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The New Zealand sheep industry relies on extensive grazing pastoral systems with 

average flock sizes greater than 2500 sheep (Cranston et al., 2017). Ewes undergo an annual 

production cycle with four critical stages of economic importance at which critical 

management decisions are made. Key management decisions are made about nutrition, 

reproduction and health for improved ewe performance and productivity. Such 

management decisions should be based on credible and accurate data. For example, 

inaccurate liveweights could lead to poor decisions when a comparison of liveweights is 

required.  

Liveweight (LW) is a broadly accepted proxy for the energy status of sheep at a given 

time, while change in liveweight is indicative of whether it is in either a positive energy 

balance (liveweight gain) or a negative energy balance (liveweight loss) (Young and Corbett, 

1972; Brown et al., 2005; Wishart et al., 2017). Ewe management decision making is based 

on performance target thresholds and optimal ranges around these targets. For example, 

the threshold breeding liveweight for ewe lambs to reach puberty is between 40% and 70% 

of their mature liveweight (Dyrmundsson, 1973; Jainudeen et al., 2000). Further, several 

studies have reported a positive relationship between ewe reproductive rate with liveweight 

which becomes less significant after reaching  an optimum threshold weight (Rutherford et 

al., 2003; Kenyon et al., 2004b; Corner-Thomas et al., 2015b). Therefore, it is imperative that 

accurate liveweight data measurement is achieved.  

Ewe liveweight is relatively stable over a short period of time (a few minutes), but 

alters over longer time periods in response to environmental and physiological conditions 

(Coates and Penning, 2000b; Wishart et al., 2017). The accuracy of liveweight measurements 

is affected by a number of factors including: gut-fill (digesta and urine), growth, nutrition, 

health, stress, fleece weight, physiological state and genotype (Kenyon et al., 2014; Brown 

et al., 2015). The contents of the rumen (fluid and feed) can account for between 10 and 

23% of total liveweight in ruminants (Hughes, 1976; Moyo and Nsahlai, 2018). Liveweight 

fluctuations due to gut-fill in ruminants can be affected by factors influencing feed intake 

such as age and size of the animal, time of day, ambient temperature, grazing behaviour and 

time since last meal (Hughes, 1976; Coates and Penning, 2000b; Hogan et al., 2007; Burnham 

et al., 2009; Gregorini, 2012; Wilson et al., 2015; Wishart et al., 2017).  

Automatic weighing systems can record up to 400 weights per hour without 

interruptions (https://www.livestock.tru-test.com), thus, requiring six to seven hours to 

weigh an average New Zealand flock (2500 sheep). Further, mustering and routine on-farm 

sheep handling in addition to weighing can increase the length of time sheep are restricted 
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from accessing feed and water supplies while waiting to be weighed. Delays in weighing 

ewes can lead to weight loss due to a reduction in gut-fill and body fluids (Hogan et al., 2007; 

Burnham et al., 2009; Wilson et al., 2015). Varying levels of weight loss have been reported 

within flocks waiting to be weighed. In ewe lambs, losses between 1.8% and 9.8% of initial 

liveweight after six hours have been reported (Hughes, 1976; Burnham et al., 2009; Wishart 

et al., 2017). In mature ewes, losses of 1.78 kg (2.7% of initial liveweight) and 1.69 kg (2.6% 

of initial liveweight) in single and twin bearing ewes at day130 of pregnancy after six hours, 

and 3.4 kg (5.3% of initial liveweight) and 2.9 kg (4.5% of initial liveweight) after 12 hours 

have been reported (Burnham et al., 2009). These levels of liveweight loss can significantly 

interfere with the accuracy of comparison of liveweights, and changes in liveweight over 

time.  

Pre-fasting gut-fill is important in determining the rate of sheep liveweight loss during 

fasting (Kirton et al., 1968; Kirton et al., 1971; Thompson et al., 1987). The degree of gut-fill, 

retention time of particles in the gastrointestinal tract and passage rate can be affected by 

the quality and quantity (including particle size and consistence) of dry matter intake in 

ruminants (Alwash and Thomas, 1971; Haaland and Tyrrell, 1982; Varga and Prigge, 1982; 

Kaske and Groth, 1997). Therefore, it is likely that differences in herbage type and availability 

offered to sheep can result in variation in the rate of liveweight loss during fasting.   

Several  strategies can be used to reduce variability in liveweight including removal of 

feed and water for fixed periods of time prior to weighing, standardizing weighing 

procedures, taking multiple liveweights readings per individual per day over successive days, 

weighing at a specific time relative to sunrise, standardizing the feed offered prior to 

weighing and/or increasing the number of animals and repetitions of a study (Coates and 

Penning, 2000b; Wishart et al., 2017). Implementing such methodologies to reduce 

variation, however, can be time-consuming and therefore, are not generally utilized, except 

in experimental situations. Thus, there is a need for a new approach to determine and adjust 

for variations in liveweight among animals, across time. The on-going improvements in 

weighing equipment, software and data management (Brown et al., 2015; Wilson et al., 

2015) may offer a solution, as there is capacity for the time stamping of individual animal 

weights. To date, technology companies have not yet incorporated weighing methodology 

in their systems to deal with this variation.  Using the time at which animals were collected 

for weighing in equations for predicting liveweight change post removal from feed, makes it 

possible to calculate more consistent liveweight measurements (Burnham et al., 2009; 

Wilson, 2014; Wilson et al., 2015; Wishart et al., 2017). Modern weighing systems should be 
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2.1 Preamble 

Liveweight (LW) and body condition score (BCS) are indicators of the body condition and 

body reserves providing a basis for management decisions of sheep. Therefore, it is imperative 

that they are measured accurately. Liveweight affects productivity and these relationships are 

summarised in this review. Accurate measurement of liveweight depends on the instrument 

used, animal factors, environmental factors and human factors (Wilson, 2014; Elwood, 2017). 

With the advent of automatic electronic weighing systems, potential error due to human effects 

and instrumentation is becoming obsolete leaving animal and environmental factors as having 

the greatest effect on the accuracy of a given weight measurement (Wilson, 2014; Wilson et al., 

2015).  Accordingly, this literature review focuses on the animal factors (predominantly in sheep) 

affecting liveweight measurement with an emphasis on gut-fill (fluid and feed). Gut-fill  can 

account for between 10 and 23% of total liveweight in ruminants (Hughes, 1976; Moyo and 

Nsahlai, 2018). Factors affecting gut-fill will thus be reviewed. Body condition score 

measurement is considered more reliable than liveweight as it circumvents the factors that 

compromise the accuracy of liveweight measurement (van Burgel et al., 2011; Kenyon et al., 

2014; Brown et al., 2015; Morel et al., 2016). However, BCS measurement is a subjective (hands-

on) method for assessing animal performance (Russel et al., 1969; Morris et al., 2002; van Burgel 

et al., 2011; Kenyon et al., 2014). Reliability and repeatability of BCS measurements are of 

concern (Evans, 1978; Calavas et al., 1998; Curnow et al., 2011; van Burgel et al., 2011; Phythian 

et al., 2012; Kenyon et al., 2014). Therefore, this review focuses on factors affecting sheep BCS 

measurement reliability and repeatability.  Further, BCS is not popular among most farmers 

because it can be labour intensive and requires training (Jones et al., 2011; Corner-Thomas et 

al., 2016). For this reason, a review has been done on probable indicators (proxy variables) of 

BCS and research has been undertaken to study the possibility of indirectly predicting BCS. 

Lastly, the importance of liveweight and BCS in sheep productivity, the various methods of 

measuring liveweight and BCS, advantages, and disadvantages associated with them will also be 

discussed. This review concentrates specifically on sheep, however, where appropriate, 

references have been made to other species.  

2.2 Effect of liveweight in sheep productivity  

The effects of liveweight on the performance of a ewe and its progeny are well 

documented (Ferguson et al., 2011; Oldham et al., 2011; Hickson et al., 2012; Kenyon et al., 

2012a; Brown et al., 2015) and will be briefly reviewed. The review section is a summary of these 

relationships. 
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achieved, then random effects would contribute all the unexplained variability in the 

measurement. Therefore, this review will concentrate on systematic error. Errors may arise from 

data collection, data recording, and computation of results (Elwood, 2017). Bich et al. (2012) 

listed a catalog of possible sources of error during measurement including incomplete definition 

of the measurement, imperfect realization of the definition of the measurement, 

nonrepresentative sampling, inadequate knowledge of the effects of environmental conditions 

on the measurement or imperfect measurement of environmental conditions, personal bias in 

reading instruments, finite instrument resolution or discrimination threshold, inexact values of 

measurement standards and reference materials, inexact values of constants and other 

parameters obtained from external sources and used in the data-reduction algorithms, 

approximations and assumptions incorporated in the measurement method and procedure, and 

variations in repeated observations of the measurement under apparently identical conditions. 

Wilson (2014) summarised the errors sources as either measurement (human and scale error) 

or animal related liveweight error. Furthermore, biological processes that are dynamic and can 

vary over time due to factors such as growth, physiological state, diurnal and seasonal variation, 

may cause within-subject variability (Kenyon et al., 2014; Brown et al., 2015; Wishart et al., 

2017).  

For indirect liveweight determination methods from N other independent variables 

through a functional relationship, the independent variable is assumed to be measured without 

error and that all error is attributed to the measurement of the dependent variable (Poole and 

O'Farrell, 1971; Greene, 2003; Alexopoulos, 2010; Bich et al., 2012; Dosne et al., 2016). However, 

when the independent variable is measured with error, this may lead to an alteration of the 

association between the outcome and the observed change in the independent variable (Cain 

et al., 1992; Bich et al., 2012). When the measurements of the independent variable are not 

exact, estimation based on the standard assumption leads to inconsistent parameter estimates 

even in very large samples (Hausman et al., 1995; Hausman, 2001; Pischke, 2007). It is therefore, 

imperative that only prediction models with minimum error rates or greater accuracy be used 

(Efron, 1983; Tibshirani and Tibshirani, 2009). Several measures of prediction model accuracy 

have been described (Moriasi et al., 2007; Li, 2017; Botchkarev, 2019).  Alexander et al. (2015) 

suggested that mean absolute error percent or root mean square error percent of a prediction 

equation, should be less than 10% of the range of target or actual values. The following section 

will discuss potential causes of error with liveweight measurements. 

https://en.wikipedia.org/wiki/Consistent_estimator
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growing foetus. A negative relationship between rumen volume and uterus volume in pregnant 

ewes has been reported (Forbes, 1969). Forbes (1969) reported that at day 72 of the gestation 

period the uterus and rumen volumes were 4.1 ± 0.7 litres and 6.6 ± 0.9 litres respectively, 

however by day 144 they were 7.7 ± 0.4 litres and 3.8 ± 0.4 litres respectively. In contrast, non-

pregnant ewes had rumen volumes of 9.2 ± 0.6 litres throughout the same period. With reduced 

volume, animals in gestation period increase intakes and increase digesta retention time which 

results in reduced passage rate. These studies indicate that the variability in liveweight 

fluctuations seems to be influenced in a multifactorial way.  

Several strategies can be used to reduce liveweight variation due to gut-fill. This includes 

removal of feed and water for fixed periods of time prior to weighing, standardizing weighing 

procedures, taking an average of multiple liveweights in a day or across a number of successive 

days, weighing at a specific time relative to sunrise, standardizing the feed offered before 

weighing and increasing the number of animals and repetitions of the study (Shrestha et al., 

1991; Coates and Penning, 2000b; Burnham et al., 2009; Wilson et al., 2015; Wishart et al., 

2017).  Implementing such methodologies to reduce variation can, however, costly, be time-

consuming and therefore not generally utilized except in experimental situations. It is also 

possible that farmers collecting liveweights are oblivious to the possible variability of the data.  

Several studies have, however, demonstrated that the accuracy of liveweight 

measurement can vary because of differences of gut-fill and differential loss in gut-fill (Table 2.4) 

due to loss of ruminal content through faecal matter weight in each fasting period. It implies 

that all factors influencing gut-fill rate of passage should be investigated if accurate adjustment 

equations are to be generated. To date, technology companies have not yet incorporated 

weighing methodology in their systems to deal with this variation. 
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2.4.6 Species, Grazing and diurnal variation 

Ruminants have different feeding habits depending on whether they are grazers (cattle, 

sheep) or browsers (goats). The differences in the diets and processes associated with feeding 

behaviour among these classes of animals can effect on rates of passage of liquid and solid 

phases in the rumen and their rumen fill (Lechner et al., 2009; Moyo and Nsahlai, 2018). Sheep 

have lower mean retention times of solid in the rumen than cattle (Lechner-Doll et al., 1991; 

Bartocci et al., 1997). Parra (1978) also demonstrated that there were higher passage rates for 

lighter herbivores than larger herbivores with diet quality held constant. 

The pattern of grazing events dictates how much an animal ingests within a given time 

and thus influences the liveweight and liveweight change throughout the day. Grazing strategy 

differences are known to affect passage rates and rumen fill levels in cattle (Oshita et al., 2008).   

Ruminants have three to five grazing events every day, with the greatest intake periods being 

early in the morning and in the late afternoon (Gregorini et al., 2008; Gregorini, 2012). Rook and 

Penning (1991) reported that 70-99% of grazing occurs during daylight, with 25-48% occurring 

in the four hours prior to sunset. In cattle, close to one third of their total grazing time occurs 

during dawn (Gregorini et al., 2008; Hilario et al., 2017). Therefore, the time at which an animal 

is weighed can affect the amount of gut-fill and thus its liveweight.  

Grazing patterns vary between animals depending on quality and type of herbage and 

the environment (Kirby and Stuth, 1982; Ginane and Dumont, 2010; Lin et al., 2011). Orr et al. 

(1997) stated that herbage DM % varied during a 12-hour period between 15-24% grass and 12-

18% clover with the most significant change happening from morning to noon. Starch content 

also changed from 3.0-4.1% and 3.6-8.7%, for grass and clover, respectively. This further 

indicates the time of day can influence liveweight.  

According to Hamilton et al. (1995), the greatest diurnal variation in estimated 

liveweight was observed between 11am-1pm and the lowest variation reported at 9 am and 4 

pm, with sunrise at 6 am. Small ruminants are selective feeders (Ginane and Dumont, 2010; Lin 

et al., 2011) and are more inclined to feed on lower dry matter and lower starch pastures which 

are more easily digestible. It is likely that liveweight is overestimated when an animal is fed on 

low dry matter, lower starch, and high concentrate diets.  

2.4.7 Seasonal ambient temperature variations 

Seasonal temperature variations affect feed and water intake and consequently on the 

digesta passage rate, and thus liveweight loss. Animals kept in cold environment consume more 

feed, have increased digesta flow rate but grow slower as more energy is converted into heat to 

maintain their body temperature (Young, 1981). It appears that dry matter digestibility 
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authors have reported a positive relationship between BCS and reproductive traits (Tables 2.5 -

2.7). The following sections give a brief summary of the known relationships between BCS and 

sheep productivity. 

2.6.1 Breeding season, Ovulation rate and conception rates 

Body condition score is positively associated with breeding season, ovulation rate and 

conception rates (Kenyon et al., 2014). Table 2.5 gives a summary of the known relationship 

between BCS and reproductive traits from breeding to pregnancy. The relationships, however, 

seems to be confined to specific BCS ranges and can be affected by breed differences (Gunn and 

Doney, 1979; Gunn et al., 1991; Gunn et al., 1991a; Kenyon et al., 2014). Body condition score 

is also positively related to conception rate within certain BCS ranges above which the 

relationship changes (Gunn et al., 1991a; Sejian et al., 2010; Kenyon et al., 2014). At BCS 

between 2.5 and 3.5, the relationship with fertility and pregnancy rates plateau.    

2.6.2 Number of foetuses, Number of lambs born and lamb survival 

The relationship between BCS and number of foetuses, number of lambs born and lamb 

survival is established (Gunn et al., 1969; Adalsteinsson, 1979; Kleemann and Walker, 2005; 

Abdel-Mageed, 2009; Kenyon et al., 2014). The results indicate that generally, the relationship 

is positive although it is affected by breed differences (Kleemann & Walker 2005; Gunn et al. 

1998, 1991a).   

Most authors (Table 2.5) have reported a positive relationship between BCS and the 

number of lambs born per ewe (Gunn et al., 1969; Adalsteinsson, 1979; Kleemann and Walker, 

2005; Abdel-Mageed, 2009; Aliyari et al., 2012; Kenyon et al., 2014). In contrast, McInnes and 

Smith (1966), Geisler and Fenlon (1979) and (Rozeboom et al., 2007), all reported that the 

number of lambs born per ewe is independent of ewe BCS in Merino. The observed variation 

between studies could be attributed to breed differences as well as the possibility that the 

positive relationship between BCS and the number of lambs born may not be linear and instead 

curvilinear. At body condition score between 2.5 and 3.5 the relationship appears to plateau and 

later decline. 

Body Condition Score has been reported to have either no effect on lamb survival to 

weaning (Al-Sabbagh et al., 1995; Oldham et al., 2011) or a positive effect (Litherland et al., 

1999; Dodds and Everett-Hincks, 2008). Kleemann and Walker (2005) and Rozeboom et al. 

(2007), observed a positive curvilinear relationship between BCS and singleton lamb survival in 

Merino ewes, with a diminishing response as BCS increased above 3.0 but in twins, the 

relationship remained linear (Table 2.6). Lamb survival is a binomial trait and therefore, 
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relatively large numbers of lambs are needed to be able to detect differences. Inadequate 

numbers may have contributed to the lack of effect observed in some lamb survival data. 

2.6.3 Lamb birth, growth and weaning weight 

The relationship between BCS and change in BCS, and lamb growth to weaning is also 

well studied (Thompson et al., 2011; Kenyon et al., 2014; Behrendt et al., 2019). Ewe BCS has 

been reported to have either no influence on lamb growth to weaning (Gibb and Treache, 1980; 

Litherland et al., 1999; Thompson et al., 2011) or weaning weight (Al-Sabbagh et al., 1995; 

Litherland et al., 1999; Aliyari et al., 2012; Verbeek et al., 2012), or a positive effect on lamb 

growth (Gibb and Treache, 1980; Kenyon et al., 2004a; Kenyon et al., 2011a; Mathias-Davis et 

al., 2013; Behrendt et al., 2019) and weaning weight (Molina et al., 1991; Sejian et al., 2010; 

Behrendt et al., 2019). Table 2.7 outlines a summary of studies examining the relationship 

between BCS and lamb growth, survival and weaning. The variation between studies may be due 

to differences in the timing of the BCS measurement, the levels of BCS being compared, the 

plane of nutrition, and the number of lambs born and reared per ewe.  For those studies 

reporting a positive effect, the relationship appears to be observed at BCS range of 2.5 to 3.0.  

As indicated previously, BCS and productivity for many sheep traits are positively 

related. However, at higher BCS there is a plateauing effect. This non-linear relationship means 

that the biggest gain can be achieved by reducing the number of ewes with the lowest BCS in a 

flock or ensuring that all individuals are above a target threshold. To manage an animal to its 

optimum BCS, it must be accurately and repeatedly measured. 
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2.7 BCS techniques in sheep 

The BCS of an animal is assessed by the palpation of the lumbar region, specifically on 

and around the backbone (spinous and transverse processes) in the loin area, immediately 

behind the last rib and above the kidneys to inspect the degree of fat and tissue coverage 

(Jefferies, 1961; Teixeira et al., 1989; Kenyon et al., 2014; Brown et al., 2015; Morel et al., 2016). 

First published by Jefferies (1961) in Scotland sheep, the technique was based on a 0 to 5 scale, 

including only whole units (Table 2.8). The scoring system was subsequently modified by Russel 

et al. (1969), working on English meat sheep who introduced the concept of 0.5 and 0.25 units. 

Different scales have been used to estimate BCS including; 0 to 5 (Russel et al., 1969; Russel, 

1984; Sezenler et al., 2011); 1 to 5 (Thompson and Meyer, 1994; Kenyon et al., 2004a, 2004b; 

Morel et al., 2016) and a scale of 1 to 10 (Everitt, 1962; Sanson et al., 1993). The point intervals 

used in the studies has also differed; 0.5 and 0.25 (Russel, 1984; van Burgel et al., 2011). 

 

Table 2.8 Description of the BCS technique and an illustration of the vertebra and ribs and 
approximate muscle and fat distribution. 

 
Adapted from Kenyon et al. (2014). 
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2.10.4 Height at withers 

There are documented relationships between BCS and height at withers in sheep 

(Maurya et al., 2008; Holman et al., 2012; Anusha, 2016). Maurya et al. (2008) working on 247 

mature Maplura ewes reported that height at withers was lower in ewes of BCS 2.5 (59.7 cm) 

and increased with BCS being higher in ewes of BCS 4.0 (60.5 cm). In a different study by the 

same author working on 119 mature Garole x Malpura ewe crosses, they reported that height 

at the wither was highest in ewes with BCS 3.0 (53.7 cm) compared with the ewes with BCS 2.5 

(51.0 cm) and 3.5 (52.5 cm). Body condition score has been reported to be significantly 

correlated with height at withers in sheep (Holman et al., 2012). Both studies have reported a 

linear association with moderate correlation coefficients of 0.58 and 0.44 respectively. Anusha 

(2016), however, reported a weak correlation between BCS and height at withers of 0.28 in 

Nellore brown sheep. All the three studies combined suggest that BCS is linearly related to 

height at withers in ewes and the strength of association appears to range from weak to 

moderate. It is not yet known how the association between sheep BCS and height at withers 

varies over time. These factors affecting wither height and its association with BCS need to be 

investigated over time.  

Physical measurements such as liveweight and wither height are positively correlated 

with body condition score. If the relationship between BCS and such measurements can be 

predicted, then, it should be possible to use such measurements as proxies for BCS singly or in 

a combination. Tapping into the association between BCS and these easy-to-determine variables 

would, therefore, establish an indirect way of generating BCS estimates. 

2.11 Perspective and proposal 

Although it has been shown, both LW and BCS are related to sheep performance, studies of 

liveweight and BCS in sheep have reported inconsistencies associated with their measurement. 

Liveweight measurement error has been associated with fluctuations in gut-fill based on several 

factors such as feed type offered, feeding level, physiological status and season. It is, therefore, 

of interest to gain a greater understanding of the impacts of such factors on liveweight loss 

profiles associated with handling and weighing of ewes. Further, it is also of interest to generate 

time-dependent liveweight adjusting equations that could be incorporated into weighing 

systems for correction of losses due to gut-fill changes which is the focus of research Chapters 

3, 4 and 5. Literature has further shown that BCS which is another indicator of sheep 

performance has low adoption rates among farmers. Body condition score measurement 

employs a hands-on procedure which can be time-consuming. It is therefore of interest to 

explore indirect faster means of measuring BCS. A greater understanding of the relationship 
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between BCS and physical measurements and the possibility of using such measurements as 

proxies for BCS in sheep may be of advantage which is the focus of research Chapters 6, 7, 8 and 

9. Furthermore, evaluation of animal condition can be a complex process requiring improved 

accuracy of measuring both liveweight and BCS and a greater understanding of this process will 

be achieved when all available information is synthesized, transformed into algorithms and 

integrated into weighing systems.
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Abstract 

This experiment examined the hypothesis that herbage type, would affect the rate of 

liveweight loss of Romney lambs after a period of fasting. Lambs (n=80) were allocated to one 

of two herbage types: grass (ryegrass and white clover) and herb-clover (chicory, plantain, red 

clover, white clover). Lambs grazed their respective treatments for one month prior to the start 

of the experiment. Lambs were weighed immediately after being removed from their herbage 

treatment and then at one-hour intervals for eight hours. Herbage type had a significant effect 

(p < 0.01) on the rate of liveweight loss over the eight-hour fast. Lambs grazing herb-clover 

swards had a greater (p < 0.05) rate of weight loss after four hours than did lambs grazing grass 

(0.55 vs. 0.23 kg/h, respectively). Similarly, after eight hours, lambs grazing herb-clover lost 

weight more rapidly (p < 0.05) than did those grazing grass (0.39 vs. 0.22 kg/h, respectively). 

These results support the hypothesis that herbage type influenced the rate of liveweight loss 

during fasting and indicate that farmers need to consider the type of herbage and time off 

herbage in order to obtain accurate liveweight data. 
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3.1 Introduction 

Liveweight (LW) is an indicator of the current physical state of an animal, and change in 

LW is a useful tool in assessing how an animal is responding to its current environment (Brown 

et al., 2005; Wishart et al., 2017). Liveweight provides a basis for decision making regarding 

sheep management, therefore, accurate determination of LW is important. New advances in 

technology have led to commercially available automated-weighing systems. In addition, the 

advent of electronic weighing scales and use of radio frequency identification (RFID) make it 

easier to regularly collect liveweights of individuals over time (Brown et al., 2015). However, 

liveweight measurements can be affected by a number of factors including: growth, nutrition, 

health, stress, physiological state and genotype (Kenyon et al., 2014; Brown et al., 2015).  

Liveweight is a measure of total body mass and includes muscle, fat, bone, organ, body 

fluids and gut-fill (Wishart et al., 2017). It is relatively stable over a short period of time, but 

alters over longer time periods in response to environmental and physiological conditions 

(Coates and Penning, 2000b; Wishart et al., 2017). The contents of the rumen (fluid and feed) 

can account for between 10 and 23% of total liveweight in ruminants (Hughes, 1976; Moyo and 

Nsahlai, 2018).  Liveweight fluctuations due to gut-fill in ruminants are known to be affected by 

time since last meal, feed and water consumption, age and size of the animal, time of day 

relative to sunrise, ambient temperature, and differences in grazing behaviour (Hughes, 1976; 

Gregorini, 2012). 

A number of  strategies can be used to reduce liveweight variation including removal of 

feed and water for fixed periods of time prior to weighing, standardizing weighing procedures, 

taking an average of multiple liveweights in a day or across a number of successive days, 

weighing at a specific time relative to sunrise, standardizing the feed offered before weighing 

and increasing the number of animals and repetitions of the study (Coates and Penning, 2000b; 

Wishart et al., 2017). Such methodologies to reduce variation are time consuming and, 

therefore, not generally utilised except in experimental situations.  

Routine on-farm sheep handling and weighing may involve many animals and mustering 

from fields of varying distances from the weighing location. This can result in significant delays, 

where individuals are held for many hours without access to food and water prior to weighing. 

Delays in weighing can lead to weight loss due to a reduction in gut-fill and body fluid (Burnham 

et al., 2009; Wilson et al., 2015). In lambs, varying levels of weight loss have been reported within 

flocks while waiting to be weighed. Hughes (1976) reported losses of 0.5 to 1.2 kg (1.8 to 3.8% 

of initial liveweight) after six hours and 1 to 1.7 kg (3.7 to 5.3% of initial liveweight) after 12 

hours. Burnham et al. (2009), Wilson (2014) and Wishart et al. (2017) reported liveweight losses 
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addition, further studies are needed to examine factors such as breed, age and sex of lamb, 

feeding levels, ambient temperature and physiological status that might interact to account for 

total liveweight loss. 

3.5  Conclusion 

For lambs fed a grass or herb-clover diet, the present study identified liveweight loss 

profiles during an eight-hour period when feed and drinking water were withheld. This study 

demonstrated that sheep lose a significant amount of liveweight over a short period and this 

loss rate depended on their diet type under the study conditions observed.
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 The effect of herbage availability and season of year 

on the rate of liveweight loss during weighing of fasting ewe 

lambs 
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4.1 Introduction 

Liveweight (LW) is an indicator of the physical state of an animal, and change in LW is a 

useful tool to assess how an animal is responding to its current environment (Brown et al., 2005; 

Wishart et al., 2017). Liveweight is a measure of total body mass and includes muscle, fat, bone, 

organ, body fluids and gut-fill (Wishart et al., 2017). Advances in technology have led to 

commercially available automated weighing systems which combine electronic scales and use 

of radio frequency identification (RFID). These automated systems make it more easier to 

regularly collect and utilize liveweight  data of individuals over time (Brown et al., 2015).  

Liveweight is relatively stable over a short period of time (a few minutes), but alters over 

longer time periods in response to environmental and physiological conditions (Coates and 

Penning, 2000b; Wishart et al., 2017). Liveweight measurements can be affected by a number 

of factors including: gut-fill (digesta and urine), growth, nutrition, health, stress, physiological 

state and genotype (Kenyon et al., 2014; Brown et al., 2015). The contents of the rumen (fluid 

and feed) can account for between 10 and 23% of total liveweight in ruminants (Hughes, 1976; 

Moyo and Nsahlai, 2018). Liveweight fluctuations due to gut-fill in ruminants can be affected by 

factors influencing feed intake such as age and size of the animal, time of day relative to sunrise, 

ambient temperature, and differences in grazing behaviour, and time since last meal (Hughes, 

1976; Coates and Penning, 2000b; Hogan et al., 2007; Burnham et al., 2009; Gregorini, 2012; 

Wilson et al., 2015; Wishart et al., 2017).  

In the southern hemisphere sheep production is mainly extensive in nature and pastoral 

based. In New Zealand, the flock sizes on average are greater than 2500 sheep (Cranston et al., 

2017). Automatic weighing systems can record up 400 weights per hour without interruptions 

(https://www.livestock.tru-test.com), thus, requiring six to seven hours to weigh an average 

flock. Further, mustering and routine on-farm sheep handling in addition to weighing can 

increase the length of time sheep are restricted from accessing feed and water supplies while 

waiting to be weighed. Delays in weighing can lead to weight loss due to a reduction in gut-fill 

and body fluids (Hogan et al., 2007; Burnham et al., 2009; Wilson et al., 2015). In ewe lambs, 

varying levels of weight loss have been reported within flocks waiting to be weighed. Previously 

in Chapter 3, it was reported that losses of 1.8 (4.7% of initial weight) to 2.9 (6.7% initial weight) 

kg occur after eight hours. Hughes (1976) reported losses of 0.5 to 1.2 kg (1.8 to 3.8% of initial 

liveweight) after six hours and 1 to 1.7 kg (3.7 to 5.3% of initial liveweight) after 12 hours. 

Burnham et al. (2009) and Wishart et al. (2017) reported liveweight losses after six hours of 4.2 

kg (9.8% of initial liveweight), 4.8 kg (7.8% of initial liveweight) and 2.9 kg (5.6% of initial 
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Figure 4.2 Change in Live weight (with 95% CI, grey shade) for herbage availability (Low: solid 
line, Medium: dashed line, High: long dashed line) in autumn and winter over eight hours of 
fasting. 
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 The effect of herbage availability on the rate of 

liveweight loss of fasting non-pregnant and pregnant ewes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

Aspects of this Chapter have been published as: Semakula J, Corner- Thomas R.A, R, Morris S.T, 

Blair, H.T, Kenyon, P.R. The Effect of Herbage Availability, Pregnancy Stage and Rank on the Rate 

of Liveweight Loss during Fasting in Ewes. Agriculture 2021, 11, 543.  It excludes sections on non-

pregnant ewe studies. 
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Table 5.1 Sample size, weighing day (D) (pregnancy day in parenthesis) and live weight records of ewes by study stage, physiological state, stage of pregnancy, 
pregnancy-rank, farm, and herbage availability. 

Study stage Physiological 
state 

Stage of 
pregnancy 

Pregnancy-
rank 

Farm Herbage 
availability 

Ewe/paddock 
(n) 

Weighing 
day 1 

Weighing 
day 2 

Weighing 
day 2 

Records 

Stage 1 
(Calibration) 
                                           

Non-pregnant   Keeble Low1 30 D7  D10  D13  810 
    Medium 30 D7  D10  D13  810 
    High 30 D7  D10  D13  810 
          
Pregnant P100 Single Riverside Low2 25 D7 (107) D10 (110) D16 (116) 675 
    High 25 D7 (107) D10 (110) D16 (116) 675 
  Twin  Low2 25 D7 (107) D10 (110) D16 (116) 675 
    High 25 D7 (107) D10 (110) D16 (116) 675 
 P130 Single Keeble Low2 25 D7 (127) D12 (132) D15 (135) 675 
    High 25 D7 (127) D12 (132) D15 (135) 675 
  Twin  Low2 25 D7 (127) D12 (132) D15 (135) 675 
    High 25 D7 (127) D12 (132) D15 (135) 675 

           

Stage 2 
(Validation) 

Non-pregnant   Keeble Low1 30 D3  D6   540 
    Medium 30 D3  D6   540 
    High 30 D3  D6   540 
   Riverside Medium 30 D4    540 
          
Pregnant P100 Single Tuapaka Low2 25 D3 (102) D5 (107)  450 
    High 25 D3 (102) D5 (107)  450 
  Twin  Low2 25 D3 (102) D5 (107)  450 
    High 25 D3 (102) D5 (107)  450 
  Single Keeble Low2 25 D3 (98) D5 (100)  450 
    High 25 D3 (98) D5 (100)  450 
  Twin  Low2 25 D3 (98) D5 (100)  450 
    High 25 D3 (98) D5 (100)  450 
          
 P130 Single Keeble Low2 25 D3 (127) D5 (132)  450 
    High 25 D3 (127) D5 (132)  450 
  Twin  Low2 25 D3 (127) D5 (132)  450 
    High 25 D3 (127) D8 (132)  450 





https://cliflo.niwa.co.nz/
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except for the Low1 (CV = 58%) and medium (CV = 47%) herbage level s offered to non-pregnant 

ewes.  

The liveweight loss regression equations differed by physiological state and herbage 

availability resulting in different rates of loss and the loss was nonlinear (p < 0.001) over the 

eight-hour fasting period (Table 5.2). Further, non-pregnant ewes had lower liveweight loss 

rates than their pregnant counterparts (p < 0.01). The rate of ewe liveweight loss increased with 

herbage availability, having been greatest in ewes offered the High rather than Low (Low1, Low2) 

herbage levels (p < 0.01). In the pregnant ewe study, the rate of ewe liveweight loss was greater 

at P100 than P130 (p < 0.01). Both herbage availability and stage of pregnancy significantly (p < 

0.01) interacted to influence the rate of ewe liveweight loss. Pregnancy-rank did not affect (p > 

0.05) the rate of ewe liveweight loss, and thus, individual liveweight loss regression equations 

for single- and twin-bearing ewes were pooled to generate the combined or consolidated 

equations.   
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5.3.2.3 Liveweight loss trends during calibration and validation stage 

Six-hour ewe liveweight change trends were compared for both calibration and 

validation stages. The regression equations derived after six hours of fasting during the 

validation stage are presented in Tables (5.3, 5.4 and 5.5).  Overall liveweight loss varied among 

farms (p < 0.001) across ewe physiological state but not (p > 0.05) between herbage availability 

levels. The rate of liveweight loss differed (p < 0.05) between herbage levels and farm regardless 

of physiological state.  

5.3.2.3.1 Non-pregnant ewe study 

In the non-pregnant ewe study, the rate of liveweight loss was higher (p < 0.05) in both 

Medium and High herbage levels than the Low group (Table 5.3). Though not compared across 

farm, the rate of liveweight loss among the non-pregnant ewes offered the Medium herbage 

level was lowest at Riverside farm.  

5.3.2.3.2 Pregnant ewe study 

In the pregnant ewe study, all main effects were not significant (p > 0.05) except for time 

effects (first and second order fasting time polynomial) were significant (p < 0.001) (Tables 5.4 

and 5.5). Further, among interactions, only, herbage availability x fasting time, stage of 

pregnancy x (first and second order fasting time polynomial), Study stage x fasting time and farm 

x fasting time were significant (p < 0.05).  

 P100 study 

At P100, on both Keeble farm and Tuapaka farm, the rate of liveweight loss was greater 

for the High herbage level than the Low group regardless of pregnancy-rank (Table 5.4). Within 

pregnancy-rank, the rate of liveweight loss was comparable (p > 0.05) except for the Low 

herbage level on Tuapaka farm where the rate of liveweight loss was greater for twin than single-

bearing ewes.  

 P130 study 

At P130, on the Keeble farm, the rate of liveweight loss was comparable (p > 0.05) for 

all herbage levels across pregnancy-ranks (Table 5.5). On both Keeble farm and Riverside farm, 

ewes offered the Low2 herbage level had comparable liveweight loss rate trends (p > 0.05). 

However, in ewes offered the High herbage level, the rate of liveweight loss was greater (p < 

0.05) at Riverside farm than Keeble farm. The magnitude and rate of liveweight loss was 

comparable (p > 0.05) for Low2 and High herbage levels at both Keeble farm and Tuapaka farm 

except (p > 0.05) for the twin-bearing ewes offered the High herbage level. 
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days in pregnancy in both High and Low herbage levels, respectively, meant they were likely to 

have consumed differing amounts of water in their herbage intake. Ewes need to consume 

approximately 3.0% of their live weight (Lloyd et al., 1978; McDonald, 2002). This suggests that 

in the current study a 66.4 kg ewe offered the any of the herbage levels, would have consumed 

an average of approximately 1.99 (0.03 x 66.4) kg DM. If non-pregnant and offered Low1 

herbage level (47.4% DM), it would have consumed 2.20 (1.99 x 1.10) litres of water. Similarly, 

the same non-pregnant ewe offered the High herbage level (34.4% DM) would have consumed 

3.8 (1.99 x1.91) litres of water.  At P100, offered the Low2 herbage level (19.6% DM), the same 

ewe would have consumed 8.2 (1.99 x 4.1) litres of water. Similarly, offered the High herbage 

level (15.7% DM), the same ewe, would have consumed 10.7 (1.99 x 5.4) litres of water. This 

extra water in herbage would be excreted faster through urine than herbage via faeces. The 

findings, therefore, suggest that the greater the DM% content of herbage the lower the rate of 

ewe liveweight loss and vice versa. Further, the greater proportions of CP and ME, but with 

correspondingly lower fibre (DM, NDF and ADF) may have been responsible for the lower rate 

of ewe liveweight loss in summer compared with winter. Dry matter and fibre have been 

reported to increase with herbage density (Toupet et al., 2020). Higher levels of fibre increase 

water holding capacity of the gut and thus the rumen clearance. The proportion of structural 

carbohydrates responsible (fibre) increases and that of fermentable carbohydrates and pectins 

decreases in drier seasons while in wet seasons the reverse is true (Crampton and Jackson, 1944; 

Litherland et al., 2002; Warly et al., 2004; Särkijärvi et al., 2012; Mir and Ahmed, 2017; 

Ekanayake et al., 2019). Therefore, it is not surprising that herbage in the non-pregnant ewe 

study (summer) had greater DM% and fibre, and thus, the lower rate of ewe liveweight loss than 

pregnant ewe study (winter). Greater structural carbohydrate results in a decrease in the 

fractional rate of fluid passing through the rumen thereby increasing the water holding capacity 

of the gut.  

The results indicated that the rate of liveweight loss was influenced by the physiological 

state (pregnancy status and stage of the pregnancy) but, not pregnancy-rank. The results 

support the liveweight losses (3.8 to 5.0% and 4.0 to 7.2%) reported by Hughes (1976) and 

Burnham et al. (2009) in two-tooth and  mature pregnant ewes respectively. The results from 

our study further indicated that ewe liveweight loss at day 100 was greater that at day 130. This 

finding is corroborated by Burnham et al. (2009) who reported greater ewe liveweight loss at 

day 70 of pregnancy than at day 130 (9.8 vs. 7.5%).  The greater liveweight loss at day 100 may 

be due to a relatively smaller uterus volume compared with day 130, resulting in less constraint 

on the rumen volume. Thus, the clearance of a larger rumen volume at day 100 having a greater 
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 The effect of age, stage of the annual production cycle 

and pregnancy-rank on the relationship between live weight 

and body condition score in extensively managed Romney 

ewes 
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needed. Adjustments for differences between BCS should consider age group, stage of the 

annual production cycle and pregnancy-rank. The relationships found between live weight and 

body condition score support the possibility of using live weight as a proxy for body condition 

score.
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 Predicting ewe body condition score using lifetime 

live weight and liveweight change, and previous body 

condition score record 
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mixed effects model (LMM) procedure in nlme package (Pinheiro et al., 2018). The LM was 

selected for subsequent analysis the variance between LMM and GLS showed no significant 

difference (p < 0.05). Using selected best predictors for each BCS, LM regression equations were 

fitted to predict the current BCS using lifetime (present and previous) live weight records 

(liveweight alone models). Later, the models were modified by using previous liveweight change 

and BCS scores in addition to lifetime (combined models). Consequently forty-eight (48) 

regression equations were generated for BCS prediction, half of which were from using 

liveweight alone models and the remaining half from the combined models. Lifetime 

measurements refer to those ewe measurements taken at same and previous time points, 

whereas previous measurements only refer to those preceding the current one. Liveweight 

change was defined as sequential retrospective change in liveweight between individual time 

points. 

7.2.4 Model performance evaluation 

The calibration model performance (based on training dataset) was assessed using two 

metrics (Theil, 1958; Botchkarev, 2019) adjusted coefficient of determination (Adj. R2) and the 

root mean square error (RMSE). The validation for each BCS prediction model was conducted 

using the testing dataset, each repeated 1000 times. Several metrics were considered when 

assessing the quality of BCS prediction models, including the coefficient of determination (r2), 

bias, root mean squared error (RMSE), residual prediction deviation (RPD), and the ratio of 

performance to interquartile distance (RPIQ) (McDowell et al., 2012). The formulae used to 

compute the error metrics and coefficient of determination are in Chapters 4 and 6. The success 

of the predictions for individual samples was determined using the percent error (MAPE or RPE). 

The best model would have the highest Adj. R2, r2, RPD, and RPIQ, and the lowest RMSE and PE. 

In addition, RPD has been classified (Bellon-Maurel et al., 2010) into three different categories, 

weak prediction (RPD < 1.4), reasonable (1.4 < RPD < 2.0) and excellent (RPD > 2.0). In a similar 

manner (Nawar and Mouazen, 2017), RPIQ has been divided into four categories, very poor 

prediction (RPIQ < 1.4), fair (1.4 < RPIQ < 1.7), good (1.7 < RPIQ < 2.0), very good (2.0 < RPIQ < 

2.5) and excellent (RPIQ > 2.5). 
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7.3.3 Prediction error metrics 

The BCS model prediction error metrics (MAE, RMSE, MAPE, RPE) and r2 varied within across 

age group and stage of the annual production cycle when live weight or combined models were 

used to predict BCS (Tables 7.5 and 7.6). The average prediction error associated with BCS 

prediction in live weight and in the combined models in terms of MAE and RMSE was 0.26 (0.23 

to 0.32) and 0.32 (0.28 to 0.41) body condition scores, respectively. The magnitude of the error 

values was categorized as being moderate to high in both live weight and in the combined 

models, given the scale of measurement and smallest unit of measurement (0.5). The BCS 

predictions using the liveweight alone models were, on average, 9.3 (7.60 to 11.50) to 11.6 (9.50 

to 14.62) % from the actual value. The models were categorized as weak (RPD: 1.02 to 1.39) or 

very poor to fair (RPIQ: 1.28 to 1.79).  

The model prediction error metrics for the combined models varied across age group and 

stage of the annual production cycle but were significantly (p < 0.01) reduced compared with 

the liveweight alone models. The average prediction error associated with BCS prediction using 

the combined models in terms of MAE and RMSE was reduced by 0.04 (10% to 12%) body 

condition scores. Overall, the combined models improved BCS prediction from weak to 

reasonable (PRD: 1.40) or good (RPID: 1.75). The results also showed positive and negative bias 

for both models, and indication of tendency to underestimate or overestimate BCs 

measurement. 
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the potential to do. As the pregnancy advances, conceptus weight increases depending on the 

number of fetuses carried (Kleemann and Walker, 2005), which could have affected the live 

weight and BCS differently. The present dataset did not have information on the individual stage 

of pregnancy for each ewe. Future studies should examine if the accuracy of the prediction can 

be ameliorated by incorporating these two variables. In regression, the independent variable 

measurement is assumed to be measured with high precision, thus, it is not expected to 

contribute to residual error (Dosne et al., 2016). Therefore, losses in live weight due to gut-fill 

changes and urination in relation to when ewes are weighed at different times and the effect of 

pregnancy on live weight are of concern, as they affect live weight which is an independent 

variable for BCS prediction. When independent variables are not exact, estimations based on 

the standard assumption leads to inconsistent parameter estimates even in very large samples 

(Hausman, 2001; Pischke, 2007). Thus, if errors in the measurement of live weight could be 

minimized, then the resulting error term in the regression could all be attributed to BCS 

measurement, which should improve the model goodness-of-fit and accuracy. In order to reduce 

this measurement error, it would be imperative that liveweight losses due to delayed weighing 

be accounted for with respect to time of delay (period from when the animal last fed to weight 

recording) in using prediction equations. Time-dependent, live weight adjusting equations for 

ewes have been developed but are not regularly used (Wishart et al., 2017).  

In the present study, the prediction models using liveweight alone had large error (MAE 

and RMSE) and low RPD and RPIQ values, which led to high error rates. Combined models 

reduced the magnitude of all the prediction error metrics to near acceptable levels. Although 

error (MAPE) up to 20% is acceptable for setting dosage rates in the veterinary pharmaceutical 

industry (Leach and Roberts, 1981), error of more than 10% can be problematic (Alexander et 

al., 2015; Hagerman et al., 2017; Lalic et al., 2018) in other agricultural filed MAPE or RMSPE. In 

this study, values were approximately 9 to 12% for liveweight alone models and 8 to 10% for the 

combined models. The moderate to large error values (one-half to two-thirds of the smallest 

unit on a 0.5 decimal scale) in BCS prediction in the present study (where a 0.5-unit change in 

BCS changes the performance-rank of a ewe) could greatly influence management decisions. In 

theory, both models should have had resolutions of approximately 0.02 (maximum span = 0.5 / 

smallest possible increment = (2) ^ maximum range of possible values) body condition score. 

However, due to the rigid nature (discrete or noncontinuous scale with no values in between 

the fixed points) of the scale used, such resolutions are not achievable. It has been suggested 

that decisions concerning targeted feeding and management of ewes to maximum performance 

are based on a minima BCS (i.e. 2.5) or a critical range of BCS values (i.e. 2.5 to 3.5) (Kenyon et 

https://en.wikipedia.org/wiki/Consistent_estimator
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partitioned with stratification into training and testing datasets in a ratio of 3:1, with 

replacement. Resampling was done using the bootstrapping and aggregation (Tropsha et al., 

2003) procedures in the caret package (Kuhn, 2008). During resampling, 10-equal sized sub-

samples, repeated three times were selected from the dataset. Prediction models were trained 

on nine sub-sample sets which were used to compute the parameters and the 10th was used to 

evaluate the model as well as compute the error. The procedure was run 30 times (10-folds 

repeated three times) and the average parameter values and their probabilities were computed 

and computed through bootstrapping as described in Chapter 6.  

The algorithms used for this work were selected from a range of probabilistic and non-

probabilistic methods in order to cover the most commonly used machine learning algorithms 

(Valletta et al., 2017; Khaledian and Miller, 2020). A summary of the concepts, advantages and 

disadvantages of each algorithm is given in the appendix Table 8.1. Further, the criteria for 

selecting these methods included (i) successfully application in other animal science studies 

(Shahinfar and Kahn, 2018; Shahinfar et al., 2019; Bakoev et al., 2020), and (ii) ability to handle 

multi-class categorization (Leevy et al., 2018). Three traditional (ordinal logistic, multinomial 

regression (Agresti and Kateri, 2011; Torgo, 2016) and Linear Discriminant Analysis (LDA) (Zhao 

et al., 2018) statistical models (white box or low-level machine learning models), two low-level 

black models (Random Forest (RF) (Rennie et al., 2003) and classification and regression trees 

(CART) (Zhu et al., 2018) and four high-level black box models (Support Vector Machines (SVM) 

(Zeng et al., 2008) and K-Nearest Neighbours (KNN) (Breiman, 1998; Sun and Huang, 2010), 

Artificial Neural Networks (ANN), and Gradient boosting decision trees (XGB) (Ebrahimi et al., 

2019) were compared. Machine learning models can be categorized in two main ways namely: 

(i) whether data provides labels that classify variables (supervised) or not (unsupervised) (Fisher, 

1987), (ii) if a clear description of the analysis detailing how covariates and the target variable 

are related (classical statistical methods or white boxes), a partial description blue print (low-

level- or semi-black boxes) or no description can be given (high-level black boxes) (Khaledian 

and Miller, 2020). All algorithms were implemented in R package using several caret package 

extensions (nnet, multinom, polr, lda, rpart, svmLinear, xgblinear, rf and knn 

(http://topepo.github.io/caret/index.html). A chart summarizing the model building and 

evaluation procedures is given as in Appendix IX Figure 1. 
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Table 8.1 Key model performance characteristics of common machine learning algorithms (selecting the most appropriate algorithms).  

Model1 Concept2 Parameter and 
processes required3 

Sample size and 
data 
dimensionality 

Assumptions 
and data 
requirements 

Covariate 
pools4 

Computational 
time 

Interpretability5 Prone to 
overfitting 

References 

Ordinal Probabilistic 
regression 

No 
hyperparameters 

Affected by 
small sample 
sizes 

proportional 
odds, linearity  

No Fast White box Yes (Liao, 1994; 
Agresti, 1999; 
Agresti and 
Kateri, 2011)          

Multinom Probabilistic 
regression 

No 
hyperparameters 

Yes proportional 
odds, linearity 

No Fast White box Yes (Böhning, 1992; 
Liao, 1994; 
Agresti and 
Kateri, 2011)  

LDA Dimension 
reduction + 
separability 
between classes 

No 
hyperparameters 

Affected by 
small sample 
sizes, Good for 
high dimension 
data 

Normality, 
linearity & 
continuous 
independent 
variables  

No Fast White box Yes (Chen et al., 
2000; Yu and 
Yang, 2001; 
Zheng et al., 
2004)  

CART Decision trees 
and regression 

Hyperparameters Performs well 
with large 
datasets 

numerical or 
categorical 
outcome 

can remove 
redundant 
covariates 

Fast Low-level black 
box 

No (Quinlan, 1986; 
Quinlan, 1987) 

RF Decision trees, 
regression and 
bugging 

Up to three 
hyperparameters 

Performs well on 
small & high 
dimensionality 
data 

numerical or 
categorical 
outcome 

can remove 
redundant 
covariates 

Decreases with 
sample size 

Low-level black 
box 

No (Ho, 1995; 
Khaledian and 
Miller, 2020) 

XGB Regression trees + 
gradient boosting 

Hyperparameter Require large 
datasets 

numerical or 
categorical 
outcome 

can remove 
redundant 
covariates 

Very fast High-level black 
box 

Yes, if 
large 
number of 
trees 

(Chen and 
Guestrin, 2016; 
Zhang and Zhan, 
2017) 

KNN Regression curve 
+ hyperparameter 
(k) 

 One 
hyperparameter  

Not good for 
large & high 
dimensionality 
data 

No 
assumptions 
but requires 
scaled data 

No Decreases with 
sample size 

Fairly 
interpretable 

Yes (Imandoust and 
Bolandraftar, 
2013; Khaledian 
and Miller, 
2020) 
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SVM Maximal margins 
+ kennel functions 

Two 
hyperparameters 

Not good for 
high dimension 
data 

No 
assumptions 

No Decreases with 
sample size 

High-level black 
box 

Yes (Gunn, 1998; 
Durgesh and 
Lekha, 2010) 

ANN Nodes (artificial 
neurons) 

Up to seven 
hyperparameters  

Sensitive to 
sample size and 
data 
dimensionality 

numerical or 
categorical 
outcome 

No computationally 
very expensive 
and time 
consuming 

High-level black 
box 

Yes (Tu, 1996; 
Daniel, 2013) 

1Model (Ordinal: Ordinal logistic regression, Multinorm: Multinomial regression, LDA: Linear Discriminant Analysis, CART: Classification and regression tree, RF: Random Forest, XGB: Gradient 
boosting decision trees model, KNN: K-Nearest Neighbours, SVM: Support Vector Machines, ANN: Neural Networks). 2Concept: How the algorithm works. 3Parameter and processes: Tuning 
parameters for the algorithm. 4Covariate pools: Intrinsic ability to remove redundant variables or to select important variables. 5Interpretability: White box: clear model structure with parameters: 
black boxes: model structure and the relationship between variables is unknown.  
NB: The criteria used to summarize the key model performance characteristic was a modified version of 5-point criteria by Khaledian and Miller (2020).  
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annual production cycle, LW varied (p < 0.05) with annual production cycle and increased with 

ewe age. Unadjusted LW continued to increase with ewe age beyond 30 months. However, 

adjusted live weight increased with age up to 30 months before plateauing.  





https://www.mdpi.com/2076-2615/10/7/1182/htm#fig_body_display_animals-10-01182-f001
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the adjusted R2 value was highest at weaning with no clear pattern in the lowest value. The 

average number of live weight predictors (significant variables) for BCS prediction was 

comparable for models using unadjusted as well as adjusted LW (Average: 6, 1 to 11), and 

increased with ewe age (Figure 9.4).  

To improve the prediction of current BCS, the LW alone models were expanded by 

adding the unadjusted LW difference  (change in live weight measurements from adjacent time 

points) and all preceding BCS (combined unadjusted models) or by adding the adjusted LW 

differences and height at wither, and all preceding BCS (combined adjusted models). The overall 

proportion of variance explained (adjusted R2) improved (z=3.62, t21 = 5.71, p < 0.001) by 

approximately 1.3 times (from 0.38 to 0.50) in all combined model categories compared with 

LW models (Figure 9.4).  However, the adjusted R2 values were comparable (z = 1.07, t10 = 0.99, 

p > 0.05) for both adjusted and unadjusted models across age groups and stages of the annual 

production cycle (Figure 9.4). Further, the adjusted R2 values were marginally greater in 

combined models than liveweight alone models across age and stages of the annual production 

cycle. The highest adjusted R2 values were achieved at the weaning period with no clear pattern 

concerning the lowest value. The number of significant predictors for BCS was higher (average: 

10, from 1 to 16 for unadjusted and 1 to 21 for unadjusted) in the combined models compared 

with liveweight alone models (Figure 9.5). Overall, the number of predictors was increased 1.5 

and 2.0 times for unadjusted and adjusted combined models, respectively, compared with LW 

alone models.  
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Figure 9.4 Adjusted coefficient of variation (Adjusted R2, with standard deviations) of  models (dotted 
bar: unadjusted liveweight alone models, horizontal stripes: combined models based on unadjusted 
LW, liveweight change and previous BCS, diagonal stripes: adjusted liveweight alone, shingled: 
adjusted live weight, liveweight change, height at withers and previous BCS) for current BCS prediction 
across the stage of the annual production cycle and ewe age group. Colours (Red indicates unadjusted 
live weight while blue indicates adjusted liveweight was used). PB, PD, PL, W indicate body condition 
score prior to pre-breeding, at pregnancy diagnosis, prior to lambing, and at weaning, respectively. In 
large samples where bootstrapping is applied, the standard deviations approximate the standard 
errors. 
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Figure 9.5 Number of predictors of models (solid lines with squares: unadjusted liveweight alone 
models, solid line with diamonds: adjusted liveweight alone models, dashed line with squares: 
combined models based on unadjusted LW, liveweight change and previous BCS, dashed line 
with diamonds: adjusted live weight, liveweight change, height at withers and previous BCS for 
BCS prediction at given time across the stage of the annual production cycle and ewe age group. 
PB, PD, PL, W indicate body condition score prior to pre-breeding, at pregnancy diagnosis, prior 
to lambing, and at weaning, respectively. 
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Chapter ends with an overview of the main conclusions of the research and 

recommendations for future research. 

10.2.1  Chapter 3. The effect of herbage type on the rate of liveweight loss of fasting ewe lambs 

In this Chapter, it was hypothesised that liveweight loss rate in fasting ewe lambs 

would be lower when offered ryegrass-based swards than herb-clover-based swards prior 

to fasting. It was found that ewe lambs offered the herb-clover mix achieved liveweight 

loss rates 2.0 times greater than ewe lambs offered ryegrass-clover based swards. 

Although the study did not perform feed chemical analysis, the higher liveweight loss in 

ewe lambs offered the herb-clover based swards than ryegrass-clover based swards was 

attributed to likely higher concentration of readily fermentable soluble sugars and pectin, 

and lower concentrations of cellulose and hemicellulose than grass-based diets (Barry et 

al., 1999; Moyo and Nsahlai, 2018). This study confirmed the suggestion that prior to 

weight measurement, it is important to have previously fed the animals the same ration 

to eliminate ration effects on rumen gut-fill (Meyer et al., 1960).  

10.2.2  Chapter 4. The effect of herbage availability and season of year on the rate of liveweight 

loss of fasting ewe lambs 

Previous studies on fasting ewe lamb liveweight change studies utilised one diet 

type with no indication of herbage quantity offered or season. This Chapter, therefore, 

investigated the effect of herbage availability and season on the rate of ewe liveweight 

loss was examined and correction equations for delayed live weights developed for use 

under commercial conditions. It was found that the rate of liveweight loss increased with 

herbage availability. Further, this rate of liveweight loss was greater in winter than 

autumn. The higher liveweight loss rate in ewe lambs offered the High diet and lower rate 

in lambs on the Low diet was due to the consistently lower percentage dry matter (% DM) 

in the former and vice versa. The higher liveweight loss rate in winter than autumn in the 
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learning models in Chapter 8 were applied on adjusted live weights, or if other 

technologies to account for individual variability in BCS were applied, more accurate BCS 

could be achieved. 

10.3  Limitations of the study 

The initial ewe lamb liveweight loss study (Chapter 3) utilised 40 ewes, across two 

groups, with group sizes of 20. As this was a study nested in an already running study, it was not 

possible to have enough sample space to randomly select ewes for the nested study trial. As a 

result, the initial live weights for the study ewes were similar with a limited range of live weight. 

This could have affected the rate of liveweight loss during fasting. Examination of the live weight 

decay curves, however, showed that there was great variability in the rate of liveweight loss 

from ewes with comparable initial live weight, suggesting that the limited diversity of initial live 

weights could have not had effect of the rate of liveweight loss. The observed individual 

variability in the rate of liveweight loss indicate that there could be innate individual differences 

altering the live weight decay curves. Such individual differences if accounted for may improve 

the accuracy of liveweight loss prediction and warrant further research. Further, in Chapter 3, 

two types of diets were evaluated (Ryegrass-based and clover-based swards). By the time this 

thesis was written, the results from analysis of feed that these ewes were consuming had not 

been obtained. Therefore, the explanations given for the differences in liveweight loss between 

Ryegrass and Clover could not be bolstered through evidence i.e. attributed to what they were 

fed (Dy matter, nutrients, minerals) and may not be conclusive. This warrants investigation. In 

the next set of studies (Chapter 4 and Chapter 5), the predominant Ryegrass-based diet was 

carried forward to investigate the effect of herbage availability (allowance), season and 

physiological state of a ewe using group sizes of 25-30 animals generated with a power of 0.9. 

In these studies, quantity and quality of feed offered was measured. These studies have given 

more conclusive results and showed that differences in Dry matter content of feed directly 

influenced the rate of ewe liveweight loss, an aspect that was not apparently substantiated in 
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the effect of individual paddocks, new sets of paddocks were used during replication of 

the study. Further, treatment groups were replicated across both seasons, farms, years, 

and studies, providing confidence in results obtained. It is, therefore, unlikely that lack of 

strict observance of the herbage availability ranges could have affected the outcomes of 

the current studies.  

Weight measurements were carried out using static weighing systems on two different 

facilities i.e. open space and a roofed shelter. Therefore, this required the physical collection of 

ewes from their paddocks, mustering and fasting for a specific period. Differences in wind 

exposure in these weighing facilities can distort the accuracy of weight measurements. Further, 

in static facilities one may need to drive the novice ewes through the weighing crate. This may 

make it time consuming. It was assumed that the effect of wind pressure onto the loading bars 

was inconsequential. Ideally, all ewe weighing should have been conducted under the same farm 

conditions. This could not be observed as available farms had different weighing facility types 

which is typical of the commercial farms in New Zealand. To reduce the effect of abrupt wind 

pressure especially on wet days, most weighing was conducted on dry days or in roofed shelters. 

This could be overcome by standardizing the weighing protocol to ensure similar weighing 

facilities are used. However, the effect of using different weighing facility types was minimized 

by replicating the studies across these farms with different weighing facilities.  

Day of pregnancy can affect the rate of live weight (Burnham et al., 2009) and the rate 

of conceptus growth (Kleemann and Walker, 2005; Kenyon et al., 2008) affecting the 

measurement of live weight, and thus, their accuracy is of utmost importance. For a large flock 

under extensive management, it is not possible to record the mating date of an individual ewe 

to subsequently estimate its day in pregnancy. In the current studies (Chapter 6, 7, 8, 9), 

individual day of pregnancy were estimated using the midpoint of a 17-day breeding period as 

the reference day. This standardized and increased the certainty in estimation of the day of 

pregnancy and consequently the measurements associated. 
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Appendix I. Weather data for Chapter 3 

 

 

Appendix I Figure 1 Average daily temperature (solid line: maximum, dashed: minimum) and 
precipitation (stripped bars) for the study time. Data from: https://cliflo.niwa.co.nz.
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Appendix II. Water availability study: Effect of water availability to liveweight loss rate of 

fasting ewe lambs 

Introduction 

The lambs in Chapter 3 were part of a larger study that compared the impacts of herbage type 

(grass and herb) with or without access to a reticulated water trough (corner et al unpublished), 

although the analysis in Chapter 3 focused only on herbage type. The aim of the present study 

was to investigate the effect of access to reticulated water on the rate of liveweight loss in lambs 

when removed from herbage. 

 

Materials and methods 

This trial was part of an ongoing study (Corner-Thomas et al, unpublished) conducted 

simultaneously with the herbage type study reported in Chapter 6 in which additional data on 

effect of access to reticulated water was collected. In their study, Corner-Thomas et al 

(unpublished)  allocated six-month-old ewe lambs (n = 80) to one of two dietary treatments: an 

established ryegrass and white clover dominated sward (grass, G) or a chicory, plantain, red and 

white clover mix (herb-clover, H). They were also further, allocated to one of two water 

treatments: no access to reticulated water (NW) or access to reticulated water (W). This 

allocation resulted in four treatment combinations: grass without reticulated water (GNW, n = 

20), grass with reticulated water (GW, n = 20), herb-clover without reticulated water (HNW, n = 

20) and herb-clover with reticulated water (HW, n = 20). To investigate the effect of water 

access, data were pooled by water treatment group namely, access to reticulated water (AW, n 

= 40) and no access (NW = 40), each replicated twice (i.e. by herbage type). The lambs were 

maintained on these treatments for 30 days prior to weighing. All the experimental and data 

collection conditions were as reported in Chapter 6. 

 

Statistical analyses 

Analyses were conducted using  R program version 3.4.4 (R Core Team, 2016). The analytical 

methodology utilised in this study were similar to ones applied in Chapter 3. A linear mixed-

effects model with polynomial time effect was fitted using nlme, a package for fitting regression 

for linear and nonlinear models (Pinheiro et al., 2018). Effects in the model were contrasted 

based on successive differences comparison (Liu et al., 2004) using the MASS package (Venables 

and Ripley, 2002). Access to water was fitted as a fixed variable, fasting time (linear and 

quadratic) as a covariate while an individual sheep effect was fitted as a random effect. Two-
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APPENDIX II Figure 2 Change in liveweight (with 95% Confidence Interval, grey shade) after 
removal from herbage, for water (AW: solid line) and no water (NW: dashed line) treatments.  
 

In the current study, restricted access to reticulated water had no effect on the overall 

liveweight loss or rate of liveweight loss of the lambs. This finding is in agreement with Kirton et 

al. (1968) and Al-Ramamneh et al. (2012) who reported no difference in overall liveweight loss 

regardless of access to drinking water or not among Romney lambs managed under extensive 

grazing conditions  and two temperate sheep breeds kept under zero grazing. These results were 

also in agreement with studies under different environmental conditions with adult sheep who 

reported no difference in overall liveweight loss across two water access (access, no access) 

treatments (Brosh et al., 1986; Hadjigeorgiou et al., 2000). In many studies, liveweight loss in 

ruminants was associated with a reduction in water and feed intake and was influenced by 

ambient environmental temperatures and body-water loss (Silanikove, 1992; Alamer, 2009). 

Given the low dry matter (DM) percentage in the present study (AW: 16.7%, NW: 16.8%) the 

lambs were likely to have consumed a considerable amount of water in their herbage intake. 

Lambs need to consume dry matter % of approximately 2 to 3% of their liveweight (Lloyd et al., 

1978; McDonald, 2002). In the current study all lambs were offered ad libitum pasture levels 

>1200 kg DM/ha, therefore, the average daily intake of an average lamb (41.0 kg) was estimated 

at 1.23 (0.03 x 41.0) kg DM/ha. Therefore, if the herbage had a dry matter of 16.7%, lambs would 
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have consumed approximately 6.10 (1.23 kg DM/ha x 4.94) litres of water/ha assuming a water 

density of 1.0 kg/litre. The study was conducted when the ambient temperatures were relatively 

low (Average: 13°C, range: 9 to 19°C) which could have reduced their need for drinking water. It 

was unknown if the lambs allowed access to drinking water, had actually been drinking water 

which may warrant further research.  

 

Conclusions 

The present study identified that the liveweight loss profile during an eight-hour fast did not 

differ for lambs given access to reticulated water or not prior to fasting. Therefore, when 

adjusting lamb liveweight for losses associated with the duration after removal from paddock, 

whether lambs had access to drinking water or not need not to be considered.
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Appendix VI: Herbage mass and chemical composition for Chapter 5 

Appendix VI Table 1a Estimated least squares mean herbage mass (kg DM/ha) and proportion of live/green 
matter (%) of Low, Medium and High herbage masses offered to ewes by study or physiological state (pregnant, 
non-pregnant), stage of pregnancy (P100: approximately 100 days of pregnancy from the midpoint of a 17-day 
breeding period, P130: approximately 130 days) and weighing day (days on which weighing was conducted: 7, 
12, 14) during the calibration. 
    Herbage mass (kg DM/ha) Proportion 

of live dry 
matter (%) Study  

Herbage 
availability Weighing day1 Weighing day2 Weighing day3 Overall 

Non-pregnant ewes       
 Low1 1168.4 1196.4 1185.9 1183. 6 38.6 

 Medium 1300.1 1296.1 1210.1 1268.8 67.3 

 High 2002 1802 1732.7 1845.6 67.7 

    SE 20.81 8.62 
Pregnant ewes       
P100 Low2 1025.5 986.8 1037.5 1016.6 80.8 

 High 1758.8 1823.5 1602.3 1728.2 75.0 
P130 Low2 1057 1083.5 1076.1 1072.2 84.6 

 High 1891.4 1839.7 1737.2 1822.8 91.4 

    SE 25.9 7.8 
Model effects and comparisons      
Non-pregnant ewe study   

Herbage availability level   
High vs Low     *** ** 
High vs Medium     *** ns 
Medium vs Low     *** ** 

Pregnant ewe study   
Herbage availability (High vs Low) *** ns 
Stage of pregnancy (P100 vs P130) ns ns 

*,**,*** indicate p < 0.05, p < 0.01 and p < 0.001, respectively. ns: indicates not significant (p > 0.05).
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Appendix IX: Machine learning flow chart, model comparison and summary of indicators of accuracy (Chapter 8) 

 

Appendix IX Figure 1 Machine learning flow chart for ewe BCS prediction using their current and previous liveweights. 
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Appendix X Figure 1 Root mean square error (RMSE with standard deviations) of  models (dotted bar: 
unadjusted liveweight alone models, horizontal stripes: combined models based on unadjusted LW, 
liveweight change and previous BCS, diagonal stripes: adjusted liveweight alone, shingled: adjusted 
liveweight, liveweight change, height at withers and previous BCS) for current BCS prediction across 
the stage of the annual production cycle and ewe age group. Colours (Red indicates unadjusted 
liveweight while blue indicates adjusted liveweight was used). PB, PD, PL, W indicate body condition 
score prior to pre-breeding, at pregnancy diagnosis, prior to lambing, and at weaning, respectively. 
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