate Soto et al., 1998 

Sheep Heat exposure 
earlier in 
gestation 

Heat Stress Embryonic Death Regnault et al., 1999 

Rabbit Day 3-5 Heat Stress Embryonic Death Lublin et al., 1984 
 
Table 5-1: Overview of studies reporting an influence of weather parameters on specific days in the 
reproductive cycle and specific reproductive parameters 
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6 Weather and Meteorological Data 
A detailed analysis showed that weather is expected to be extreme in the coming years in Europe and in 
particular in Spain, southern France and Italy (Segnalini et al., 2013). Earlier reports expected a climate 
change in terms of global warming (Klinedinst et al., 1993). A scenario in that study showed that it is 
expected that Temperature-Humidity-Indices (THIs) will increase between 3 and 4 units in the years 2041 
to 2050. The analysis was based on the daily mean values of the temperature and relative humidity outputs 
which had been previously measured for a different research study (Istituto Nazionale di Geofisica e 
Vulcanologia, 2007) and only the mean values of temperature and humidity were assed. THIs were 
calculated for four decades 2011–2020, 2021–2030, 2031–2040 and 2041–2050 and relative to the entire 
study area but the change of THIs was considered to be the highest in the years 2041 – 2050 as described 
above. Earlier reports expected a climate change in terms of global warming (Klinedinst et al., 1993). 
Meteorological data from public weather stations are used to create a detailed report of environmental 
conditions on animal facilities even if these weather stations are kilometres away (Colston et al., 2018). 
However, other studies criticise the use of meteorological data from weather stations as there can be massive 
deviations from the site the animals are housed at, especially if they are stabled in barns (Schüller et al., 
2013). 
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7 Material and Methods 
Data were collected in the years 2013 to 2016 in Germany, Bad Saarow (GPS: 52° 16' 27.466" N 14° 3' 
16.764" E) in the Equine Centre for Reproduction, University Berlin, Germany. Here 19 horse mares were 
located. The mares were aged from two to 23 years (median: 11 years) and were housed in stables with 
regular daily turn out to pasture in the summer months (Mai to October). The mares were from different 
breeds: There were nine Haflinger, five Shetland ponies, three Standardbreds, one trotter and one 
Thoroughbred mare. All mares received regular health checks, were dewormed and vaccinated on a regular 
basis and were sex-healthy and fertile from a reproductive perspective. All mares had a Body Condition 
Score (BCS) of five (5 = moderate) or six (6 = moderate fleshy) (Henneke et al., 1983). The mares were 
fed pellets according to their body weight/BCS and had hay ad libitum. The 19 horse mares were artificially 
inseminated various times with sperm from different stallions. In sum, there were 246 year round artificial 
inseminations. The data on reproductive parameters of these horse mares was collected over a period of 
four years. The defined reproductive parameters were chosen to be the follicular characteristics/size and 
the structure of the uterus/uterine edema. The overall objective was to achieve pregnancy. Pregnancy was 
confirmed via sonography or the mares were flushed around day seven. In the overall study period, three 
foals were born (Mare 7 in the years 2012 and 2016, mare 19 in the year 2016).  All other pregnancies were 
terminated with prostaglandin after sonography. 

In this time period of four years’ data on weather parameters was collected from the closest local weather 
station located in Lindenberg, Germany (GPS: 52°12'29.8"N 14°07'11.1"E). This weather station is 8 km 
air-line distance away from the Equine Centre for Reproduction, University Berlin, Germany. The weather 
station measures a value every hour for certain weather parameters such as temperature, humidity and 
radiation (longwave downward radiation, diffuse solar radiation and solar incoming radiation). The values 
were measured 24 hours/day. The minutes of sunshine per day were only measured every hour in the time 
from 3am to 5pm. For all parameters, a daily average was calculated such as for temperature, humidity and 
air pressure. For all radiation data and for sunshine the hourly measurements were added together to capture 
the daily total load in joule per cm2 for radiation as well as minutes of sunshine. The result was one value 
per day which was either an average or a sum depending on data. Reproductive data and weather parameters 
were equally analysed for each biological phase of the reproductive cycle (Figure 7-1). For every day in 
every biological phase the average of each weather parameter was calculated. For example, the phase 
follicular maturation has five days. For every day, the average was calculated as described in the paragraph 
with a result of one value for this phase. 

 

Figure 7-1: Reproductive cycle of the mare 

 

In the next step an average value was calculated per biological phase. This result was one value per 
biological phase. As there were 19 mares, which were artificially inseminated over repeated cycles for four 
years, and every mare having four biological phases the result was in sum 968 single biological phases each 
having one value per weather parameter. Ergo for every biological phase the above named weather 
parameters were calculated. The dependent variable therefore was the pregnancy result. Every weather 
parameter was analysed in every biological phase to determine if pregnancy was achieved or not.  
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The hypotheses which were based on the literature review are the following: 

• Certain weather parameters influence fertility and pregnancy result 
• Temperature has an effect on fertility and pregnancy result 
• Humidity has an effect on fertility and pregnancy result 
• THI has an effect on fertility and pregnancy result 
• Air pressure has an effect on fertility and pregnancy result 
• Light (sunshine, daylight or artificial light) has an effect on fertility and pregnancy result 
• Radiation has an effect on fertility and pregnancy rate 

7.1.1 Weather Parameters 
Weather parameters that were analysed are temperature, humidity, Temperature-Humidity Index (THI), air 
pressure, longwave downward radiation, diffuse solar radiation, solar incoming radiation and minutes of 
sunshine per day. All data is numerical continuous that can take any value within a range.  

The THI was calculated in addition based on Brügemann et al. (2013) and the NRC (1971) with means of 
hourly measurements of air temperature (T) and relative humidity (RH) resulting in the formula: 

 

Because of hourly data per 24 hours for a period of four years an average value was calculated per biological 
phase which resulted in four values per horse due to four biological phases. The table 7-1 displays an 
example of how the weather parameters were reported per biological phase. 

Mare  Biological Phase Duration in 
days 

Average of  
Temperature [in °C] 

Mare 1 Follicular Maturation 7 8.5 
Ovulation 1 5.1 
Oviductal Phase 5 9.4 
Uterine Phase 10 10.5 

Table 7-1: Example of the weather parameter of average temperature [in ° C] per biological phase per 
mare 

Histograms were used to visualize the distribution as graphical methods are very useful for examining 
frequency distributions and to check if data was from a normal distribution. Summary statistics were 
calculated for every weather parameter including mean, standard deviation, standard error and confidence 
interval as well as minimum and maximum value, the median and the range. There was a different amount 
of data n for the weather parameters. This is because the weather parameters were recorded by public 
weather stations to different time points per day and sometimes values were not recorded due to failure of 
measurement. The distribution and summary statistics of the weather parameters were summarized and are 
shown in the histograms 7-3 to 7-10. 
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7.1.2 Distribution of Average Temperature 
The distribution of average temperature was measured over four years in degrees Celsius [°C] and resulted 
in 968 values in total. The histogram below shows that the distribution is roughly symmetrical about is the 
median of 14.3 °C and has the frequency concentrated around the mean of 13.8 °C. The median is only 
0.5 °C away from the mean. If the distribution is symmetrical the mean and the median will be about the 
same which leads to the point that the tails of the histogram are roughly symmetrical. Note the range is very 
high with 37.2 °C and provides an indication of statistical dispersion. This is also important for the 
estimation of the scatter of the data. The 95% confidence interval is 13.4 °C - 14.2 °C so we can expect 2/3 
of the observations to lie within the one standard deviation of the mean and 95% to lie within two standard 
deviations of the mean. 

 

Figure 7-2: Distribution of average temperature [Celsius = °C] 
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7.1.3 Distribution of Average Relative Humidity 
The distribution of average relative humidity measured in % over four years and resulted in 968 values in 
total. The relative humidity is defined as the ratio of the partial pressure of water vapour on the balance of 
water vapour pressure at a given temperature. It is the proportion of water vapour, which is contained in 
the air. The histogram below shows that the distribution is roughly symmetrical about is the median of 72.0% 
and has the frequency concentrated around the mean of 72.8%. The median is only 0.8% away from the 
mean which confirms a fairly symmetrical distribution. The range of 60.7% and the low standard deviation 
of 0.4% provide an indication of statistical dispersion. This is also important to notice when estimating the 
scatter of the data. Our 95% confidence interval is 72.0% - 73.5% so we can expect 2/3 of the observations 
to lie within the one standard deviation of the mean and 95% to lie within two standard deviations of the 
mean. 

 

 

Figure 7-3: Distribution of average relative humidity [%] 
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7.1.4 Distribution of Average Air Pressure Maximum 
The distribution of average air pressure maximum is measured in Hektopascal (hPa) over four years and 
resulted in 968 values in total. Air pressure has a daily periodical rotation, which has two maximum and 
two minimum values per day. It is influenced by the daily fluctuations in the air temperature. The maximum 
value can, in general, be found at 10 am and 22 pm, the minimum value at 4 am and 4pm (local time, solar 
time). The highest air pressure measured on the 23rd January 1907 in Greifswald, Germany was 1060.8 hPa 
which is ~200km air-distance away from the Equine Centre for Reproduction, University Berlin in Bad 
Saarow (DWD, 2019). The histogram below shows that the distribution is symmetrical about is the median 
of 1015.3 hPa and has the frequency concentrated around the mean of 1015.6 hPa. The median is only 0.3 
hPa away from the mean that confirms a symmetrical distribution. The range of 43.7 hPa provides an 
indication of a high statistical dispersion. This is also important when estimating the scatter of the data. Our 
95% confidence interval is 10.15.3 hPa - 1016.0 hPa so we can expect 2/3 of the observations to lie within 
the one standard deviation of the mean and 95% to lie within two standard deviations of the mean. 

 

Figure 7-4: Distribution of average air pressure maximum [in hPa] 

  



 

Material and Methods 44 
 

7.1.5 Distribution of Average THI 
The Temperature-Humidity Index (THI) was calculated in addition based on Brügemann et al. (2013) and 
the NRC (1971) with means of hourly measurements of air temperature (T) and relative humidity (RH) as 
explained above. The distribution is based on 968 values in total. The histogram below shows that the 
distribution is skewed to the left, so the left tail is longer; the mass of the distribution is concentrated more 
on the right of the histogram. However, the most of the values are also concentrated about is the median of 
57.7 and the frequency is concentrated around the mean of 56.6. The median is 0.9 points away from the 
mean. If the distribution is symmetrical the mean and the median will be about the same which confirms 
the skewness of this curve as explained above. Note the range is very high with 55 and provides an 
indication of statistical dispersion. This is also important when estimating the scatter of the data. The 95% 
confidence interval is 56.0 - 57.2 so we can expect 2/3 of the observations to lie within the one standard 
deviation of the mean and 95% to lie within two standard deviations of the mean. 

 

 

Figure 7-5: Distribution of average THI  
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7.1.6 Distribution of Sunshine per Day [in Minutes] 
The distribution of sunshine per day was measured over four years in minutes and resulted in 967 values in 
total. One value was not measured due to a failure in measurement by the public weather station. The 
distribution is not symmetrical. The histogram has a binominal distribution because there are 40 days 
without sunshine (Minutes of sunshine per day = 0). Therefore, it is leptokurtic in nature. In sum there were 
311 values in the range of 0 to 250 minutes of sunshine per day. As shown in the histogram the median at 
375.7 minutes of sunshine per day and has the frequency concentrated around the mean of 361.0 minutes 
of sunshine per day. The median is not too far away from the mean (14.7 minutes). Note the range is very 
high with 934 minutes and provides an indication of statistical dispersion. This is also important when 
estimating the scatter of the data. Our 95% confidence interval is 347.2 to 374.7 minutes of sunshine per 
day so we can expect 2/3 of the observations to lie within the one standard deviation of the mean and 95% 
to lie within two standard deviations of the mean. 

 

 Figure 7-6: Distribution sunshine per day [in Minutes] 
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7.1.7 Distribution of Hourly Sum of Longwave Downward Radiation [J/cm2] 
The distribution of longwave downward radiation was measured in Joule per cm2 [J/cm2] over four years 
as hourly sum and resulted in 902 values in total. The reason for the lower amount of data is that there were 
a lot of missing values (MCAR = missing completely at random) due to failure in measurement by the 
public weather station. The histogram below shows that the distribution is roughly symmetrical about is the 
median of 2888.8 J/cm2 and has the frequency concentrated around the mean of 2838.1 J/cm2. The range is 
very high with 1551.0 J/cm2 and provides an indication of statistical dispersion. This is also important when 
estimating the scatter of the data. Our 95% confidence interval is 2819.7 J/cm2 - 2856.7 J/cm2 so we can 
expect 2/3 of the observations to lie within the one standard deviation of the mean and 95% to lie within 
two standard deviations of the mean. 

 

Figure 7-7: Distribution of hourly sum of longwave downward radiation [in J/cm2]  
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7.1.8 Distribution of Hourly Sum of Diffuse Solar Radiation [J/cm2] 
The distribution of diffuse solar radiation was measured over four years as hourly sum in Joule per cm2 
[J/cm2] and resulted in 968 values in total. Diffuse radiation is received at the surface from the sky vault 
after scattering and inter-reflection within the atmosphere including reflection from clouds. The distribution 
is not symmetrical. The median is 746.0 J/cm2 and the mean is 699.1 J/cm2, both values are not close to 
each other. The range is very high with 1364.0 J/cm2 and provides an indication of statistical dispersion. 
This is also important when estimating the scatter of the data. Our 95% confidence interval is 680.0 J/cm2 
- 718.3 J/cm2.  

 

Figure 7-8: Distribution of hourly sum of diffuse solar radiation [in J/cm2]  
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7.1.9 Distribution of Hourly Sum of Solar Incoming Radiation [J/cm2] 
The distribution of solar incoming radiation was measured over four years as hourly sum in Joule per cm2 
[J/cm2] and resulted in 968 values in total. The solar incoming radiation includes the direct and the diffuse 
part of the solar radiation with respect to the horizontal plane. The distribution is not symmetrical. The 
median is 1568.9 J/cm2 and the mean is 1439.4 J/cm2, so both values are not close to each other. Note the 
range as being the size of the smallest interval which contains all the data is very high with 3083.0 J/cm2 
and provides an indication of statistical dispersion. This is important when estimating the scatter of the data. 
Our 95% confidence interval is 1392.5 J/cm2 - 1486.2 J/cm2 so we can expect 2/3 of the observations to lie 
within the one standard deviation of the mean and 95% to lie within two standard deviations of the mean. 

 

 

Figure 7-9: Distribution of hourly sum of solar incoming radiation [in J/cm2] 
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7.2 Light Program 
A light program was conducted in two years. The first light program was implemented in the year 2014. 
The light program started in September 2014 and was carried out until April 2015. The second light program 
started in September 2015 and ended in April 2016. During the light program the light in the stable was 
kept on from sunset until 10:00pm and again switched on at 06:00am so that the mares had a maximum of 
eight hours of darkness per night. From the 968 available time points in the four years the study was 
conducted, 315 (33%) time points had a light program and 653 (64%) records did not have a light program. 
The figure 7-10 displays the data on the light program. 

 

Figure 7-10: Absolute frequency of data on light program in all four years 

Visualising the two years the light program was done in the respective months the following data was 
accessible as shown in figure 7-11. Here in sum 425 records were available of which 133 (31%) were 
without light program and 292 (69%) were with light program. 

 

Figure 7-11: Absolute frequency of data on light program in years of light program 
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During the day the mares had daylight according to the Deutscher Wetterdienst (DWD, 2019) the times of 
sunrise and sunset as shown in the table 7-2. 

Year 2014/2015 

Date Sunrise Sunset Length of Daylight 
in Hours 

1-Sep-14 6:15 AM 7:50 PM 13:34 
1-Oct-14 7:05 AM 6:40 PM 11:35 
1-Nov-14 6:59 AM 4:34 PM 9:34 
1-Dec-14 7:51 AM 3:54 PM 8:02 
1-Jan-15 8:14 AM 4:00 PM 7:46 
1-Feb-15 7:45 AM 4:49 PM 9:03 
1-Mar-15 6:51 AM 5:41 PM 10:49 
1-Apr-15 6:40 AM 7:36 PM 12:55 

 

Year 2015/2016 

Date Sunrise Sunset Length of Daylight  
in Hours 

1-Sep-15 6:15 AM 7:51 PM 13:35 
1-Oct-15 7:04 AM 6:41 PM 11:36 
1-Nov-15 6:59 AM 4:34 PM 9:35 
1-Dec-15 7:50 AM 3:54 PM 8:03 
1-Jan-16 8:14 AM 4:00 PM 7:46 
1-Feb-16 7:46 AM 4:48 PM 9:02 
1-Mar-16 6:50 AM 5:42 PM 10:52 
1-Apr-16 6:38 AM 7:37 PM 12:58 

 

Table 7-2: Sunrise and sunset in Bad Saarow in month with light program  

7.3 Description of Horse Mares and Stallions  

7.3.1 Mares 
All mares were healthy, regularly dewormed and vaccinated. All mares had a Body Condition Score (BCS) 
of five (5 = moderate) or six (6 = moderate fleshy) (Henneke et al., 1983). The mares were fed pellets 
according to their body weight/BCS. Also from a reproductive perspective all mares were healthy and fertile. 
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7.3.1.1 Age of Mares 
The mares were aged from two years to 23 years (median: 11 years) in the year 2013 when the study started. 
The age of all mares in the year 2013 is presented in the figure 7-12. 

 

Figure 7-12: Age of mares in the year 2013 

 

7.3.1.2 Breed of Horse Mares 
Five different breeds were represented by the mares as shown in the figure 7-13. 

 

Figure 7-13: Breed of mares 
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7.3.1.3 Husbandry and Exercise of Horse Mares 
The mares were kept in inside stables in Bad Saarow with a window to the outside and daily access (>6 
hours) to pasture or paddock for a couple of hours. They were fed hay ad libitum and concentrate feed 
according to their bodyweight. The bedding was straw and boxes were cleaned every day. 

 

Figure 7-14: Picture of stable mares where kept in 

 

Figure 7-15: Picture of stable mares where kept in 

7.3.2 Stallions 
All Stallions were healthy, regularly dewormed and vaccinated. Also from a reproductive perspective all 
mares were healthy. Not much information on the Stallions was available for this dissertation. Few of them 
were based in the Reproduction Center in Bad Saarow. 
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7.4 Reproductive Parameters 
Reproductive parameters analysed were the size of the dominant follicle and the structure of the 
uterus/uterine edema as characteristic parameters to specify fertility in horse mares. 

7.4.1 Dominant Follicle 
The data on the size of the dominant follicle is data numerical continuous data that can take any value 
within a range. The dominant follicle is shown as area of the length and the width of the follicle calculated 
with the formula: 

 

7.4.2 Structure of Uterus/Uterine Edema 
The data on the structure of the uterus/uterine edema is ordinal data which is a categorical, statistical data 
type where the variables have natural, ordered categories and the distances between the categories are not 
known. The ordinal scale is distinguished from the nominal scale by having a ranking. The ranking/scoring 
system is shown in the table 7-3. 

Grade of Structure of 
Uterus/Uterine Edema 

Assessment/Characterisation  
  

0 No edema is characterized and there is a homogenous echotexture as well 
as the presence of an active corpus luteum 

1 The difference in echotexture with grade 0 is evident but no individual 
folds are identifiable 

2 First sign of uterine edema in the mare; cervix visualized 
ultrasonographically as a fishbone appearance 

3 The uterine edema is identifiable and a cart wheel pattern is visible 
4 Maximal grade of uterine edema with a true cart wheel shape 

 

Table 7-3: Scoring system for structure of uterus/uterine edema 

 

Here data of every horse mare over a period of four years per biological phase was collected which resulted 
in four values per mare and cycle due to four biological phases.  

A histogram was used to look at the distribution as graphical methods are very useful for examining 
frequency distributions. For the dominant follicle area, a histogram was used to prove if the data is from a 
normal distribution. Summary statistics were calculated including mean, standard deviation, standard error 
and confidence interval as well as minimum and maximum value, the median and the range. For the 
structure of the uterus/uterine edema as this is ordinal data the scale was shown.  
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7.4.3 Distribution of Area of Dominant Follicle  
The distribution of the area of the dominant follicle was measured in square millimetre [mm2] over four 
years in all 19 mares and resulted in 968 values in total. The distribution is roughly symmetrical around the 
median of 1382.3mm2 and has the frequency concentrated around the mean of 1402.8mm2. The median is 
only 20.5mm² away from the mean. Note the range as being the size of the smallest interval which contains 
all the data is high with 1916.4mm2 and provides an indication of statistical dispersion. This is important 
when estimating the scatter of the data. Our 95% confidence interval is 1380.3mm² - 1425.4mm2. In order 
to lead to ovulation the dominant follicle should exceed a size from more than 40mm in diameter (Hinrichs, 
1998) which is an area of 1257.0mm2. If we compare this with the mean and the median we are slightly 
above this value. According to this 82% of data showed a sufficiently large enough follicle that leads to 
ovulation. 

 

Figure 7-16: Distribution dominant follicle area [mm2] 
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7.4.4 Distribution of Structure of Uterus/Uterine Edema  
The distribution of the structure of uterus/uterine edema was analysed by the number of frequency per 
structure as this is ordinal data. The figure 7-17 shows that nearly 92% of the data (960 = 108 + 500 + 352 
out of 968 = 91.7%) showed a good (2 to 4) structure of the uterus/uterine edema so presumably the mares 
could have gotten pregnant. 

 

Figure 7-17: Distribution of structure of uterus/uterine edema 

7.4.5 Distribution of other Reproductive Parameters  
Other reproductive parameters were the age of mares, the number of cycle per mare and the time point of 
artificial insemination. 
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7.4.6 Number of Cycles per Mare 
The cycles were numbered to monitor of the individual mare over the period of four years. It was not 
expected that the number of cycle had an effect on the pregnancy result. However, as it is part of the raw 
data it helped to get on overview of how often each mare was artificially inseminated over the four-year 
period. The mean is 38.7, but 77% (748 from 968) of the data include the first 13 cycles. The following 
figure 7-18 visualizes this data.  

 

Figure 7-18: Distribution of number of cycle 

7.4.7 Time Point of Artificial Insemination  
The mares were artificially inseminated at different time points. Three time points were used to artificially 
inseminate the mares as shown in the table 7-4. 

Time Points of Artificial Insemination before and after Ovulation 

>48 hours before Ovulation  

<48 hours before Ovulation 

<6 hours after Ovulation 

Table 7-4: Time points of artificial insemination  
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The distribution shows that nearly 80% (728) of the mares were artificially inseminated within <48 hours 
before ovulation. The figure 7-19 shows the distribution of time points. 

 

Figure 7-19: Distribution of time point of artificial insemination (AI)  

7.4.8 Method of Confirmation of Pregnancy Result 
Pregnancy was confirmed via sonography or the mares were flushed around day seven. In case the mares 
should not have a foal pregnancy was terminated with Prostaglandin after sonography. The distribution of 
the method used to confirm pregnancy was analysed by the number of frequency, as this is ordinal data. 
The figure shows that in 65% of cases sonography was used to confirm pregnancy. Note, that two foals 
were born and in all other mares, the pregnancy was terminated after sonography. Mares were flushed in 
only 35% of cases.  

 

 

Figure 7-20: Method of confirmation of pregnancy 
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7.5 Effect of Weather Parameters on Pregnancy Result 
Regarding the possible effect of the weather parameters on the pregnancy result each weather parameter 
was put in relationship to the pregnancy result in every biological phase.  

7.5.1 Temperature and Humidity shown as THI 
It was analysed if the THI had an effect in the various biological phases of the mare. 968 measurements 
were divided in classes of ten resulting in five groups in order to classify appropriately based on descriptive 
statistics. As shown above the values are concentrated around the median of 57.7 and have the frequency 
concentrated around the mean of 56.6. This resulted in the middle class from 50 to 60 and then the other 
classes were set up around those values on in order incorporate minimum and maximum values.  

Classes of THI 
1 30-40 
2 40-50 
3 50-60 
4 60-70 
5 70-80 

Table 7-5: Classes of THI 

  



 

Material and Methods 59 
 

Every biological phase was analysed. The figure 7-21 shows the grouping of the THI in the different 
biological phases. In follicular maturation the pregnancy rate was higher if the THI was between 30 and 60 
as here more than 50% achieved pregnancies were presented. A THI greater than 60 showed a pregnancy 
rate of 55% negative. With a THI greater than 70 the results were 69% negative. In ovulation the pregnancy 
rate was 71% with a THI between 30 and 40 as well as equal results of pregnancy or no pregnancy (50% 
negative and 50% positive) with a THI between 40 and 50. Furthermore, if the THI was greater than 50 
then the pregnancy rate was only 47% and even in the class 70 - 80 it was only a pregnancy rate of 37%. 
The oviductal phase was very similar to the follicular maturation were lower THIs (THI smaller than 50) 
show a positive pregnancy result (THI greater than 50%) and in the higher range (THI between 60 and 80) 
the pregnancy result was only 43% positive. The uterine phase was very similar to the ovulation: With a 
THI greater than 60 in more than 50% of the data no pregnancy was achieved. A THI greater than 60 shows 
45% positive results and in the class with a THI higher than 70 to 80 the pregnancy rate was only 17%. 
According to this data in some classes a linear relationship and correlation could be possible anticipating 
that a THI greater than 60 did not lead to pregnancy. The statistical analysis therefore analysed the effect 
of classified THIs and the pregnancy result in every biological class.  

 

Figure 7-21: THI per biological phase and pregnancy result 
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7.5.2 Air Pressure 
It was analysed if air pressure had an effect in the various biological phases of the mare. 968 measurements 
were divided in classes of 5 hPa according to descriptive statistics. The median was 1015.3 hPa and the 
mean was 1015.5 hPa which resulted in the middle class. In order to capture minimum and maximum values 
the other groups were set up around this middle class as shown in the table 7-6.  

Classes of Air Pressure in hPa 
1 1000 – 1005 
2 1005 – 1010 
3 1010 – 1015 
4 1015 – 1020 
5 1020 – 1025 

Table 7-6: Classes of air pressure [in hPa] 

The figure 7-22 shows the grouping of the air pressure in the different phases. In follicular maturation in 
the classes from 1000 hPa to 1015 hPa around 50% of cases did not result in pregnancy. In the classes from 
1015 hPa to 1020 hPa the data shows that 50% of cases did result in pregnancy and an air pressure greater 
than 1020 hPa to 1025 hPa did not result in pregnancy in 50% of the cases. In ovulation in the classes from 
1000 hPa to 1005 hPa in more than 50% no pregnancy was achieved; same in the higher classes 1015 hPa 
to 1025 hPa 58%. In the classes from 1010 hPa to from of 1015 hPa the results showed a pregnancy in more 
than 55% of cases. In the oviductal phase in three of the classes (1000 hPa to1005 hPa, 1010 hPa to 1015 
hPa and 1020 hPa to1025 hPa) there was no difference in the results (50% positive, 50% negative). In the 
class 1005 hPa to 1010 hPa nearly 60% pregnancies were achieved and in the classes from of 1015 hPa to 
1020 hPa in 56% of cases no pregnancy was realized. In the class higher than 1020 hPa no real difference 
can be seen. However, the differences are small and no linear relationship or correlation could be identified 
here from this data. 

 
 

Figure 7-22: Air pressure [in hPa] per biological phase and pregnancy result 
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7.5.3 Minutes of Sunshine per Day 
It was analysed if the amount of minutes of sunshine per day had an effect in the various biological phases 
of the mare. Sunshine was measured daily from 3am to 8pm. 967 measurements were divided in classes by 
250 minutes. The median of 375.7 minutes of sunshine per day and has the frequency concentrated around 
the mean of 361.0 minutes of sunshine per day. The median was 14.7 minutes away from the mean. In order 
to group the data based on the descriptive statistics the following was considered: First group lay in the 
lower range, the second group around the median and the third group at the higher end while there was an 
extreme group with more than 12.5 hours of sunshine per day. The figure 7-7 shows the classes of minutes 
of sunshine per day.  

Classes of Minutes of Sunshine per Day 
1 0 – 250 
2 250 – 500 
3 500 – 750 
4 750 – 1000 

Table 7-7: Classes of minutes of sunshine per day  
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In follicular maturation in almost all classes (0 to 750 minutes of sunshine per day) the results were equal: 
In around 50% of cases pregnancy was achieved and 50% did not get pregnant. Just in the class 750 to 1000 
minutes of sunshine per day 67% of cases show a negative result. In ovulation the results showed a positive 
pregnancy result 59% in the class 0 to 250 minutes of sunshine per day but a negative pregnancy result of 
58% in the class 250 to 500 minutes of sunshine per day. In the class with 500 to 750 minutes of sunshine 
per day the pregnancy rate was 52% positive. Again in the highest class of more than 750 to 1000 minutes 
of sunshine per day 64% of cases did not achieve pregnancy. In the oviductal phase the results in the classes 
did show differences: In the class from 0 to 250 minutes of sunshine per day 63% of cases were positive, 
in the classes 250 to 500 minutes of sunshine per day only 43% of cases were positive and in the class 500 
to 750 minutes of sunshine per day only 31% of cases were positive. In the class from 750 to 1000 minutes 
of sunshine per day were 67% of the cases were positive. In the uterine phase the data was ~50% positive 
and ~50% negative in all classes from 0 to 750 minutes of sunshine per day, but in the class from 750 to 
1000 minutes of sunshine per day no single pregnancy was achieved – however, only two cases fell into 
this class so the number is small. Nevertheless, the differences are small and no linear relationship or 
correlation can be seen here from this data. 

 

Figure 7-23: Sunshine per day [in minutes] measured from 3am to 8pm per biological phase and pregnancy 
result 

The raw data showed that there were 40 days without any sunshine and in sum 311 values in the class from 
0 to 250 minutes of sunshine per day so this data was grouped in classes as the table 7-8 shows. 

Classes of Minutes of Sunshine per Day (0 to 250 Minutes) 
1 0 – 60 
2 60 – 120 
3 120 – 180 
4 180 – 250 

Table 7-8: Classes of minutes of sunshine per day (0 to 250 minutes) 



 

Material and Methods 63 
 

The data shows that in follicular maturation the results were equal (~50% positive and ~50% negative) in 
most of the classes. In the class 120 to 180 minutes of sunshine per day there were 63% pregnancies 
achieved. In ovulation in the classes 0 to 60 minutes of sunshine per day and in the class 120 to 180 minutes 
of sunshine per day the results were equal (~50% positive and ~50% negative). In the class 60 to 120 
minutes per day however 83% of cases were positive and in the class 180 to 250 minutes of sunshine per 
day 67% of cases were positive. The data shows that in the oviductal phase the results were more than 54% 
positive in all of the classes. In the classes 60 to 250 minutes even more than 62% of cases were positive. 
In the uterine phase in the class 0 to 60 minutes of sunshine per day 54% were negative and were equal 
(50% positive and 50% negative) in the classes 60 to 120 minutes of sunshine per day. Just in the class 120 
to 180 minutes of sunshine per day there were 55% pregnancies achieved while in the class of 180 to 250 
minutes per day 67% of cases were negative. However, the differences are small. And, as the light program 
was done in two winters (2014/2015 and 2015/2016) data of the sunlight could have been masked by the 
artificial light in the stable resulting in a more positive effect. The statistical analysis therefore investigated 
in a correlation between sunlight and light program and the effect on the pregnancy result. 

 

Figure 7-24: Sunshine per day [in minutes] measured from 3am to 8pm per biological phase and pregnancy 
result 

7.5.4 Longwave Downward Radiation 
The measurements of longwave downward radiation resulted in 902 values in total which are reported in 
Joule per cm2 [J/cm2]. The reason for the lower amount of data was that there were a lot of missing values 
(MCAR = missing completely at random) due to failure in measurement from the public weather station. 
The table 7-9 shows the grouping of longwave downward radiation in the different phases which are based 
on the descriptive statistics. The distribution is roughly symmetrical about is the median of 2888.8 J/cm2 
and has the frequency concentrated around the mean of 2838.2 J/cm2. The minimum value of 1963.0 J/cm2 
and the maximum value of 3514.0 J/cm2 were taken as the lower and upper level of the classes which then 
resulted in the classes as shown in the table 7-9  



 

Material and Methods 64 
 

Classes of Longwave Downward Radiation in J/cm2 
1 1900 – 2500 
2 2500 – 3000 
3 3000 – 3500 

Table 7-9: Classes of longwave downward radiation in J/cm2 

In follicular maturation the results in the lowest class from 1900 J/cm2 to 2500 J/cm2 show that 70% of the 
data was positive, so a pregnancy was achieved. The middle class from 2500 J/cm2 to 3000 J/cm2 shows 
equal results (~50% positive and ~50% negative). In the class 3000 J/cm2 to 3500 J/cm2 there were only 
35% of the results positive. In ovulation in the class 1900 J/cm2 to 2500 J/cm2 the pregnancy rate was 64% 
and in the class 2500 to 3000 the results regarding the pregnancy rate were equal (50% positive and 50% 
negative). In the class 3000 J/cm2 to 3500 J/cm2 there were only 42% pregnancies archived. Two results 
were measured outside of the classes showing a longwave downward radiation >3500 J/cm2, but this was 
only two times the value 3514 J/cm2 and these outliers showed one positive and one negative result. They 
were taken therefore out of the grouping as outliers. In the oviductal phase the results showed 67% positive 
cases in the low class from 1900 J/cm2 to 2500 J/cm2 while the results were equal (~50% positive and ~50% 
negative) in the other classes from 3000 J/cm2 to 3500 J/cm2. Similar results were presented in the uterine 
phase were 65% of the results were positive in the low class from 1900 J/cm2 to 2500 J/cm2 and the results 
were equal (~50% positive and ~50% negative) in all of the classes. According to the data it could have 
been assumed that a higher longwave downward radiation (>2500 J/cm2) led to a lower pregnancy rate 
(negative results) in ovulation, oviductal phase and uterine phase. Higher longwave downward solar 
radiation (>3000 J/cm2) did not lead to pregnancy (negative result) in any biological phases. However, the 
differences are small and no linear relationship or correlation was identified from this data. 

 

Figure 7-25: Longwave downward radiation per biological phase and pregnancy result 
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7.5.5 Diffuse Solar Radiation 
Diffuse solar radiation is received at the surface from the sky vault after scattering and inter-reflection 
within the atmosphere including reflection from clouds. The measurements of diffuse solar radiation 
resulted in 968 values in total which are reported in Joule per cm2 [J/cm2]. The figure 7-10 shows the 
grouping of diffuse solar radiation based on descriptive statistics. Here the mean is 699.1 J/cm2 and the 
median is 746.0 J/cm2. The minimum value is 53 and the maximum value is 1417.0 J/cm2. Based on these 
values the classification of diffuse solar radiation resulted in the classes shown in table 7-10. 

Classes of Diffuse Solar Radiation in J/cm2 
1 0 – 500 
2 500 – 1000 
3 1000 – 1500 

Table 7-10: Classes of diffuse solar radiation [in J/cm2] 

In follicular maturation in the low class (0 J/cm2 to 500 J/cm2) 55% of the results were positive, whereas in 
the middle class (500 J/cm2 to 1000 J/cm2) 55% were negative. In the class 1000 J/cm2 to 1500 J/cm2 only 

41% of the results were positive. In ovulation in the lower class (0 J/cm2 to 500 J/cm2) 49% of the results 
were positive and in ovulation the middle class (500 J/cm2 to 1000 J/cm2) 44% were positive, while in the 
highest class (1000 J/cm2 to 1500 J/cm2) 60% of cases were positive. In the oviductal phase in the class 500 
J/cm2 to 1000 J/cm2 54% of the results were positive, though in the classes 500 J/cm2 to 1500 J/cm2 up to 
51% of the results were negative. In the uterine phase diffuse solar radiation between 500 J/cm2 to 1000 
J/cm2 59% resulted in pregnancy whereas in the other two classes up to 55% of the cases show a negative 
pregnancy result. Higher diffuse solar radiation (> 500 J/cm2) did not lead to pregnancy (negative result) in 
the biological phases follicular maturation, oviductal phase, and uterine phase. In the ovulation however 
60% pregnancies were achieved in the class from 1000 J/cm2 to 1500 J/cm2. However, the differences are 
small and no linear relationship or correlation could be seen here from this data. 

 

Figure 7-26: Diffuse solar radiation per biological phase and pregnancy result 
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7.5.6 Incoming Solar Radiation 
The solar incoming radiation includes the direct and the diffuse part of the solar radiation with respect to 
the horizontal plane. The measurements of incoming solar radiation resulted in 968 values in total which 
are reported in Joule per cm2 [J/cm2]. Due to the descriptive statistics which showed that the mean is 1439.4 
J/cm2 and the median 1568.9 J/cm2 with the minimum value of 54.0 J/cm2 and the maximum value of 3137.0 
J/cm2 the classes were set for solar incoming radiation as shown in table 7-11. 

Classes of Incoming Solar Radiation in J/cm2 
1 0 – 1000 
2 1000 – 2000 
3 2000 – 3000 
4 3000 – 4000 

Table 7-11: Classes of incoming solar radiation in J/cm2 
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In follicular maturation in the low class from 0 J/cm2 to 1000 J/cm2 56% of the results were positive whereas 
in the classes from 1000 J/cm2 to 3000 J/cm2 more than 50% of the results were negative. No data was 
available in the highest class (3000 J/cm2 – 4000 J/cm2

). In ovulation, the results were ~50% positive and 
~50% negative in the class 0 J/cm2 to 1000 J/cm2 and in the class from 1000 J/cm2 to 2000 J/cm2 56% of 
pregnancies were positive. In the class from 2000 J/cm2 to 3000 J/cm2 more than 50% of the data showed 
that no pregnancy was achieved. In the highest class from 3000 J/cm2 to 4000 J/cm2 86% of the results were 
negative; however, here only seven records from 968 were available so the number is small. In the oviductal 
phase in the lower class from 0 J/cm2 to 1000 J/cm2 in 58% of the cases pregnancy was achieved. In the 
class from 1000 J/cm2 to 2000 J/cm2 no difference was seen, the results were ~50% positive and ~50% 
negative. Class 2000 J/cm2 to 3000 J/cm2 showed a pregnancy rate of only 38%. No data was available in 
the highest class (3000 J/cm2 to 4000 J/cm2). In the uterine phase the data was slightly more than 50% 
positive results for the classes from 0 J/cm2 to 1000 J/cm2 and from 1000 J/cm2 to 2000 J/cm2. In the highest 
class from 2000 J/cm2 to 3000 J/cm2 60% of the cases did not result in pregnancy. No data was available 
in the highest class (3000 J/cm2 to 4000 J/cm2). Higher incoming solar radiation (1000 J/cm2) did not lead 
to pregnancy (negative result) in follicular maturation and oviductal phase. Higher incoming solar radiation 
(>2000 J/cm2) did not lead to pregnancy (negative result) in ovulation and uterine phase. However, the 
differences are small and no linear relationship was determined form this data. 

 

Figure 7-27: Incoming solar radiation in J/cm2 per biological phase and pregnancy result 
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7.6 Stratification of Pregnancy Result by Month  
Because all weather parameters relate to the season and month it was analysed how many pregnancies were 
achieved in which month. As the number of records and positive and negative pregnancies per biological 
phase was the same amount in all biological phases all data was analysed in once without considering the 
separate biological phases. Pregnancies started beginning of the year in January with the lowest frequency 
(28 records in total). The pregnancy rate this month was 57%. In February 40 records were available and 
90% of all cases resulted in pregnancy. In the month up to end of June the results were similar (~50% 
positive and 50% negative) with an increasing amount of records. The number of records had a peak in July 
(149 records) but the pregnancy rate here was only 41%. The number of pregnancies decreased again with 
another small peak in October (66 records but pregnancy rate only 45%). Overall 55.1% records were 
available in the first half of the year. On average more positive pregnancies were achieved (58.3%) at the 
beginning of the year compared to the second half of the year (41.6%). This does reflect the natural breeding 
rhythm of mare on the northern hemisphere.  

 

Figure 7-28: Stratification of pregnancy result by month 
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7.7 Stratification of Pregnancy Result by Light Program 
A light program was done in two winters (2014/2015 and 2015/2016). It was analysed if there was an effect 
of the light program on the pregnancy result considering only at the months September to April in all years, 
so data without and with light program were compared directly. The graphic 7-29 displays the pregnancy 
result and light program in every biological phase. Follicular maturation and ovulation show the same 
numbers in terms of frequency and results: With no light program the pregnancy rate was 59% and with 
light program the pregnancy rate was 53%. However, the number of records per phase with light program 
was higher (74 records) then without light program (41 records). The oviductal phase shows a pregnancy 
rate of 60% without light program and 51% with light program. And, the uterine phase show slightly 
different amount of frequencies compared to the oviductal phase. However, the pregnancy rates were 
similar to the other phases (61% pregnancy rate without light program and 51% with light program. On the 
first view, it can be noted that the pregnancy rates were lower for the data with light program. However, it 
is unclear if the light program really did not have a positive effect on the pregnancy result. The statistical 
analysis questioned this effect and a respective analysis was done. 

 

Figure 7-29: Stratification of pregnancy result by light program per biological phase 

In order to analyse the effect of the light program on the pregnancy result the month as such was analysed 
to determine how the light program influenced the month and the related minutes of sunshine per month. 
Only the month in which a light program took place were therefore compared (September to April in the 
years 2014/2015 and 2015/2016). In September, 14 records without light program and 28 without light 
program were available it was seen that in the period with light program 71% of the results were positive 
whereas in the period without light program only 43% were positive. In October, 14 records were available 
with light program and 52 without light program, the data showed that without light program 71% of the 
results were positive while in the period without light program only 38% were positive. So, the double 
amount of pregnancies also in terms of absolute frequency was achieved. In November, nine records were 
available without light program and 42 records with light program, the data showed that nine positive 
pregnancies (100% pregnancy rate) were achieved in the period without light program. In the period with 
light program 63% of the results were positive. This was more than the double amount of pregnancies 
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compared to the period without light program. In December, nine records were available without light 
program and 28 records with light program the data shows that nine pregnancies were achieved in the period 
without light program and no negative results (100%). In the period with light program 57% of pregnancies 
were positive. This was 43% more positive pregnancies then without light program. In January were four 
records were available without light program and 24 records with light program were available the data 
showed that 2/3 more pregnancies were achieved when the light program was in place. But also 50% of the 
results showed a negative result when using the light program. In February were 32 records were available 
without light program and eight records with light program the data showed that 88% of the cases were 
positive without light program. With light program 100% of the pregnancies were positive, but the absolute 
amount of pregnancies was much lower (28.6%) compared to the data when no light program was used. In 
March were 28 records were available in the period without light program and 54 records with light program 
it was recorded from the data that more than two times more pregnancies were achieved with a light 
program compared to no light program while the amount of no pregnancy was similar. In April were 59 
records were available without light program the number of positive pregnancies was 61% and the negative 
results 39%. With light program 64% of pregnancies could be achieved.  

 

Figure 7-30: Stratification of pregnancy result by light program per biological phase per month in absolute 
and relative frequency 
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7.8 Stratification of Pregnancy Result by Minutes of Sunshine per Day, Month and Light Program 
It could have been possible that minutes of sunshine, month and light program together had a stimulus on 
the pregnancy result because the light program was continued in the winter month mimicking summer in 
minutes of sunshine. Based on the descriptive statistics a scatterplot was done showing the minutes of 
sunshine per day which presented that most data existed in the range of 200 to 800 minutes of sunshine per 
day and fewer data from 0 to 200 minutes of sunshine per day as well as 800 to 1000 minutes of sunshine 
per day. New classes were categorized considering the number of records per range in particular on the 
frequency of records. The table 7-12 displays an overview of the classes. 

Classes of Minutes of Sunshine per Day based on 
Frequency of Records  
1 0 – 200 
2 200 – 300 
3 300 – 400 
4 400 – 500 
5 500 – 600 
6 600 – 700 
7 700 – 800 
8 800 – 1000 

Table 7-12: Classes of minutes of sunshine per day  

In order to better visualize where the highest amount of records lay and to define further statistics boxplots 
were created. The figure 7-31 shows the boxplots.  

 

Figure 7-31: Stratification of pregnancy result by light program and sunshine per day in minutes shown as 
boxplot  
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The data without a light program and a negative result on pregnancy showed that the range is zero to 930 
minutes of sunshine per day. The boxplot itself is from 310 to 590 minutes of sunshine per day with a 
median of 410 minutes of sunshine per day. The upper quartile is from 410 to 590 minutes of sunshine per 
day and lower quartile is from 320 to 410 minutes of sunshine per day. Without light program the data with 
a pregnancy archived shows that the range is from zero to 900 minutes of sunshine per day. The boxplot 
itself is from 250 to 540 minutes of sunshine per day showing the median at 405 minutes of sunshine per 
day. The upper quartile is from 405 to 540 minutes of sunshine per day and the lower quartile from 250 to 
405 minutes of sunshine per day. The data without light program and a positive pregnancy result show that 
the range zero to 780 minutes of sunshine per day. The boxplot is at 90 to 410 minutes of sunshine per day 
and the median at 250 minutes of sunshine per day. The upper quartile is from 250 to 410 minutes of 
sunshine per day and the lower quartile from 90 to 250 minutes of sunshine per day. With light program 
the data were a pregnancy was archived shows that the range is from zero to 800 minutes of sunshine per 
day with the boxplot located at 60 to 360 minutes of sunshine per day. The median is at 200 minutes of 
sunshine per day. The upper quartile is from 200 to 360 minutes of sunshine per day and the lower quartile 
is from 60 to 200 minutes of sunshine per day. It, therefore, looks as if with light program a lower amount 
of minutes of sunshine was needed to achieve pregnancy. 

Analysing the data per biological phase with a boxplot a difference could be seen in ovulation for the data 
with light program. The mean of the data for not achieving a pregnancy is at 25 minutes of sunshine per 
day and the mean for achieving pregnancy is at 100 minutes of sunshine per day. In all other biological 
phases no difference was visible as the figure 7-32 shows.  

 

Figure 7-32: Stratification of pregnancy result by light program and sunshine per day in minutes per 
biological phase shown as boxplot 
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7.9 Effect of Reproductive Parameters on Pregnancy Result 

7.9.1 Mares  
The data on mares is nominal. Nominal scales are used for labelling variables without any quantitative 
value. All of these scales are mutually exclusive so there is no overlap and none of them have any numerical 
significance. The graphic 7-33 shows the absolute of pregnancies per mare over the period of the four years 
the study was done. Most records exist on are 14 (100 records) and Mare 15 (100 records). However, the 
pregnancy result of Mare 14 was 52% positive pregnancies and 48% negative pregnancies. The result for 
Mare 15 (Age 3 years) was 76% pregnancy result. The second-largest amount of records exist on Mare 4 
(Age 18 years) (84 records and 57% positive results) and on Mare 5 (Age 9 years) (80 records and 55% 
positive results). 76 records exist on Mare 10 (Age 2 years) with 47% positive results. Highest rates in 
terms of achieving pregnancy independent from the number of pregnancies were Mare 1 (Age 16 years) 
with 77% and Mare 18 (Age 8 years) with 73%; Mare 2 (Age 13 years) has only one data point which was 
a no pregnancy. The worst result was achieved by Mare 19 (Age 4 years) with 17%. All other mares have 
pregnancy rates around 50%. 

 

Figure 7-33: Mare and pregnancy result  
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7.9.2 Dominant Follicle Area 
A certain size of the dominant follicle is required to artificially inseminate the mare and achieve pregnancy 
(Hinrichs, 1998). The measurements resulted in 968 records reported in square millimetre [mm2] of 
dominant follicle area. The descriptive statistics presented the median of 1382.3mm2 and the mean of 
1402.8mm2. The minimum value was 632.2mm2 and the maximum value was 2548.6mm2. The classes were 
based on those numbers and resulted in the classes shown in the table 7-13. 

 

 
 

 

 

Table 7-13: Classes of dominant follicle area in mm2  

  

Classes of Dominant Follicle Area in mm2 
1 0 – 1000 
2 1000 – 1500 
3 1500 – 2000 
4 2000 – 2600 
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In this data which included 968 records more than half of the data (519 records which are 54%) existed on 
the follicle size area of 1000mm2 to 1500mm2. The second-largest amount of data was available on the size 
1500mm2 to 2000mm2 (251 records which are 26%). When evaluating at the other two classes (0mm2 to 
1000mm2 and 2000mm2 to 3000mm2) limited amount of data was available (63 records which are 6.5%). 
In follicular maturation only 30% of cases resulted in pregnancy in the first class (0mm2 to 1000mm2). The 
middle classes from 1000mm2 to 1500mm2 and 1500mm2 to 2000mm2 showed very similar results: 55% 
and 66% respectively of the data showed a pregnancy. In the higher class from 2000mm2 to 2600mm2 56% 
of results were negative. In ovulation the data was similar to follicular maturation; 37% of cases result in 
pregnancy in the class 0mm2 to 1000mm2. The middle classes showed very similar regarding the result 
1000mm2 to 1500mm2 and 1500mm2 to 2000mm2 52% and 56% respectively of the data showed a 
pregnancy. In the higher class from 2000mm2 to 2600mm2 80% of results were negative. In the oviductal 
phase only 23% of cases resulted in pregnancy in the class from 0mm2 to 1000mm2. In all other classes in 
at least 52% (up to 56%) of the cases a pregnancy was achieved. In the uterine phase the results were similar 
with follicular maturation and ovulation; only 38% of cases resulted in pregnancy in the class 0mm2 to 
1000mm2. The middle classes were equal regarding the result 1000mm2 to 1500mm2 and 1500mm2 to 
2000mm2 both showed a pregnancy in 52% of the cases. In the higher class from 2000mm2 to 2600mm2 
56% of results were negative. In summary, the data shows that pregnancy rates were highest with a 
dominant follicle size area of 1000mm2 to 2000mm2 due to highest pregnancy rates and largest amount of 
data available.  

 

 

Figure 7-34: Size of dominant follicle (DF) area in mm2 on pregnancy result per biological phase 
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7.9.3 Structure of Uterus/Uterine Edema  
A certain structure of the uterus/uterine edema is required in which the mare is inseminated. In this data 
which included 968 records, the classes were defined on basis of the ordinal data which were described in 
the first part of this dissertation. Here it can be noted that most data existed on uterus structure classified as 
3 (48.3%) and 4 (36.3%) – this applies for all phases. In follicular maturation a clear effect for a pregnancy 
result could be seen for uterus structure 3: 99% of the data showed a pregnancy. In the other classes no big 
differences could be identified (~50% positive and ~50% negative). In ovulation there was a clear effect 
for a lower pregnancy rate (70% of results negative) with the uterus structure 2. With the uterus structure 
being 3 the results for pregnancy was low (45%) and with the uterus structure being 4 the pregnancy rate 
was 62%. In the oviductal phase 85% of the cases show a negative result with a uterus structure of 2. 52% 
of the results were negative with a uterus structure of 3 and 63% pregnancies were achieved with a uterus 
structure of 4. In the uterine phase in class 2 only 38% pregnancies were achieved. In the other classes the 
results were ~50% positive and ~50% negative. In summary pregnancy rates were highest with a structure 
of uterus/uterine edema of 2 to 4.  

 

Figure 7-35: Structure of uterus on pregnancy result per biological phase 
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7.9.4 Time Point of Artificial Insemination  
A certain time point is required in which the mare is artificially inseminated. In this data which included 
968 records, the classes were defined on basis of the ordinal data which was already described in the first 
part of this dissertation. Here it can be noted that most data existed on <48 which was artificial insemination 
less than 48 hours before ovulation (76%); here 56% pregnancies could be achieved. Within artificial 
insemination at >48 hours before ovulation the pregnancy rate was 36% (respectively 33% in follicular 
maturation). In the phase of artificial insemination at <6 hours after ovulation the pregnancy rate was 17%. 
In summary highest pregnancy rate was achieved with the artificial insemination within <48 hours before 
ovulation. 

 

Figure 7-36: Time point of artificial insemination (AI) and pregnancy result per biological phase 

  



 

Material and Methods 78 
 

7.9.5 Stallions 
The data on stallion is nominal without quantitative values and mutually exclusive. 26 stallions were used 
for insemination of the 19 mares over a period of four years.  

The figure 7-37 shows the different stallions and the effect on the pregnancy result in the horse mare.  

 

Figure 7-37: Stallions and pregnancy result shown in a logarithmic scale 

The data presented that only a couple of stallions were used. Stallion 14 was used in 43% of artificial 
inseminations, Stallion 22 in 15% of artificial inseminations, Stallion 21 in 12% and Stallion 24 in 10% of 
artificial inseminations. Four stallions were used in 79% of artificial inseminations. Stallion 21 had a high 
amount of negative results (76% negative). Stallion 14 showed a high amount of positive pregnancy results 
(57% positive). In all other stallions, no marked difference in the pregnancy result could be identified.  

 

Figure 7-38: Four most used (79%) stallions and pregnancy result 
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7.10 Summary of Descriptive Statistics and Decision on Statistical Methods 
Analysing the data there was continuous, ordinal and nominal data accessible. According to the descriptive 
statistics the data appeared to influence each other in various ways and there seemed to be an effect of 
weather on the pregnancy result dependent on various reproductive parameters.  

The core assumptions and hypotheses based on the descriptive analyses are shown in the table 7-14. These 
were further investigated in the statistical analysis.  

Parameter Hypothesis 
Temperature and 
Humidity were 
shown as THI 

• A THI (>60) in any biological phase does not lead to pregnancy (negative 
result) 

• A linear relationship could be possible  
Air Pressure • Pregnancy rates are lower at higher air pressure  (>1020 hPa) 

• No linear relationship does exist  
Minutes of 
Sunshine per Day 
 

• There is no effect of minutes of sunshine per day on the pregnancy result 
• No linear relationship does exist 
• Sunlight and light program interact and effect the pregnancy result 
• A lower amount of minutes of sunshine is needed to achieve pregnancy if 

horses are exposed to a light program 
Longwave 
Downward 
Radiation 

• Longwave downward radiation (>2500J/cm2) does not lead to pregnancy 
(negative result) in ovulation, oviductal phase, and uterine phase 

• Higher longwave downward radiation (>3000J/cm2) does not lead to 
pregnancy (negative result) in all biological phases 

• No linear relationship does exist 
Diffuse Solar 
Radiation 

• Diffuse solar radiation (>500J/cm2) does not lead to pregnancy (negative 
result) in follicular maturation, oviductal phase, and uterine phase  

• No linear relationship does exist 
Incoming Solar 
Radiation 

• Incoming solar radiation (>1000J/cm2) does not lead to pregnancy 
(negative result) in follicular maturation and oviductal phase  

• Incoming solar radiation (>2000J/cm2) does not lead to pregnancy 
(negative result) in ovulation and uterine phase  

• No linear relationship does exist 
Light Program • The pregnancy rates were lower for the data with light program 

• With light program a lower amount of minutes of sunshine is needed to 
achieve pregnancy; an interaction does exist between minutes of sunshine 
per day and light program 

• No linear relationship does exist 
Month • Overall 55.1% records were available in the first half of the year and 44.9% 

on the second half of the year 
• At the beginning of the year, more pregnancies were achieved (58.3%) 

compared to the second half of the year (41.6%) 
Dominant Follicle 
Area 

• Pregnancy rates were highest with a dominant follicle size area of 
1000mm2 to 2000mm2 
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Parameter Hypothesis 
Structure of 
Uterus/Uterine 
Edema 

• The structure of the uterus/uterine edema being 2 to 4 increases pregnancy 
rates 

Time Point of 
Artificial 
Insemination 
before and after 
ovulation 

• In summary, the highest pregnancy rate is achieved with artificial 
insemination within 48 hours before ovulation as well as 6 hours after 
ovulation 

Mare • There is an effect on pregnancy result according to which mare is used 
Stallion • There is an effect on pregnancy result according to which stallion is used 

 

Table 7-14: Core statements and hypotheses derived from descriptive statistics  
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8 Statistical Methods  
The previously mentioned data was analysed with a generalized linear mixed model, in detail a logistic 
regression with a binary outcome which was the pregnancy result (positive or negative) as the dependent 
variable. Unbalanced data (more observations from one horse than another) and repeated data (several 
observations per horse) were accounted for in the logistic regression. The hypotheses summarized in the 
table at the end of the descriptive part built the basis of the logistic regression. For the statistical analysis 
SAS 9.4 was used, in particular the GLIMMIX procedure as it enables to specify a generalized linear mixed 
model and to perform confirmatory inference in such models. The influence of each weather parameter 
(temperature, humidity, Temperature-Humidity Index (THI), air pressure, longwave downward radiation, 
diffuse solar radiation, solar incoming radiation and minutes of sunshine per day) and each reproduction-
related parameter (size of the dominant follicle and the structure of the uterus/uterine edema) was analysed 
separately for every biological phase of the mare (i.e. the influence of average temperature during follicular 
maturation on pregnancy result, the influence of average temperature during ovulation on pregnancy result, 
the influence of average temperature during oviductal phase on pregnancy result, the influence of average 
temperature during uterine phase on pregnancy result and same analysis for every weather parameter stated 
above). In addition, the weather and reproductive parameters over all phases were analysed, if no difference 
was identified between the biological phases in the descriptive statistics.  

These analyses are based on the model. 

 

 

With: 

y = pregnancy result 1/0 

r = one/several reproductive parameter  

w = one/several weather parameters 

j = year (2013, 2014, 2015, 2016) 

m*s = effect of the individual combination of mare and stallion  

e = random error 

All analysis and models are described in detail in the chapters 2.1 and 2.2. 

8.1 Logistic Regression with Random Effects – Linear (Glimmix in SAS 9.4) – Analysis 1 to3 
Due to the results from the descriptive statistics, three analyses were done in SAS 9.4 to show if a linear 
relationship existed between the parameters using the proc Glimmix in SAS 9.4. 

Model: y = r + w + j + m*s+ e 
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Table 8-1: All parameters (weather and reproductive) per biological phase 

2. All Parameters (Weather and Reproductive) per Biological Phase and Year 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameters: Temperature-Humidity Index (THI), Air 

Pressure, Minutes of Sunshine per Day, Longwave Downward 
Radiation, Diffuse Solar Radiation, Solar Incoming Radiation  

2. Reproductive Parameters: Time Point of Artificial Insemination, 
Dominant Follicle Area, Uterus Structure/Uterine Edema  

3. Year 
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

Table 8-2: All parameters (weather and reproductive) per biological phase and year 

3. All Parameters (Weather and Reproductive) 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameters: Temperature-Humidity Index (THI), Air 

Pressure, Minutes of Sunshine per Day, Longwave Downward 
Radiation, Diffuse Solar Radiation, Solar Incoming Radiation  

2. Reproductive Parameters: Time Point of Artificial Insemination, 
Dominant Follicle Area, Uterus Structure/Uterine Edema 

Random Effects Mare and Stallion 
Biological Phase All Biological Phases in one analysis 

Table 8-3: All Parameters (weather and reproductive) 

1. All Parameters (Weather and Reproductive) per Biological Phase 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 
 
 
 

1. Weather Parameters: 
Temperature-Humidity Index (THI), Air Pressure, Minutes of 
Sunshine per Day, Longwave Downward Radiation, Diffuse Solar 
Radiation, Solar Incoming Radiation  

2. Reproductive Parameters: Time Point of Artificial Insemination, 
Dominant Follicle Area, Uterus Structure/Uterine Edema  

Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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8.2 Generalized linear mixed model with Random Effects with Weather Parameters subdivided 
into Classes (Glimmix in SAS 9.4) -Analysis 4  

The weather parameters were subdivided into classes according to the results from the descriptive statistics 
and it was analysed if a correlation existed in a certain class of the parameters. The time point of artificial 
insemination was kept in the analysis. Correspondingly, the random effect of the individual combination of 
mare and stallion was kept in the analysis.  

In this analysis (4a to 4g) seven statistical analyses were done investigating every single weather parameter 
in a separate analysis. The single weather parameters are summarized in the table 8-4. 

Weather Parameter Classes 
a. THI 
Divided into the same classes as done in the 
descriptive analysis. 

1. 30 - 40 
2. 40 - 50 
3. 50 - 60 
4. 60 - 70 
5. 70 – 80 

b. Air Pressure (in hPa) 
Divided into the same classes as done in the 
descriptive statistics. 

1. 1000 - 1005 
2. 1005 - 1010 
3. 1010 - 1015 
4. 1015 - 1020 
5. 1020 – 1025 

c. Sunshine (0 - 1000 Minutes per Day) 
Divided into the same classes as done in the 
descriptive statistics and letters were dedicated to 
every class. Classes are A to D available. 

A = 0 - 250 Minutes  
B = 250 - 500 Minutes  
C = 500 - 750 Minutes   
D = 750 - 1000 Minutes 

d. Sunshine (0 - 250 Minutes per Day) 
Divided into smaller classes and letters were 
dedicated to every class. The classes A to D are 
available. 

A = 0 - 60 Minutes  
B = 60 - 120 Minutes  
C = 120 - 180 Minutes    
D = 180 - 250 Minutes 

e. Longwave Downward Radiation [in J/m2] 
Divided into the same classes as done in the 
descriptive statistics.  

A = 0 - 1500 J/m2 
B =1500 - 2000 J/m2 
C.= 2000 -  2500 J/m2 

D. = 2500 -  3000 J/m2 

E. = 3000 -  3500 J/m2 

f. Diffuse Solar Radiation [in J/m2] 
Divided into the same classes as done in the 
descriptive analysis and letters were dedicated to 
every class. Classes A to C are available. 

A = 0 - 500 J/m2  
B = 500 - 1000 J/m2  
C = 1000 - 1500 J/m2 

g. Solar Incoming Radiation [in J/m2] 
Divided into the same classes as done in the 
descriptive analysis and letters were dedicated to 
every class. Classes A to D are available. 

A = 0 - 1000 J/m2  
B = 1000 - 2000 J/m2  
C = 2000 - 3000 J/m2 
D = 3000 - 4000 J/m2 

Table 8-4: Analysis of logistic regression with random effects with weather parameters sub-divided in 
classes  
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In the different analyses with one single weather parameter furthermore, all reproductive parameters (time 
point of artificial insemination, dominant follicle area, uterus structure/uterine edema in the analysis per 
biological phase) were kept in the analysis. This led to the analysis as shown in the table 8-5 . 

Table 8-5: Seven statistical analysis investigating every weather parameter and reproductive parameters 
in a separate analyses as shown in the previous table per biological phase 

8.3 Influence of Light Program and Minutes of Sunshine per Day on Pregnancy Result via the 
Logistic Regression with Random Effects with Weather Parameters subdivided into Classes 
(Glimmix in SAS 9.4) – Analysis 5  

As shown in the descriptive statistics, it might have been possible that sunshine and light program together 
had an influence on the pregnancy result, because the light program was continued in the winter month 
mimicking summer in minutes of sunshine per day. In order to further analyse the effect of the light program 
and identify a possible interaction to minutes of sunshine per day the data was separated in this analysis 
(number 5a to 5j) investigating the data for which no a light program was implemented and secondly taking 
only the data collected from times when a light program was done. In addition, the different classes of 
sunshine regarding the number of minutes of sunshine per day were analysed. The time point of artificial 
insemination was kept in the analysis. Correspondingly, the random effect of the individual combination of 
mare and stallion was kept in the analysis. Ten analyses were done assessing all biological phases together 
as well as the individual biological phases. The classes of sunshine minutes per day (0 - 250 sunshine of 
minutes per day and 0 - 1000 minutes of sunshine per day) were analysed. Furthermore, two analyses were 
done using the classes according to the frequency of records per class, again without and with light program. 
The tables 8-6 to 8-15 give an overview of the analyses and which independent variables were used. 

4. Seven Statistical Analysis investigating every Weather Parameter and Reproductive Parameters 
in a separate Analyses as shown in the previous table per Biological Phase 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Single Weather Parameter  

a. Temperature-Humidity Index (THI) 
b. Air Pressure 
c. Minutes of Sunshine per Day with Classes (0-1000 Minutes 

of Sunshine per Day) 
d. Minutes of Sunshine per Day with Classes (250-1000 

Minutes of Sunshine per Day) 
e. Longwave Downward Radiation 
f. Diffuse Solar Radiation 
g. Solar Incoming Radiation  

2. Reproductive Parameters all included in every analysis: 
Time Point of Artificial Insemination, Dominant Follicle Area, 
Uterus Structure/Uterine Edema  

Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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a. Only Data without Light Program in all Biological Phases  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = No  

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed including all Biological Phases  

Table 8-6: Only data without light program all biological phases 

b. Only Data without Light Program per Biological Phase 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = No  

2. Reproductive Parameter: Time of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

Table 8-7: Only data without light program per biological phase 

Table 8-8: Only data without light program all biological phases in classes of minutes of sunshine per day 
(0-250 minutes) 

 

c. Only Data without Light Program per Biological Phase in Classes of Minutes of Sunshine per 
day (0-250 Minutes) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables  1. Weather Parameter:  

a.    Sunshine in Minutes per Day 
b.    Light Program = No  

2. Reproductive Parameter: Time Point of Artificial Insemination 
Random Effects Non (as data did not converge when leaving the random effect in the 

analysis) 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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Table 8-9: Only data without light program all biological phases in classes of minutes of sunshine per day 
(250 - 1000 minutes) 

Table 8-10: Only data with light program in all biological phases in classes of sunshine of minutes per day 
based on the frequency of records (0 - 1000 minutes of sunshine per day) 

f. Only Data with Light Program in all Biological Phases  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed including all Biological Phases  

Table 8-11: Only data with light program all biological phases  

d. Only Data without Light Program per Biological Phase in Classes of Minutes of Sunshine per 
day (250 – 1000 Minutes) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = No 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

e. Only data with Light Program per Biological Phases in Classes of Sunshine of Minutes per Day 
based on the frequency of records (0 - 1000 Minutes) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day  
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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g. Only Data with Light Program per Biological Phase  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

Table 8-12: Only data with light program per biological phase 

 

Table 8-13: Only data with light program all biological phases in classes of minutes of sunshine per day 
(0 – 250 minutes) 

  

h. Only Data with Light Program per Biological Phase in Classes of Minutes of Sunshine per Day 
(0 – 250 Minutes) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day  
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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Table 8-14: Only data with light program all biological phases in classes of minutes of sunshine per day 
(250 - 1000 minutes) 

Table 8-15: Only data with light program in all biological phases in classes of minutes of sunshine per day 
based on frequency of records (0 - 1000 minutes) 

  

i. Only Data with Light Program per Biological Phase in Classes of Minutes of Sunshine per Day 
(250 - 1000 Minutes)  

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1.   Weather Parameter:  

a. Sunshine in Minutes per Day 
b. Light Program = Yes 

2. Reproductive Parameter: Time of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase (without random effect as data did not converge) 

j. Only Data With Light Program per Biological Phase in Classes of Minutes of Sunshine per Day 
based on Frequency of Records (0 - 1000 Minutes) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Sunshine in Minutes per Day  
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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8.4 Influence of Light Program and Longwave Downward Radiation on Pregnancy Result via the 
Logistic Regression with Random Effects with Weather Parameters subdivided into Classes 
(Glimmix in SAS 9.4) – Analysis 6 

As the analysis 4e showed a significant effect in longwave downward radiation in follicular maturation 
(p=0.0146), it will, therefore, be further analysed (in analysis 6a to 6f) if there was also an interaction with 
the light program and if both together had an influence on the pregnancy result. The data was separated in 
these analyses investigating the data where no light program was done and secondly taking only the data 
where a light program was done. In addition, the different classes of longwave downward radiation were 
analysed. The time point of artificial insemination was kept in the analysis. Correspondingly, the random 
effect of the individual combination of mare and stallion was kept in the analysis. Ten analyses were done 
assessing all biological phases together as well as the individual biological phase. The three classes of 
longwave downward radiation were analysed (1500 - 3500 J/m2). The tables 8-16 to 8-21 give an overview 
on the analyses and which independent variables were used. 

a. Only Data without Light Program all Biological Phases  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Longwave Downward Radiation 
b. Light Program = No  

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed including all Biological Phases  

Table 8-16: Only data without light program all biological phases 

b. Only Data without Light Program per Biological Phase 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Longwave Downward Radiation 
b. Light Program = No  

2. Reproductive Parameter: Time of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

Table 8-17: Only data without light program per biological phase 
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Table 8-18: Only data without light program in all biological phases in classes of longwave downward 
radiation were analysed (1500 - 3500 J/m2 

d. Only Data with Light Program in all Biological Phases  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables b. Weather Parameter:  

a. Longwave Downward Radiation  
b. Light Program = Yes 

c. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed including all Biological Phases  

Table 8-19: Only data with light program all biological phases 

e. Only Data with Light Program per Biological Phase  
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Longwave Downward Radiation  
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

Table 8-20: Only data with light program per biological phase 

c. Only data without Light Program per Biological Phase in Classes of Longwave Downward 
Radiation (1500 - 3500 J/m2) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Longwave Downward Radiation  
b. Light program = No 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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Table 8-21: Only data with light program all biological phases in classes of longwave downward radiation 
(1500 - 3500 J/m2) 

8.5 Influence of Weather Parameters around Artificial Insemination via the Logistic Regression 
with Random Effects (Glimmix in SAS 9.4) – Analysis 7  

Because literature reported a high influence of temperature and Temperature-Humidity-Index (THI) on the 
days around artificial insemination (AI) on fertility, it was analysed if there was any effect detectable in the 
present data. In this analysis the data five days prior and 5 days after ovulation will be analysed. The time 
point of artificial insemination was kept in the analysis. Correspondingly, the random effect of the 
individual combination of mare and stallion was kept in the analysis.  

Table 8-22: Analysis on influence of weather parameters around AI  

f. Only Data with Light Program per Biological Phase in Classes of Longwave Downward 
Radiation (1500 - 3500 J/m2) 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter:  

a. Longwave Downward Radiation  
b. Light Program = Yes 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Biological Phase  

• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 

7. Analysis on Influence of Weather Parameters around Artificial Insemination 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter: Maximum Temperature, Average Temperature, THI 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Time Point of Artificial Insemination  

• 5 days pre AI 
• 5 days post AI 
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8.6 Influence of Weather Parameters around Artificial Insemination via the Logistic Regression 
with Random Effects subdivided in Classes (Glimmix in SAS 9.4) – Analysis 8  

In addition, the different classes of maximum temperature, average temperature and Temperature-Humidity 
Index (THI) were analysed. The time point of artificial insemination was kept in the analysis. 
Correspondingly, the random effect of the individual combination of mare and stallion was kept in the 
analysis.  

For maximum temperature, the classes were divided in steps of five degrees Celsius [°C] starting at -10 °C 
up to 40 °C. For average temperature, it was done equally with the highest class of 35 °C. For THI the same 
classes as shown in the descriptive part were used. 

Table 8-23: Analysis on influence of weather parameters around Artificial Insemination divided in classes 

  

8. Analysis on Influence of Weather Parameters around Artificial Insemination divided in Classes 
Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 1. Weather Parameter: Maximum Temperature, Average Temperature, THI 

2. Reproductive Parameter: Time Point of Artificial Insemination  
Random Effects Mare and Stallion 
Biological Phase Data analysed per Time Point of Artificial Insemination  

• 5 days pre AI 
• 5 days post AI 
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8.7 Influence of Flush and Sonography on the Pregnancy Result in the Next Cycle via the Logistic 
Regression with Random Effects (Glimmix in SAS 9.4) – Analysis 9 a, b 

It was further analysed if the method of confirmation of pregnancy (Flush or Sonography) had an effect on 
the pregnancy result within the next cycle of insemination including and the weather parameters. As the 
flush was one at different time points (Day 6, 7, 7,5 and 8) in the first step all time points of flush were 
analysed separately and in a second step the time points were put into one groups so that less groups were 
available in the analysis. As for sonography no different time points were available this method was not 
further grouped. The time point of artificial insemination was kept in the analysis. Correspondingly, the 
random effect of the individual combination of mare and stallion was kept in the analysis. 

Table 8-24: Analysis on influence of flush done at different time points and sonography on the pregnancy 
result in the next cycle 

  

9 a. Analysis on Influence of Flush done at different Time Points and Sonography on the 
Pregnancy Result in the Next Cycle 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 
 
 
 

1. Weather Parameters: 
Temperature-Humidity Index (THI), Air Pressure, Minutes of 
Sunshine per Day, Longwave Downward Radiation, Diffuse 
Solar Radiation, Solar Incoming Radiation  

2. Reproductive Parameters: Method of Confirmation of Pregnancy 
(all days of flush analysed separately = Day 6, 7, 7,5 and 8), Time 
Point of Artificial Insemination, Number of Cycle  

Random Effects Non (as data did not converge when leaving the random effect in the 
analysis) 

Biological Phase Data analysed per Biological Phase  
• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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Table 8-25: Analysis on influence of flush (all in one group) and sonography on the pregnancy result in the 
next cycle 

  

9 b. Analysis on Influence of Flush (all in one group) and Sonography on the Pregnancy 
Result in the Next Cycle 

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 
 
 
 

1. Weather Parameters: 
Temperature-Humidity Index (THI), Air Pressure, Minutes of 
Sunshine per Day, Longwave Downward Radiation, Diffuse 
Solar Radiation, Solar Incoming Radiation  

2. Reproductive Parameters: Method of Confirmation of Pregnancy 
(all days of flush in one group), Time Point of Artificial 
Insemination, Number of Cycle  

Random Effects Non (as data did not converge when leaving the random effect in the 
analysis) 

Biological Phase Data analysed per Biological Phase  
• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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8.8 Influence of Flush and on the Pregnancy Result in the Next Cycle via the Logistic Regression 
with Random Effects subdivided in Classes (Glimmix in SAS 9.4) – Analysis 10 a, b 

To further analyse a possible effect of the method of confirmation of pregnancy (Flush or Sonography) on 
the pregnancy result within the next cycle of insemination including and the weather parameters. As the 
flush was one at different time points (Day 6, 7, 7,5 and 8) in the first step all time points of flush were 
analysed separately and in a second step the time points were put into one groups so that less groups were 
available in the analysis. As for sonography no different time points were available this method was not 
further grouped. Weather parameters were divided in the classes as described in the descriptive part: 
Minutes of sunshine per day, longwave downward radiation, and diffuse solar radiation. The time point of 
artificial insemination was kept in the analysis. Correspondingly, the random effect of the individual 
combination of mare and stallion was kept in the analysis. 

Table 8-26: Analysis on influence of flush done at different time points and sonography on the pregnancy 
result in the next cycle divided in classes 

  

10 a. Analysis on Influence of Flush done at different Time Points and Sonography on the 
Pregnancy Result in the Next Cycle divided in Classes  

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 
 
 
 

1. Weather Parameters: 
a. Minutes of Sunshine per Day with Classes (0-1000 

Minutes of Sunshine per Day) 
b. Longwave Downward Radiation 
c. Diffuse Solar Radiation 

2. Reproductive Parameters: Method of Confirmation of Pregnancy 
(all days of flush analysed separately = Day 6, 7, 7,5 and 8), Time 
Point of Artificial Insemination, Number of Cycle  

Random Effects Non (as data did not converge when leaving the random effect in the 
analysis) 

Biological Phase Data analysed per Biological Phase  
• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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Table 8-27: Analysis on influence of flush (all in one group) and sonography on the pregnancy result in the 
next cycle divided in classes 

10 b. Analysis on Influence of Flush (all in one group) and Sonography on the Pregnancy 
Result in the Next Cycle divided in Classes  

Dependent Variable  Pregnancy Result – positive (pos) and negative (neg) 
Independent Variables 
 
 
 

1. Weather Parameters: 
a. Minutes of Sunshine per Day with Classes (0-1000 

Minutes of Sunshine per Day) 
b. Longwave Downward Radiation 
c. Diffuse Solar Radiation 

2. Reproductive Parameters: Method of Confirmation of Pregnancy 
(all in one group), Time Point of Artificial Insemination, Number 
of Cycle  

Random Effects Non (as data did not converge when leaving the random effect in the 
analysis) 

Biological Phase Data analysed per Biological Phase  
• Follicular Maturation  
• Ovulation 
• Oviductal Phase 
• Uterine Phase 
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9 Results  

9.1 Results of the Logistic Regression with Random Effects Linear (Glimmix in SAS 9.4) – Analysis 
1 to 3 

9.1.1 Analysis 1: All Parameters (Weather and Reproductive) per Biological Phase 
Analysing all weather and reproductive parameters with the random effect of the individual combination 
of mare and stallion, the results showed that in all phases the time point of artificial insemination (AI) had 
a significant influence (Follicular maturation: p=0.0177, ovulation: p=0.0313, oviductal phase p=0.0284, 
uterine phase p=0.0118) on the pregnancy result. In all phases a significant difference could be seen 
between the AI <48 hours before ovulation and <6hours after ovulation. The figure 9.1 represents the back-
transformed least-square means and standard errors as well as the significant differences between the time 
points of AI in ovulation. 

 

Figure 9-1: Influence of the time point of AI on the pregnancy rate [%] in ovulation (back-transformed 
least-square means and standard errors) 

9.1.2 Analysis 2: All Parameters (Weather and Reproductive) per Biological Phase and Year 
Analysing all weather and reproductive parameters with the random effect of the individual combination 
of mare and stallion and taking the year into account in follicular maturation the time point of artificial 
insemination (AI) had a significant influence (p=0.046) on the pregnancy result but after correction for 
multiple comparisons there were no significant differences between the time points of AI.  

In ovulation diffuse solar radiation had a significant effect (p=0.0160) on the pregnancy result. The odd 
ratio of 1.002 (estimate of 0.002226) showed that the presence of diffuse solar radiation increased the 
probability of a positive pregnancy result. However, there is no causality from the odds ratio as multiple 
weather parameters and the years were analysed in this analysis. Furthermore, when dividing diffuse solar 
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radiation in the classes (1500 - 3500 J/m2) as outlined in the descriptive part that none of the classes were 
significant. 

In the oviductal phase, the minutes of sunshine per day had a positive and significant influence (p=0.035) 
on the pregnancy result. Ergo, with more sunshine the chance is higher to achieve pregnancy. Due to the 
possible interaction of sunshine and light program, more analysis on the effect of minutes of sunshine per 
day and the division into classes was done in separate analysis in chapter. 

In the uterine phase the time point of AI had a significant effect (p=0.0321) on the pregnancy result but 
after correction for multiple comparisons there were no significant differences between the time points of 
AI. 

9.1.3 Analysis 3: All Parameters (Weather and Reproductive) 
Analysing all weather and reproductive parameters and taking into account all phases in one analysis with 
the random effect of the individual combination of mare and stallion the only parameter that had a 
significant influence (p=0.0027) in all phases on the pregnancy result was the time point of artificial 
insemination (AI). The figure 9-2 represents the back-transformed least-square means and standard errors 
as well as the significant differences between the time points of AI. 

 

Figure 9-2: Influence of the time point of AI on the pregnancy rate [%] in all phases (back-transformed 
least-square means and standard errors) 

9.2 Results of the Logistic Regression with Random Effects with Weather Parameters subdivided 
into Classes (Glimmix in SAS 9.4) – Analysis 4 

In order to prove the interaction between minutes of sunshine per day and the use of a light program the 
statistical analysis 4a to 4g was used and showed the results. 
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9.2.1 Analysis: 4a. Temperature-Humidity Index (THI) 
No significant effects (p>0.05) of the THI divided into classes at any of the time points in the mares’ cycle) 
on the probability of a mare to get pregnant were seen.  

9.2.2 Analysis 4b: Air Pressure 
Air Pressure was divided into classes and taken as the independent variable and no significant effects 
(p>0.05) were seen.  

9.2.3 Analysis: 4c + d: Minutes of Sunshine per Day 
The minutes of sunshine per day were divided into classes (0 - 1000 minutes of sunshine per day and 0 - 
250 minutes of sunshine per day) and taken as the independent variable but no significant effects (p>0.05) 
were seen.  

9.2.4 Analysis 4e: Longwave Downward Radiation 
In follicular maturation, longwave downward radiation had a significant effect (p=0.0146) on the pregnancy 
result. The higher the longwave downward radiation the less chance for a positive pregnancy result. 
Significant differences after correction for multiple comparisons were seen between the classes C and E 
(p=0.0051) and the classes D and E (p=0.043). The figure 9-3 represents the back-transformed least-square 
means and standard errors as well as the significant differences between the classes of longwave downward 
radiation in follicular maturation. 

 

Figure 9-3: Influence of longwave downward radiation on the pregnancy rate [%] in follicular maturation 
(back-transformed least-square means and standard errors). 

Furthermore in all phases the time point of AI had a significant effect (Follicular maturation: p=0.0094, 
ovulation: p=0.035, oviductal phase: p=0.0182, uterine phase: p=0.0121) on the pregnancy result. 
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9.2.5 Analysis 4f: Diffuse Solar Radiation 
In the analysis were diffuse solar radiation was taken as the independent variable no significant effects 
(p>0.05) were seen. 

9.2.6 Analysis 4g: Incoming Solar Radiation 
In the analysis were incoming solar radiation was taken as the independent variable no significant effects 
(p>0.05) were seen. 
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9.2.7 Summary of the results of the Logistic Regression with Random Effects with Weather 
Parameters subdivided into Classes  

 

The table 9-1 gives an overview: 

Weather Parameter Classes Significance Level 
a. THI 
 

1. 30 – 40 
2. 40 - 50 
3. 50 - 60 
4. 60 - 70 
5. 70 - 80 

 p>0.05 

b. Air Pressure (in hPa) 
 

1. 1000 – 1005 
2. 1005 -1010 
3. 1010 - 1015 
4. 1015 - 1020 
5. 1020 - 1025 

 p>0.05 

c. Sunshine (0 - 1000 
Minutes per Day) 
 

A = 0 - 250 Minutes  
B = 250 -500 Minutes  
C = 500 -750 Minutes   
D = 750 - 1000 Minutes 

 p>0.05 

d. Sunshine (0 - 250 
Minutes per Day) 
 

A = 0 - 60 Minutes  
B = 60 - 120 Minutes  
C = 120 - 180 Minutes    
D = 180 - 250 Minutes 

 p>0.05 

e. Longwave Downward 
Radiation [in J/m2] 
 

A = 0 - 1500 J/m2 
B = 1500 - 2000 J/m2 
C = 2000 -  2500 J/m2 
D = 2500 -  3000 J/m2 
E = 3000 -  3500 J/m2 

Follicular maturation: Significant effect 
(p=0.0146) 
 
Results visualized in tables in chapter 9.2.4. 

f. Diffuse Solar 
Radiation [in J/m2] 
 

A = 0 - 500 J/m2  
B = 500 - 1000 J/m2  
C = 1000 - 1500 J/m2  

 p>0.05 

g. Solar Incoming 
Radiation [in J/m2] 

A = 0 - 1000 J/m2  
B = 1000 - 2000 J/m2  
C = 2000 - 3000 J/m2 
D = 3000 - 4000 J/m2 

 p>0.05 

Table 9-1: Summary of the results of the logistic regression with random effects with weather parameters 
subdivided into classes 
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9.3 Results of the Influence of the Light Program on Sunshine of Minutes per Day on the 
Pregnancy Result via the Logistic Regression with Random Effects with Weather Parameters 
subdivided into Classes (Glimmix in SAS 9.4) – Analysis 5 

In order to prove the interaction between minutes of sunshine per day and the use of a light program the 
statistical analysis 5a to 5j showed the results. 

9.3.1 Analysis 5a: Only data without the Light Program in all Biological Phases 
No significant effects (p>0.05).  

9.3.2 Analysis 5b: Only data without Light Program per Biological Phase 
The time point of artificial insemination (AI) had a significant influence (Follicular maturation p=0.0091, 
ovulation p=0.0042, oviductal phase p=0.0068, uterine phase p=0.007) on the pregnancy result. Significant 
differences after correction for multiple comparisons were seen between the two time points of AI <48 
hours before ovulation and <6 hours after ovulation (p<0.01). The figure 9-4 represents the back-
transformed least-square means and standard error means as well as the significant differences between the 
time points of AI in follicular maturation. 

 

Figure 9-4: Influence of the time point of AI on the pregnancy rate [%] in Follicular Maturation: (back-
transformed least-square means and standard errors) 

In the ovulation the interaction of minutes of sunshine per day and light program had a significant effect 
(p=0.0467) on the pregnancy result. The odd ratio of 1.002 (estimate of 0.9987) showed that the interaction 
of minutes of sunshine per day and light program decreased the probability of a positive pregnancy result. 
However, there is no causality from the odds ratio as multiple others were analysed in this analysis.  

9.3.3 Analysis 5c: Only data without the Light Program per Biological Phase in Classes in Minutes 
of Sunshine per Day (0 - 250 minutes) 

No significant effects (p>0.05) 
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9.3.4 Analysis 5d: Only data without the Light Program per Biological Phase in Classes of Minutes 
of Sunshine per Day (250 - 1000 minutes) 

No significant effects (p>0.05). 

9.3.5 Analysis 5e: Only data without the Light Program per Biological Phase in Classes of Minutes 
of Sunshine per Day based on Frequency of Records (0 - 1000 minutes) 

No significant effects (p>0.05). 

9.3.6 Analysis 5f: Only data with the Light Program in all Biological Phases 
No significant effects (p>0.05). 

9.3.7 Analysis 5g: Only data with Light Program per Biological Phase 
In the follicular maturation, the interaction of minutes of sunshine per day and light program had a 
significant effect (p= 0.0409) on the pregnancy result. 

9.3.8 Analysis 5h: Only data with the Light Program per Biological Phase in Classes of Minutes of 
Sunshine per Day (0 - 250 minutes) 

No significant effects (p>0.05). 

9.3.9 Analysis 5i: Only data with the Light Program per Biological Phase in Classes of Minutes of 
Sunshine per Day (250 - 1000 minutes) 

No significant effects (p>0.05). 

9.3.10 Analysis 5j: Only data with the Light Program per Biological Phase in Classes of Minutes of 
Sunshine per Day based on Frequency of Data (0 - 1000 minutes) 

No significant effects (p>0.05). 
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9.4 Results of the Influence of the Light Program on Longwave Downward Radiation on the 
Pregnancy Result via the Logistic Regression with Random Effects with Weather Parameters 
subdivided into Classes (Glimmix in SAS 9.4) – Analysis 6 

In order to prove the interaction between longwave downward radiation and the use of a light program the 
statistical analysis 6a to 6f showed the results. 

9.4.1 Analysis 6a: Only data without the light program in all biological phases 
Longwave downward radiation had a significant influence (p=0.0071) on the pregnancy result. The higher 
the longwave downward radiation the lesser chance for a positive pregnancy result. The time point of 
artificial insemination (AI) had a significant influence (p=0.0063) on the pregnancy result as well. 
Significant differences after correction for multiple comparisons were seen between the two time points of 
AI <48 hours before ovulation and <6 hours after ovulation (p<0.01). The figure 9-5 represents the back-
transformed least-square means and standard errors as well as the significant differences between the time 
points of AI. 

 

Figure 9-5: Influence of the time point of AI on the pregnancy rate [%] in all phases (back-transformed 
least-square means and standard errors) 
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9.4.2 Analysis 6b: Only data without light program per biological phase 
In two phases the interaction of longwave downward radiation and light program had a significant effect 
(Follicular maturation p=0.0186, uterine phase, p=0.0122) on the pregnancy result.  

Furthermore, the time point of artificial insemination (AI) had a significant influence in every phase 
(Follicular maturation p= 0.0172, ovulation p=0.0385, oviductal phase p=0.0329, uterine phase p=0.0133) 
on the pregnancy result. Significant differences after correction for multiple comparisons were seen 
between the two time points of AI <48 hours before ovulation and <6 hours after ovulation (p<0.05).The 
figure 9-6 represents the back-transformed least-square means and standard errors as well as the significant 
differences between the time points of AI. 

 

Figure 9-6: Influence of the time point of AI on the pregnancy rate [%] in Follicular Maturation (back-
transformed least-square means and standard errors) 

9.4.3 Analysis 6c: Only data without the Light Program in all Biological Phases in Classes of 
Longwave Downward Radiation (1500 - 3500 J/cm2) 

In every phase (Follicular maturation p= 0.054, ovulation p=0.024, oviductal phase p=0.0337, uterine phase 
p=0.0156) a significant influence was seen on the pregnancy result. Significant differences after correction 
for multiple comparisons were not seen. 

9.4.4 Analysis 6d: Only data with the Light Program in all Biological Phases 
No significant effects (p>0.05). 

9.4.5 Analysis 6e: Only data with Light Program per Biological Phase  
No significant effects (p>0.05). 

0%

10%

20%

30%

40%

50%

60%

70%

>48 hours before
Ovulation

<48 hours before
Ovulation

<6 hours after
Ovulation

Influence of the Time Point of AI on the 
Pregnancy Rate in Follicular Maturation

*   p ≤ 0.05: significant (error probability less than 5%)

*

Time 
Point 
of AI 

Pr
eg

na
nc

y 
Ra

te
 [%

]  
 



 

Results 106 
 

9.4.6 Analysis 6f: Only data with the Light Program in all Biological Phases in Classes of Longwave 
Downward Radiation (1500 - 3500 J/cm2) 

No significant effects (p>0.05). 

9.5 Results on Influence of Weather Parameter around Artificial Insemination via the Logistic 
Regression with Random Effects - Analysis 7 

The average temperature had a positive and significant (p=0.0345) effect on the pregnancy result when 
inseminating <48 hours before ovulation. Furthermore, the time point of artificial insemination (AI) had a 
significant effect (p=0.0085) on the pregnancy result five days prior to AI. Significant differences after 
correction for multiple comparisons were seen between the two time points of AI <48 hours before 
ovulation and <6 hours after ovulation (p=0.0418). The figure 9-7 represents the back-transformed least-
square means and standard error means as well as the significant differences between the time points of AI. 

 

Figure 9-7: Influence of time points of AI in the 5 days pre AI (back-transformed least-square means and 
standard errors) 

  

0%

10%

20%

30%

40%

50%

60%

70%

>48 hours before
Ovulation

<48 hours before
Ovulation

<6 hours after
Ovulation

Influence of Time Point of AI on the Pregancy Rate 
5 Days Pre AI 

Pr
eg

na
nc

y 
Ra

te
 [%

]  

* p ≤ 0.05: significant (error probability less than 5%)

Time 
Point 
of AI

*



 

Results 107 
 

Significant differences after correction for multiple comparisons were seen between the two time points of 
AI <48 hours before ovulation and <6 hours after ovulation (p=0.0097). The figure 9-8 represents the means 
and standard error means as well as the significant differences between the time points of AI. 

 

Figure 9-8: Influence of time points of AI in the 5 days post AI (back-transformed least-square means and 
standard errors) 

9.6 Results of Weather Parameter around Artificial Insemination via the Logistic Regression with 
Random Effects subdivided into Classes (Glimmix in SAS 9.4) – Analysis 8  

No significant effects (p<0.05) could be seen in any analysis on classes of maximum temperature, average 
temperature and THI. 
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10  Discussion 
 

With regard to the examined weather parameters, the present study showed only a moderate influence of 
weather on fertility and the probability of pregnancy in mares.  

The timing of the insemination seemed more important. In particular, the timing of insemination within 48 
hours before ovulation resulted in the highest pregnancy rates. This finding was previously published and 
considered a known factor (Sieme et al., 2003). In the present study, the time point of insemination was 
included and corrected in the model. Thus, when considering the results, there was no need to consider the 
time of insemination and the results were easier to interpret. 

The present study showed that the Temperature-Humidity Index (THI) as occurred in the moderate climate 
of the present study, had no influence on fertility. There are no studies in equine on the effect of THI and 
fertility, so no direct comparison to published literature is possible. However, studies in other animal species 
show that the THI had a significant impact on fertility. In cattle in particular, it was shown that certain THI 
values (THI>25) had an influence on the expression of oestrus. Expression of oestrus was measured by 
examining sexually associated behaviour as indicated by incidence of chin pressing, licking and sniffing 
other cows (Rodtian et al., 1996). THI values higher than 60 led to a reduction in fertility; at a THI of 62, 
milk yield and quality was reduced (Brügemann et al., 2011). Comparing this with the present study, THI 
values averaged 56 but 44% of THI values were higher than 60. Therefore, the author had expected an 
impact on fertility in the mares. A possible explanation could be that horses can cope better with heat stress 
in general, likely due to the fact horses compared to cows and other livestock produce less metabolic heat 
due to lower (or no) milk production as well as due to the fact that horses are well able to control body 
temperature through extensive sweating. Nevertheless, certain combinations of temperature and humidity 
but also the two weather parameters by themselves have shown to influence the mare. Environmental 
temperature was reported to be a crucial variable influencing fertility in mares (Allen, 1987, Ju et al., 2002). 
The fact that more pregnancies can be achieved at moderate temperatures (in TNZ) was previously 
investigated in horses (Warriach et al., 2014). In the present study only 13% of days had an ambient 
temperature higher than 25 °C; ergo the moderate outside temperatures assisted the horses to remain in the 
TNZ (Morgan, 1998). In the present study, the results showed that there were very few cold days (7%) 
where mares were outside their TNZ. Mares were in paddocks for approx. 6 hours per day in winter and 
the remainder of time were stabled, where temperatures were probably generally higher due to emitted body 
heat. Therefore, the effect of reduced pregnancy rates in the present study during the cold winter months 
was unlikely due to a colder outside temperature, but rather due to other parameters, e.g. not enough 
daylight. No published equine data was identified on low temperatures and pregnancy rates. Reportedly, 
anoestrus lasts longer when outside temperatures were below the horse's TNZ (Allen, 1987). However, in 
these studies, it was unlikely only temperature that was responsible as the horses were not continuously 
exposed to the cold weather, but stabled and/or blanketed at night. Analysing the data from the present 
study on humidity, the measurements showed that humidity was 72.8% on average and the percentage of 
values with humidity above 75% was 21.1%. Previously reported studies on the influence of humidity on 
reproductive activities in horse mares showed an influence of humidity higher than 75% (Zeller, 2000, 
Amundson et al., 2006). Some studies showed a positive influence of higher air humidity on reproduction 
in horses (Meliani et al., 2011). In cattle, reportedly a THI of 60 effects fertility (Sanker et al., 2013). 
Observing the variables behind the THI, for example, air humidity of 70% with temperature of 24 °C leads 
to a THI of 70 and affected fertility in cattle (Brügemann et al., 2011).  
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As discussed before, studies on the influence of weather parameters such as temperature, humidity and THI 
are limited but the published studies outside of reproduction also show that horses cope better with heat 
stress and high humidity than cows. There are physiological reasons for this. When a horse is sweating, 
moisture wets the surface of the skin to cause cold evaporation and to cool the body down. Around 80% of 
the heat is released through evaporation (Guthrie et al., 1998). In addition, horses can dissipate about 20 to 
30% of excess heat by respiration (Hodgson et al., 1993) especially with lower levels of humidity (<75% 
relative humidity) (Geor et al., 2000). However, studies also show that horses have considerable difficulty 
dissipating heat by evaporative cooling (Kohn et al., 1999). When interpreting these numbers and 
comparing them with cattle it has to should be noted that a horse sweats mainly on the neck and body and 
less on the legs. The sweat of the horse also shows a high concentration of the protein Latherin and, because 
of its molecular structure, it acts like a soap (Beeley et al., 1986). The watery sweat drops can be distributed 
evenly over the entire fur. Cows, on the other hand, can sweat a bit on the back and in the pelvic area, but 
compared to their intensive metabolism, the body surface of a cow is too small for efficient heat dissipation 
at higher ambient temperatures (Kolb, 1980). If the sweating is no longer sufficient for cooling, cows also 
begin to pant. In addition, when cows eat grass, the cellulose is fermented in the forestomach by 
microorganisms. The properties of ruminants, such as high metabolic activity and microbiological feed 
degradation in the rumen, mean that a lot of heat is generated in the cow's body, namely up to two degrees 
Celsius above the usually present rectal temperature (38.5 °C +/- 1 °C) (Owens et al., 1983, Renaudeau et 
al., 2012). This process produces waste heat, which heats up the cows from the inside. At temperatures 
around freezing, dairy cows have a total heat output of 2.200 watts and at an outside temperature of 35 °C, 
this power is still about 1.500 watts (Spiers, 2003). At high temperatures and humidity, the cow therefore 
has to release this energy into the environment almost exclusively by evaporating water, by way of sweating 
and increased breathing frequency to regulate the body temperature (Habeeb, 1992). In particular, dairy 
cows utilize considerable metabolic energy for milk production. It was shown that the TNZ is between -
2 °C and +10 °C for dairy cows with a daily milk yield of 30 kg, and  between -6 °C and +6 °C for cows 
with 40 kg milk (Berman, 2011). In addition, evaluations by Bavarian weather stations show that an average 
of 1.000 heat stress hours occur for dairy cows each year (Bayerische Landesanstalt für Landwirtschaft, 
2020). It can thus be determined that the heat production of dairy cows (in MJ per year) is dependent on 
the annual output (kg ECM  per cow and year) and the live weight of the cows (kg) (Jentsch et al., 2001, 
Kadzere et al., 2002). At the same time, the heat generation and distribution in the different tissues is not 
the same. With increasing milk production, for example, the heat build-up in the liver (increasing amount 
of gluconeogenesis or lipoprotein synthesis) and in the mammary gland increases significantly (Skibiel et 
al., 2018). In conclusion, it can be determined that the tolerance for heat and humidity is much higher in 
horses than in cattle. This leads to the question if the THI as it is defined for cattle is suitable as measurement 
for the influence of heat/humidity in horses, because the requirements of the animal species are completely 
different and the values and the weighting of heat and air humidity do not reflect the values that influence 
the horse. 

Regarding the weather parameters temperature, humidity and THI, it can be determined that in the present 
study the THI as defined for cattle had no significant influence on fertility of horse mares. This would lead 
us to conclude that a different kind of THI is needed for horses. This would require establishing a THI range 
for horses that would consist of the temperature greater than 30 °C (Mortensen et al., 2009, Campbell, 2014) 
and humidity values greater than 75% (Zeller, 2000) so that an effect on the mare's body and thus on 
reproduction can be measured. In any case, a different THI was already used in a study, namely when 
measuring equine thermoregulatory responses during summertime road transport and stall confinement 
(THI = 0.7 * twb + 0.3 * tdb; where: twb = wet bulb temperature and tdb = dry bulb temperature (Green et 
al., 2007). However, this THI had no air humidity included, but put a high factor on the temperature, which 
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in turn was questionable with average ambient temperature data measured from 28.5 °C to 35.6 °C including 
a maximum of 37.6 °C. For this reason, the author of the present study opted to utilize the THI as defined 
and established for cattle. However, a specific horse THI makes sense in terms of the history of previously 
published THIs. Since Thom (1959) described the THI for cattle, several equations were developed that 
can be used to calculate THI. The equations give more or less impact of either dry bulb or wet bulb 
temperature (ranging from the factor 0 to 0.35). Only one of them takes humidity into account: the “The 
Oklahoma Mesonet Cattle Heat Stress Index”, which was designed to indicate the level of heat stress of 
outdoor cattle used by the authors cited in the present study (National Research Council, 1971). Overall, it 
we can assume that temperature in combination with humidity may have a greater impact on fertility in 
mares than previously known. Moreover, there seem to be large differences between animals and their 
sensitivity to temperature and humidity, again individually and in combination. These differences could 
make the data contradictory to studies where temperatures had little effect on horse fertility (Palmer et al., 
1983, Guerin et al., 1994). Based on the three weather parameters (temperature, humidity and THI) it can 
be summarized that on the one hand the moderate climate here in Germany did not influence the mares to 
an extent that there would have been an effect on fertility and, on the other hand, that the THI as used in 
the present study is not appropriate for use in horses. 

In the present study, the influence of sunlight on fertility was analysed. In most breeding regimes, 
standardized light programs (e.g. 8 hours dark, 16 hours light) are established. The analyses in the present 
study focused on influence and interaction between the sun and light program as horses were exposed to a 
light program in two years during the month September to April and in addition had access to 
paddock/pasture. With regard to sunshine, it was not only important to determine the number of hours of 
sunshine, but also consider radiation, as both are tied to one another. The results of the present study showed 
that sunshine during ovulation had a positive effect on fertility. This confirms the results of other studies 
that reported a positive influence of exposure to sunshine (Astudillo et al., 1960, Dini et al., 2019). The 
positive influence of sunshine and light is probably due to hormonal influences, which were extensively 
investigated in studies on lighting programs (Sharp et al., 1975, Palmer et al., 1983, Squires, 2008). There 
is evidence that light duration and intensity are critical for the level of melatonin secretion and therefore for 
its influence on the reproductive axis (Nagy et al., 2000). In mammalian species, melatonin secreted by the 
pineal gland is the neuromediator which then mediates the influence of light on the hypothalamo-pituitary-
ovarian axis. During seasonal anoestrus, the activity of the gonadotrophin releasing hormone (GnRH) pulse 
initiator is inhibited and the amount of luteinizing hormone (LH) released from the pituitary is not high 
enough to stimulate reproductive ovarian functions. In all seasonal-breeding animals, photoperiod 
perception is crucial for timing of important physiological events. In the horse, photoperiod influences the 
onset of ovulation and cyclic shedding of the heavier winter coat, and the timing of parturition. Seasonal 
variation of different blood parameters/serum concentrations of prolactin, thyroxine and triodothyronine 
occurs relative to season and the estrous cycle (Johnson, 1987). If the reproductive rhythm of horses is 
examined, it is not surprising that the sun starts the cycle in motion, ensuring fertilization takes place at a 
time that influences birth of the foal under conditions favourable for survival.  

Regarding radiation, results of the present study showed that a moderate diffuse solar radiation (<1000 
J/cm2) in the oviductal phase positively influenced fertility, whereas high longwave radiation (>2500 J/cm2) 
in follicular maturation resulted in a negative effect on fertility. In addition, in the uterine phase, the 
interaction of longwave downward radiation and light program was reported to have a positive effect on 
the pregnancy result. Thus far, no studies on the influence of radiation in horses are published, which 
prevents a direct comparison. However, there appears to be a certain range of radiation that has negative 
effects. In addition, data from studies in cattle support the results from the present study. In particular, Roth 
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et al. (2000) reported a negative influence of direct solar radiation on follicle growth and size. Cows were 
kept outside and only had an open shade structure for shelter and were therefore exposed to some amount 
of radiation. In chickens, the effect of high radiation together with green light was rated as negative (Baxter 
et al., 2014), and the combination of radiation with red light was rated as positive (Zhang et al., 2014). The 
results of the present study showed a significant influence in follicular maturation and ovulation with regard 
to the interaction of the sun and the light program. With additional hours of sunshine along with the light 
program, there were higher pregnancy rates than without a light program. The present data supports 
published data that a light program can significantly increase the likelihood of pregnancy and therefore 
including a light program in the winter months to get the mares into oestrus sooner may be beneficial. The 
present  study, in addition, supports study results in cattle where very similar light programs were utilized 
not only to increase fertility, but also to ensure the overall cattle well-being for those not housed outside 
(Werner, 2019). 

In other species it was reported that fertility and probability of pregnancy was affected by weather 
parameters during the days around insemination, mainly temperature (heat stress) (Lublin et al., 1984, 
Wettemann et al., 1985, Santolaria et al., 2014) and THI (Brügemann et al., 2013). The present study 
showed that the ambient temperature near the time of insemination had an impact on the success of 
pregnancy. The average outside temperature in the three days prior to insemination of the mare had an 
effect on the pregnancy result. This result is very important to consider when timing insemination in the 48 
hours before ovulation as there can be a direct impact on fertility. These outcomes confirm the previous 
results of published data that reported that when mares were in the TNZ, the conditions for pregnancy were 
favourable. No significant effects were observed in any analysis on the THI, in contrast to published studies 
in cattle (García-Ispierto et al., 2007, Brügemann et al., 2013). The reason that no effect of THI was 
observed in the present study when only analysing the days around ovulation was probably the same as 
analysing the whole reproductive cycle of the individual mare (in the present study) as previously discussed. 

Although the present study did not explicitly investigate hormonal activity, it can be assumed that the mares 
were in hormonal balance during the research period due to the moderate outside temperatures and lack of 
exposure to stress. This hormonally-balanced condition presumably created favourable conditions for 
fertility. Furthermore, analysing the month and considering the natural rhythm of equine reproduction, it 
can be concluded that pregnancy rates are generally lower in the summer months. While the highest fertility 
was achieved during the months of early spring that entail the most favourable conditions for the foals' 
survival under natural conditions. In addition, it can also be assumed that the mare's body can fully 
concentrate on becoming pregnant when mares are in the TNZ. 

A potential point of criticism in the present research could be that neither stallions not their sperm were 
tested. It was assumed that stallions were in good health and in their ideal thermal comfort zones. There 
was also no differentiation between fresh sperm or frozen sperm as the information was not completely 
available. However, we must assume that the type and quality of the stallions and the sperm must play a 
significant part in the achievement of pregnancy in the respective mares. In the present study, 79% of all 
inseminations were performed with four stallions, including one stallion used in 43% of the cases. It would 
therefore have been interesting to look at the data of this stallion, if available, to obtain data on type and 
quality of the sperm. An analysis of the pregnancies achieved only with this stallion could display 
comparability. It would be reasonable to surmise that weather parameters can have an influence on sperm 
production and sperm quality as already described in other species (Myer et al., 2001). Meyer et al. (2001) 
showed that it was very clear that stallions undergoing heat stress had poorer sperm quality. Furthermore, 
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in Holstein-Friesian and Jersey bulls it was shown that mass motility of semen in both breeds was 
significantly lower during wet summer (Fiaz et al., 2010). 

Further research should focus on predicting the optimum time point of insemination. Moreover, additional 
evaluation research should analyse weather effects on the reproductive cycle of mares outside of their TNZ, 
with a focus on heat stress (>30 °C) and high humidity (>75%). If possible, a horse specific THI could be 
set up to include temperature with a higher factor compared to cattle to mimic the higher impact of 
temperature as well as humidity on the horse. Further research should be conducted long-term. Other 
parameters in addition to pregnancy result should be measured, including heart rate and cortisol levels, so 
as to build a broader picture of the impact on body condition and its effect on fertility. Sunshine, diffuse 
solar radiation, and longwave downward radiation are interesting parameters to observe, but do not seem 
to heavily influence the reproductive cycle as long as light programs are used or if horses are bred during 
the natural breeding season. In moderate climates such as Germany, increased exposure to sunshine should 
also support the overall wellbeing of mares, as they will likely be in the TNZ during winter months. 
Similarly, the effect of weather parameters on stallions outside of the TNZ should also be evaluated. 

As no specific THI for horses exists currently, horse breeders do not have the possibility to utilize technical 
aids (e.g. as an app for the smartphone or a simple Excel calculation) as is done in cattle. However, 
according to the present study, horse breeders could benefit from allowing their horses outside as much as 
possible (pasture or paddock) in months with a moderate climate, while ensuring that horses have access to 
shade. Horses need a shelter (or trees) not only to escape the direct sun due to heat stress in the warm and 
humid summer months, but as protection from radiation, which can be high even at low temperatures. To 
determine heat and humidity, breeders can use the data of the German Weather Service (DWD, 2019). Here, 
breeders cannot only look at historical data to find out which months in the past generally had high 
temperatures, humidity and radiation, but can also access the forecast for the coming days. Depending on 
temperature, humidity and radiation values, the breeders can decide whether and when mares that are 
planned to be bred/inseminated are able to be outside in a paddock or at pasture or should be stabled. It is 
always important to observe the individual horse and to see how it reacts to the weather, and whether there 
are signs of heat stress such as excessive sweating. Furthermore, it is generally sensible to minimize heat 
stress and radiation for broodmares and to enable them to feel comfortable. The basic prerequisite for the 
success of all of the following measures is timely action before the occurrence of heat stress. Even simple 
measures such as providing good quality water in sufficient quantities from clean containers are beneficial. 
However, structural measures such as those that are already well-established in the cattle sector could also 
be implemented. Stables that allow air to move or reduce the radiant heat from the roof of the barn through 
light roofing or insulating sandwich elements should be considered. This implies that no light panels should 
be included and/or shading is possible. In the future it would be desirable to have a horse THI, which could 
then be deployed through similar tools used in cattle, e.g. as an app for the smartphone, websites 
(www.cool-cows.com) or a simple Excel calculation, to determine the THI on site. 
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