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Abstract
Thermal stress caused by extreme temperatures, wind and rain, negatively affects profitability of sheep
production due to increased maintenance requirements causing a reduction in weight gain and the
efficiency of feed utilisation. The purpose of this paper was to explore the capacity of a bioeconomic
model to evaluate biological and economic implications of thermal stress on feedlot lamb production. It
was expected that strategies aimed at reducing thermal stress of lambs would lead to improvements in
growth rates and feed conversion efficiency, and subsequent economic net benefits. The findings from
the model indicated that reducing thermal stress on the lamb all had positive effects on growth rates.
Treatments involving shelter and increased fleece length reduced the energy needed to maintain a
constant body temperature leading to higher energy availability for growth. Simulating near ideal
environmental conditions by providing shelter in the feedlot and having fleece length at 40 mm enabled
an almost constant growth rate throughout the year indicating that thermal stress was almost
completely alleviated. Based on the assumptions used for this paper and depending on fleece length, it
would be rational for a producer with an annual turnover of 5,000 feedlot sheep to spend between
$29,000 and $53,000 on a shelter. Being a simulation model, there are an infinite number of
assumptions that could be made to derive results and hence the results presented in this paper provide
examples of those that can be generated by the model. While results from the model showed that
environmental factors affect lamb production in accordance with the literature, further model
development would be useful as additional biological equations become available.
Key words: Bioeconomic modelling, thermal stress, sheep, feedlot.
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1. Introduction
Thermal stress occurs either side of the thermoneutral zone, defined as the zone where the effort
required to regulate body heat is lowest and thus maintenance requirements are minimal (Yousef 1985).
When animals are outside their thermoneutral zone, more energy is used to regulate body temperature
leaving less energy available for growth. This zone is primarily affected by the level of nutrition, age,
degree of acclimatization and fleece characteristics that can shield the lamb from environmental factors
(Yousef 1985).
The upper limit of the thermoneutral zone is defined by the upper critical temperature and is
characterised by an increase in maintenance requirements and decreasing voluntary food intake
(Silanikove 1992). This increase in maintenance requirements is the result of a dependence on heat loss
through evaporative means, such as sweating, and evaporative respiration as the effectiveness of non‐
sensible means[2] is reduced with rising ambient temperatures (West 2003). Voluntary feed intake is
reduced so that heat production resulting from metabolic processes is decreased (Denek et al. 2006).
Tissue anabolism (creation of new tissue) is decreased because the intake of essential nutrients required
for tissue synthesis is reduced (Christopherson and Kennedy 1983), and tissue catabolism (tissue break
down mainly from fat deposits and lean body mass) increases to meet the animal’s energy demand
(Marai et al. 2007). The result is a decrease in lamb productivity.
The lower limit of the thermoneutral zone is defined by the lower critical temperature and is
characterized by an increase in maintenance requirements and voluntary feed intake (Ames and Ray
1983). In order to maintain body temperature, substrate is used for heat production that is either
supplied from increased feed intake or increased protein catabolism and amino acid mobilization
(Yousef and Johnson 1967). As explained by Young (1983), the energy available to the lamb is also
diminished because the digestibility of the feed is lower due to the increased rate of passage of digesta
caused by the higher feed intake. Thus a reduction in growth rate is expected in response to cold stress
because the lower digestibility of feed and increased maintenance requirements to maintain
homeostasis reduces feed conversion efficiency (Ames and Brink 1977).
There are models that incorporate animal growth rate and economic implications of management
strategies. In a model described by Alford et al. (2006), estimates of production targets such as livestock
growth rates that might be reasonably achieved for a sheep enterprise were used to generate output.
There was the capacity to alter animal growth rates in this model, but they were not linked to biological
or environmental parameters. As another example, Duddy et al. (2007) described the ‘Lamb Feedlot
Calculator’ that links diet to growth rate. However, biological effects associated with weather or
shearing are not evident in this model.
Although it is expected that thermal stress in feedlot sheep would have negative economic
consequences for a producer, there is a lack of literature connecting the biological implications of this
stress with the economic consequences. H2OSheep is an example of a bioeconomic model that was
used to determine the economic implications of water price and use in commercial feedlots (Pluske and
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Schlink 2008). In this study we extend the H2OSheep model to include biological and economic factors
associated with thermal stress.
The purpose of this paper is to explore the capacity of a bioeconomic model to evaluate biological and
economic implications of thermal stress on feedlot lamb production. It is expected that management
strategies aimed at reducing thermal stress of lambs will lead to improvements in growth rates and feed
conversion efficiency, and subsequent economic net benefits.
The bioeconomic model and application are described in the proceeding section followed by some
results simulated as examples of what the model can generate. Discussion of these results is also
presented in this section followed by conclusions in the final section.
2. Methodology
2.1 The Model
The bioeconomic model used in this paper was written in Microsoft Excel®. Environmental factors
influence digestibility of feed, maintenance requirements, dry matter intake and ability to regulate heat,
all of which impact on the growth rate and feed conversion efficiency of lambs. Parameters pertaining to
the environment (average monthly 9 am and 3 pm temperature and wind‐speed estimates as well as
monthly rainfall values) and fleece length were added to the H2OSheep model to generate growth rates,
feed conversion ratios and subsequent economic results.
In the literature, biological equations suitable for this model were scarce and hence the model was
limited by what was available. Live weight gain was based on formulae provided by AFRC (1993). These
formulae were integrated with those provided by SCARM (1990) for metabolisable energy at
maintenance and those derived by Ames and Brink (1977) for feed intake and digestibility (see Appendix
2 for addition biological equations to those presented in this section).
2.1.1 Live weight gain
As explained in AFRC (1993), predicted live weight gain is dependant upon the metabolisable energy
required for maintenance, the metabolisable energy of the feed and dry matter intake. The
metabolisable energy retained by the animal as body tissue is a function of dry matter intake,
metabolisable energy of the feed, metabolisable energy required for maintenance and the efficiency of
use of metabolisable energy for growth.
2.1.2 Maintenance requirements
Energy required for maintenance is influenced by environmental factors and the characteristics of the
fleece and its insulation properties. Metabolisable energy at maintenance is described in SCARM (1990)
as the amount of energy required at maintenance being a function of body weight, age, efficiency of
energy utilisation, the additional energy needed for cold stress (when below the lower critical
temperature) and energy used for grazing, assumed to be zero under lot‐feeding conditions.
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The additional energy needed when the animal is cold stressed is dependent on ambient temperature,
as well as surface area of the lamb, tissue insulation, external insulation and the lamb’s lower critical
temperature. The lower critical temperature is a function of body temperature, evaporative loss, surface
area, external insulation, heat loss, tissue insulation, rainfall and fleece length and can be found by
rearranging equations in SCARM (1990). External insulation is dependent on wind velocity, thermal
insulation of the fleece, fleece length and the radius of the animal. Heat loss is dependent upon surface
temperature, body temperature and the surface area and body insulation of the animal.
2.1.3 Voluntary feed intake
A major determinant of voluntary feed intake is temperature, with maintenance requirements
increasing in response to thermal stress (Ames and Ray 1983). The relationship between fresh feed
intake (FT), (percentage consumption per unit of metabolic size), and ambient temperature (Ta) was
described in a regression equation by Ames and Brink (1977):
(1)
To calculate change in fresh feed intake, it was assumed that 17.5°C was the standard ambient
temperature and feed intake was 100% at this temperature (in line with findings from Ames and Brink
1977). The change was then calculated as the percentage of feed intake at the new ambient
temperature (Fb) minus the percentage of feed intake at the standard ambient temperature (Fa). The
correction factor for the temperature effect on fresh feed intake for each feed component (Fi) was then:

(2)
More than 50 different feed components are specified in the model and there is capacity for additional
components to be included if they are not already listed as a feed option. Up to eight components can
be selected for a ration. For each, the percentage that makes up the total weight of feed supplied per
head per day is a required input so that the model is able to calculate daily dry matter intake and live
weight gain. The feed conversion ratio can then be simply calculated as the unit feed intake per unit
weight gain.
2.1.4 Digestibility
Primarily due to a reduction in the rate of passage through the digestive system and a reduction in feed
intake, as the ambient temperature surrounding the animal increases, the percentage digestibility (dT) of
feed also increases (Ames and Brink 1977):
(3)
In this model it was assumed that 17.5°C was the standard ambient temperature (temperature where
the percentage feed intake is 100) and the digestibility at this temperature was used as the base
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) with the percentage digestible at the new ambient temperature being

.

The correction for the temperature effect on the metabolisable energy for each feed component (
would then be:

)

(4)
Note: this assumes that the change in digestibility, for each feed component was equal and that gross
energy for each feed component (

) was not affected by temperature and hence:

(5)
2.1.5 The economic model
The net present value, in Australian dollars, is the sum of the net benefits (B) for each year (t),
discounted using a discount rate (r) to calculate the net present value (NPV) (Robison and Barry 1996).
Any initial investment costs (I) were also included in the calculation.

(6)
The preferred strategy has the highest NPV.
2.2 Application
For this paper, climate data from the West Australian wheat‐belt town of Kellerberrin (‐31.62 S, 117.72
E) and recorded by BOM (2008) were used to simulate the variations that occur in environmental
conditions (See Appendix 1 for data).
The model was based on a feedlot with an annual turnover of 5,000 head where lambs entered the
feedlot at 35 kg live weight and, as recommended by Seymour (2000), finished after 35 days. With a rest
period of 1 day between lots, a total of ten lots of 500 lambs were put through the feedlot, beginning on
1st January and ending on 26th December. For each lot of 500 lambs that entered the feedlot, it was
assumed that 5% would not finish and there would be an additional 1% mortality. Based on this
information, the number of sheep in the feedlot for each month of the year and sale weight was
calculated in the model.
Kirby and Beretta (2004) and Wiese et al. (2003) explained that grain feeding systems and subsequent
sheep growth rates vary widely in the feedlot. Several comprehensive guides that detail feedlot
management are available (Kirby and Beretta 2004; Duddy et al. 2007). After considering information
concerning diets the ration used to generate results for this paper consisted of 25% wheat grain; 15%
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barley grain; 15% lupins; 20% oat grain; 5% silage; 15% hay (50% DMD) 4.5% lucerne hay and 0.5%
minerals and vitamins. For simplicity, it was assumed in this paper that one ration was used for the total
time lambs were in the feedlot. At standard ambient temperature feed intake was 1.8 kg per head[3].
The average monthly price for heavy trade lambs received at the Midland sale yards was collated from
successive editions of the Farm Weekly[4] and was used as the price that would be received for lambs at
slaughter. This was found to vary from a high of $3.50/kg dressed in August to a low of $2.65/kg[5]
dressed in October (Figure 1). Adding to this volatility in prices was the variation that occurred between
years where the average standard error was found to be $0.15/kg dressed (Figure 1). It was assumed
that lambs were purchased at a standard price of 65%[6] of the average prices illustrated in Figure 1.

Figure 1. Average lamb price (±se) received, on a monthly basis, for lambs sold at the Midland saleyards
from 2004 to 2007.

Cost, revenue and biological data was obtained from the literature and/or industry sources. Specific
feed costs are variable depending on market conditions and the ration price varies depending on diet
components. Using various industry sources for each feed component, the feed cost was found to be
$0.26 per head per day. This is in line with an example used in Duddy et al. (2007) where the ration cost
$0.27 per head per day.
All economic calculations were conducted over a ten year period and the discount rate was set at 7%.
For the gross margin analysis it was assumed that sheep were bought at a set wool length and hence
revenue and costs associated with wool were not included in the analysis[7]. The actual decreasing value
of the assets (depreciation) is incorporated in the model by including the purchase price and sale price
at the end of an asset’s life.
2.2.1 Treatments
Five different treatments were tested with the model, these being standard, shelter, fleece length, a
combination of shelter and fleece length and purchase price. For simplicity, in this paper it was assumed
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that each treatment was the same for each of the ten years. However, the model has facility to make
changes in biological parameters throughout any one year and in economic parameters between years.
2.2.2 Standard Treatment
For this treatment, lambs were shorn and not protected from the wind, rain or radiant heat. Duddy et al.
(2007) suggested that lambs should be shorn two or more weeks before lot feeding and should have at
least six weeks of wool to obtain a reasonable skin price. Hofmeyer et al. (1969) provided fleece length
estimates as being, closely shorn (1‐2 mm), medium‐shorn (l0‐20 mm), and unshorn (80‐100 mm). Based
on this literature, it was assumed in our analyses that fleece length for the standard treatment was 15
mm.
Steadman (1994) noted that apparent temperature (designed to measure thermal sensation in indoor
conditions) does not include the effects of the sun. Under Australian conditions the effect of full sun
produces a maximum increase in the apparent temperature of about 8°C when the sun is at its highest
elevation in the sky. Recorded temperature readings are taken in the shade (BOM 2008) and hence it
would be expected that temperatures in non‐shaded areas would be greater than the recorded average
temperature. Allowing for cloudy days, in this analysis an average of 4°C was added to the average
temperature at 3 pm, for each month of the year.
2.2.3 Shelter Treatment
By establishing shelter in the feedlot, sheep were assumed to be protected from radiant heat, rainfall
and wind. Wind speed was reduced to 10% of that modelled in the standard treatment, rainfall was
eliminated from biological calculations and the temperature was reduced to that recorded by BOM
(2008) in the shade. Fleece length for this treatment was kept at 15 mm. The cost of shelters is
dependant on several specifications. Hence, for simplicity, this analysis accounted for the benefits of
improved environmental conditions and found the cost of the shelters when the NPV was the same as
the standard treatment. This would equate to the maximum cost a rational producer would pay for
shelters given the assumptions in the model.
2.2.4 Fleece length treatment
Analyses were run with fleece length at 5 mm, 20 mm and 40 mm to determine the change in the
animal’s ability to cope with environmental conditions given different shearing strategies.
2.2.5 Combination Treatment
A combination of the shelter and fleece length (40 mm) treatments was modelled to determine if this
treatment was equivalent to ideal conditions for sheep production. In addition, a combination of the
shelter and fleece length (5 mm) treatments was modelled to determine the benefits of providing
shelter to newly shorn lambs.
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2.2.6 Lamb price
It was expected that both purchase and sale price for lambs would have a significant effect on the net
benefits generated in this model. To illustrate just one example of this effect, a simple gross margin
analysis was conducted and included revenue from sheep sales minus costs of the store sheep and feed
costs with the purchase price for lambs in August[8] of each year. Using the standard treatment, the
purchase price for lambs in August was increased by $0.30/kg. In addition, the implications of shutting
the feedlot down for one month of the year, in this case, August was also demonstrated in the analysis.
3. Results and discussion
3.1 Biological results
3.1.1 Growth rate
Treatments involving shelter and increased fleece length reduced the energy needed to maintain a
constant body temperature leading to higher energy availability for growth. Employing the shelter,
fleece length and combination treatments increased lamb growth rates for every month of the year
when compared to the standard treatment, except when the fleece length was set at 5 mm (Figure 2).
Overall, lambs modelled with the combination treatment had the highest year round growth rate,
peaking at 365 g/day in April and November. Growth rate for the standard and wool at 20 mm
treatments were similar from November through to March as were rates for the shelter and wool at 40
mm treatments. From April to October the wool at 40 mm treatment had higher growth rates than the
shelter treatment and this in turn provided higher rates than the 20 mm treatment and the standard
treatments. The minimum growth rate for the standard treatment was in July, 263 g/day, and when
fleece length was reduced to 5 mm this rate dropped to 202 g/day (Figure 2). Simulating near ideal
environmental conditions by providing shelter in the feedlot and having fleece length at 40 mm enabled
an almost constant growth rate throughout the year indicating that thermal stress was almost
completely alleviated.
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Figure 2. Monthly predicted growth rates (g/day) for Standard (t), Shelter (¢), Fleece Length 5 mm (p),
Fleece Length 20 mm (Í), Fleece Length 40 mm (r) and Shelter & Fleece Length 40 mm (£) treatments.

Duddy et al. (2007) suggested that buying light lambs to feedlot, and then selling them at trade weights
of below 40kg live weight, is generally not recommended. In all treatments growth rates were in excess
of this minimum live weight with the lowest live weight for the 5mm fleece treatment being just over 42
kg in July. For the 15mm fleece treatment the sale live weight was very close (44.2 kg in July) or greater
than 45kg per head (46.5 kg in January). There is provision in the model for sheep to remain in the
feedlot for a longer period of time. However for simplicity, in this paper, the number of lots per year for
held constant for all treatments.
3.1.2 Feed conversion ratio
As expected, the feed conversion ratios decreased in response to the alleviation of thermal stress due to
lower maintenance requirements of the lambs. The feed conversion ratio for lambs modelled with the
combination treatment was less affected by variations in environmental conditions when compared to
the other treatments. For this treatment, the feed conversion ratio was found to vary from a high of
5.22, in July, to a low of 4.54 in January (Figure 3). From the months of May to October the feed
conversion ratio of lambs modelled with all other treatments was found to be higher, peaking at 6.97 in
July for the standard treatment and 9.09 for lambs with 5 mm wool (Figure 3).
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Figure 3. The variation of feed conversion ratio, calculated monthly, measured as dry matter intake per
liveweight gain (kg/kg) for Standard (t), Shelter (¢), Fleece Length 5 mm (p), Fleece Length 20 mm (Í),
Fleece Length 40 mm (r) and Shelter & Fleece Length 40 mm (£) treatments.
3.1.3 Voluntary feed intake
In this model, feed intake was a function of ambient temperature and hence introducing shelter was the
only treatment that influenced feed intake. As expected, voluntary feed intake increased from summer
to winter. Due to the uniform decrease in temperature throughout the year, voluntary feed intake was
slightly higher for the shelter treatment than for the standard treatment for every month of the year.
The peak was in July where the feed intake for the shelter treatment was 1.86 kg/day compared to 1.84
kg/day for the standard treatment (Figure 4).

Figure 4. The monthly variation in voluntary feed intake for lambs for Standard (t), and lambs provided
with Shelter (¢).
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3.1.4 Model validation
In order to validate the results of this study, the calculated growth rates and feed conversion ratios
should be comparable to those of a commercial feedlot. Kirby and Beretta (2004) acknowledged that
there is a range of growth rates reported in the scientific literature but generally the literature supports
growth rates of 140 to 350 grams per day. Hallam (2007) suggested that the expected growth rates for
second cross prime lambs (for example Merino × Border Leicester × Cheviot) is expected to range from
150 to 450 g/day with a realistic feed conversion ratio of 6:1, dry matter intake to weight gain. These
findings are in line with the growth rates and feed conversion ratios calculated by the bioeconomic
model so indicating that the model is able to produce valid results. The monthly variations of growth
rate and feed conversion ratio that were predicted by this model were also similar to commercial
feedlot lambs. Brink and Ames (1975) suggested that lamb growth rates are commonly higher in
summer with lower feed conversion ratios compared to those found in winter.
Further, as Dubby et al. (2007) emphasized, if lambs are shorn in cold weather and they do not have
adequate protection then the lamb growth rates will be poor and there will be an increased risk of
mortality. Moreover, Brink and Ames (1975) demonstrated that average daily gain was reduced when
lambs were cold stressed compared to animals grown at neutral temperatures. Ames and Brink (1977)
suggested that a reduction in growth rate is expected in response to cold stress because of the lower
digestibility and the increase in maintenance requirements to maintain homeostasis. The results from
the model presented in this paper supported these findings and indicated that fleece length can have a
significant bearing on lamb growth rate.
Eco‐shelters have been adopted in a number of intensive livestock systems namely pigs and poultry, but
others to a lesser degree. Shelter is important for the wellbeing of stock particularly for recently shorn
animals, younger animals and animals with a high internal heat load, such as lot‐fed lambs (Fisher 2007).
Sheep provided with shelter were found to have a lower respiration rate under mild heat stress (28.2°C)
at 80 respirations per minute compared to 125 without shelter (p<0.05) (Silanikove 1987). Rectal
temperature increased from 39.0±0.3 °C with shelter provided to 39.7±0.3 °C without shelter (Silanikove
1987). The results from this study suggested that even under mild heat stress, the addition of shelters
reduced the impact of heat stress experienced by sheep. Eco‐shelters can also be adapted to help
animals cope with cold stress through the addition of wind breaks to reduce the wind chill effect.
Gregory et al. (1999) showed that the provision of a wind break reduced wind speed by 61% and heat
loss by 35% on a model sheep. Likewise, the findings from the model presented in this paper indicated
that reducing the effects of wind, rain and temperature on the lamb all had positive effects on growth
rates.
3.2 Economic results
In terms of economic performance for the standard and fleece length treatments, the fleece length (40
mm) treatment resulted in the greatest NPV ($195,785), over ten years with a 7% discount rate[9]. The
fleece length (20 mm) treatment was ranked second, followed by the standard treatment ($128,240)
and the fleece length (5 mm) treatment ($62,526) (Figure 5). Increased wool length may increase
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management costs and affect skin prices and can be included in the model, but for simplicity these
parameters were not considered in this analysis.

Figure 5. The net present value (NPV), discounted at 7 %, for the standard, and fleece length treatments.
The economic net benefits are contingent upon the cost of a shelter and as this cost is farm specific, no
attempt was made to price a shelter. When the NPV for the shelter treatment was equated with that of
the standard treatment, the maximum amount that a rational producer would spend on a shelter was
just over $43,840. Setting the NPV for the combination treatment (with fleece length at 5mm) equal to
that for the fleece length (5 mm) treatment, $53,190 was available to spend on a shelter. However,
when the fleece length was at 40mm, simulating the conditions of a shelter resulted in the NPV
increasing by just under $29,400. Based on the assumptions used for the example presented in this
paper it would be rational for a producer to spend more on a shelter if the fleece length was short
compared to a longer fleece length. The ballpark price range of shelters currently available is in line with
those suggested by this analysis.
In 2007, 14% of lambs in Australia were finished in a lot‐feeding system (Hallam 2007) with the
traditional confinement period being over summer and autumn. In comparison to the cooler months,
growth is higher and feed intake is lower, resulting in more efficient lamb production (Brink and Ames
1975). While the runs done in the model for this paper have the feedlot in operation for the entire year,
it is evident that this may not be the optimal solution depending on the value of the model parameters.
A simple gross margin analysis was completed in this paper to provide an example of the effect of
purchase price on the annual net revenue. Using the standard treatment, the purchase price for lambs
in August was increased by $0.30/kg whilst the price of lambs in the remaining months did not change
from the standard treatment. The gross margin for all lots, except for Lot 7 in which lambs were
purchased in August, was above $0.00 (Figure 6). Further, in comparison to the standard treatment, the
gross margin for Lot 6 increased by just over $6,000 due to the increase in August of lamb sale price.
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Figure 6. The gross margin for each lot using standard parameter values but with a $0.30/kg increase in
lamb price for August.
Given this finding it may be rational for the producer to exclude Lot 7 from his annual plan. If this was
done, the NPV over the 10 years would rise from just over $112,200 to around $147,670 which is also
greater than the standard NPV (Figure 7).

Figure 7. The net present value (NPV), discounted at 7 %, for the standard treatment, when the August
lamb price was increased by $0.30/kg and when Lot 7 was excluded from the annual plan.
4. Conclusion
Despite the model being simulated for a feedlot based in Kellerberrin, it is possible to alter the climatic
variables to be consistent with alternate locations. As such there is the potential to assess the viability of
a lot‐feeding operation at any location, of any size and with the input costs unique to that operation
thus giving the model the potential for wider ranging commercial application. Being a simulation model,
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there are an infinite number of assumptions that could be made to simulate results and using the model
to make specific monthly changes could also assist with feedlot management decisions.
From the examples presented in this paper the bioeconomic model is capable of showing how the
alleviation of thermal stress can result in higher growth rates and more efficient feed conversion ratios
ultimately leading to improved profitability of commercial feedlots. It also indicates that, based on
simple assumptions, a commercial feedlot run continuously throughout the year could be a viable
business investment and through the addition of shelters and the implementation of fleece length
strategies, the returns could be enhanced. While results from the model showed that environmental
factors affect lamb production in accordance with the literature, further model development as
additional biological equations become available, would be useful.
There are limitations to the model as it currently stands because it relies on the available biological
equations. Due to the complexity of the biological equations, growth rate is calculated as the average
monthly growth rate and not daily growth rate. In response to heat stress, ruminants have a number of
heat induced physiological mechanisms allowing them to either alter heat production or heat dissipation
including increased respiration, profuse sweating (Blazquez et al. 1994) and reduced feed intake
(Silanikove 1992; Dixon et al. 1999). However, Silanikove (1987) found that at 28°C Merinos provided
with shelter did not alter feed intake or weight despite increased stress. Hence more research is
required to determine whether a standard increase in temperature produces a standard decrease in
feed intake as was assumed in this model.
It has been well established that as humidity increases the effectiveness of evaporative heat loss is
reduced and that the maintenance costs of heat loss are subsequently increased (Finch 1985). However,
due to the lack of an established biological relationship between humidity and its effects on growth, the
maintenance values during summer may have been underestimated in the model potentially
overestimating growth rates and feed conversion efficiencies. This is particularly important with higher
temperatures where evaporative heat loss becomes the main mechanism for heat loss (Blazquez et al.
1994).
Another factor that is missing from the model that affects growth rate is non‐climate related stress,
which includes the physical environment that the animal is confined to (Webster 1983). Equations
relating this form of stress to growth rate are unavailable and as a result of their exclusion, growth rates
and feed conversion ratios may have been overestimated using this model.
Other areas of future research involve the application of the model itself. For example, methane
production and other pollutants relating to commercial feedlots are currently an issue for Australian
agriculture. With current research addressing these issues, biological equations arising from this work
could be incorporated into the model. Producers would then have a decision tool that could show how
different management strategies could affect feedlot viability.
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Appendix 1
Table A1. Average monthly 9am and 3pm temperature (C°) and wind‐speed (km/h), recorded from 1957
to 2008, along with mean rainfall (mm) and days of rainfall recorded from 1892 to 2008 for Kellerberrin
(‐31.62 S, 117.72 E) (Source: BOM 2008).
Jan

Feb

Mar

Apr

May Jun

Jul

Aug

Sep

Oct

Nov

Dec

9.7

12.2 13.6 13.6 14.7

9am wind
speed

15.7 14.5 13.7 11.6 9.7

10.2 9.9

3pm wind
speed

14.3 14.3 13.5 12.5 13.1

14.1 14.6 14.1 15.3 14.9 14.5 14.1

9am
temperature

24.1 23.5 21.3 17.8 13.6

11

3pm
temperature

32.6 32

16.6 15.5 16.4 19.2 23.6 27.5 30.8

Mean rainfall

12.7 14.4 20.6 21.7 42.5

55

Days of
rainfall

2

11.7 12.9 11

2.3

29.1 24.4 19.9

3.3

4.7

8.4

9.9

10.6 13.5 17.1 20.5 22.9

51.9 41.4 26
8

17.8 11.5 13
5.5

3.1

2.4
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Appendix 2
In addition to those documented in Section 2 above, the following biological equations were used in the
model.
Live weight gain
Liveweight Gain Formulae for an individual animal (adapted from AFRC 1993)

Where: Live weight gain (

) predicted live weight gain (

) and predicted live weight loss (

kg/day; metabolisable energy requirement for maintenance (
) are in MJ/day; and dry matter intake (D) is in kg/day

) are in

) and metabolisable energy of feed (

Predicted live weight with weight gain (kg/day)

Where: Metabolisable energy retained by animal as body tissue (
energy requirements for gain (

) is in MJ/day; and prediction of

) is in MJ/kg.

Predicted live weight with weight loss (kg/day)

Where: Prediction of energy requirements for loss (

) is in MJ/kg

Metabolisable energy requirement for maintenance (MJ/day)

Where: Standard live weight of lamb (W) is in kg; and efficiency of utilising metabolisable energy for
is a number between 0 and 1.
maintenance (km)
Metabolisable energy of feed (MJ/day)
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) is in MJ/day

Dry matter intake (kg/head/day)

Where: Dry matter for each feed component

(

) is expressed as a percentage.

Efficiency of utilising ME for maintenance

Where: Metabolisability of gross energy at maintenance (M) is a ratio
Metabolisable energy retained by the animal as body tissue (MJ/day)

Where: Efficiency of utilising metabolisable energy for growth (kg =0.78M+0.006) and is a number
between 0 and 1.
Prediction of energy requirements for gain (MJ/kg)

Where: the standard reference weight of lamb ( ) is in kilograms; and the correction for feeding level
when metabolisable energy intake is known and weight gain to be predicted is a ratio:

Prediction of energy requirements for loss (MJ/kg)

The metabolisability of gross energy at maintenance

Where: Gross energy in the feed (MJ/day) is:
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With Gross energy for each feed component (
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) in MJ/day.

Maintenance requirements
Metabolisable energy at maintenance (MJ/day) (adaptation of SCARM (1990): equation 1.22, page 24):

Where: it is assumed that parameters K, S & M all equal 1; W is initial live weight (kg); additional energy
for cold stress when below lower critical temperature ( ) is in MJ/day; age to maximum of 6 years (A)
is in years; and when animals are in stall, pens or yards it is generally assumed that additional energy for
grazing (EGRAZE) (

) in MJ/day, is zero.

The additional energy needed when the animal is cold stressed is referred to as ECOLD (MJ/day)
(adaptation of SCARM (1990): equation 1B.1, page 72):

Where: Animal surface area (a) is in m2; lower critical temperature (
are in °C; tissue insulation (
)

) and ambient temperature (

)

) (set to 1.3 for sheep (SCARM 1990, page 73)) and external insulation (

Animal surface area (m2) (adaptation of SCARM (1990): equation 1B.2, page 72):

Lower critical temperature (°C) where it is assumed that metabolic heat production is the same as heat
produced by the animal (adaptation of SCARM (1990): equation 1B.4, page 73):

Where: Evaporative loss (1.3 for sheep) (

) is in MJ/m2/day

External insulation (adaptation of SCARM (1990): equation 1B.5, page 73):
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Where: Radius of animal (120 for an adult sheep; 50 for a lamb) (r)is in millimetres; fleece depth ( ) is
in millimetres; air velocity (v) is in km/hr; and thermal insulation of fleece (z) (set to 0.141 for a sheep).
Heat loss (adaptation of SCARM (1990) by rearranging first equation page 73 and assuming heat lost
equals metabolic heat production):

Where: the surface temperature (

) is in °C

Total insulation in the rain (adaptation of SCARM (1990): equation 1B.6, page 76):

Where: Rainfall (R) is measured in mm/day
So with adaption of SCARM (1990), (equations 1B.4 and1B.6 combined, page 24) lower critical
temperature (°C) becomes:

Where it is assumed that mean body temperature in °C (Sherwin and Johnson 1990) is:

But defaults to 39°C if Tb > 39°C.

[1]

The authors are grateful to Dean Revell at CSIRO for feedback regarding model development.
Comments provided by anonymous referees are also appreciated. Jo Pluske is an Adjunct Senior
Lecturer in the School of Agricultural and Resource Economics, the University of Western Australia.
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[2]

Non‐sensible heat loss occurs through radiation, convection and conduction. Heat loss is achieved
from convection when the surrounding air temperature is cooler than skin temperature, and is
enhanced when wind speed is increased (Fuquay 1981).
[3]

However, actual intake is calculated in the model and is contingent upon animal live weight and
temperature (refer to Equation 1).
[4]

Farm Weekly, Rural Press Ltd, Editions January 2004 ‐ December 2007, Western Australian State
Library Archives, (Accessed 30th August 2008).
[5]

Based on McLeod (2003), the dressing out percentage was assumed to be 46%.

[6]

As comparable data was not available store price was calculated from an example provided by Duddy
et al. (2007) where the price of store lambs was 65% of the required breakeven price for sale lambs.
[7]

However, there is facility for costs and revenue associated with shearing to be included in the model.

[8]

Long term data show that during the year monthly prices are the highest in August (see Figure 1).

[9]

It is acknowledged that discount rate influences NPV significantly. For example, for the standard
treatment with a discount rate of 2%, the NPV was $218,327 but when the discount rate was increased
to 12% the NPV fell to $45,122. However, keeping the discount rate constant at 7% is appropriate for
the comparisons presented in this paper.
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