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Abstract  11 

The model LiGAPS-Beef (Livestock simulator for Generic analysis of Animal 12 

Production Systems – Beef cattle) has been developed to assess potential and feed-13 

limited growth and production of beef cattle in different areas of the world and to identify 14 

the processes responsible for the yield gap. Sensitivity analysis and evaluation of 15 

model results with experimental data are important steps after model development. 16 

The first aim of this paper, therefore, is to identify which parameters affect the output 17 

of LiGAPS-Beef most by conducting sensitivity analyses. The second aim is to 18 

evaluate the accuracy of the thermoregulation sub-model and the feed intake and 19 

digestion sub-model with experimental data. Sensitivity analysis was conducted using 20 

a one-at-a-time approach. The upper critical temperature (UCT) simulated with the 21 

thermoregulation sub-model was most affected by the body core temperature and 22 

parameters affecting latent heat release from the skin. The lower critical temperature 23 

(LCT) and UCT were considerably affected by weather variables, especially ambient 24 

temperature and wind speed. Sensitivity analysis for the feed intake and digestion sub-25 

model showed that the digested protein per kg feed intake was affected to a larger 26 

extent than the metabolisable energy (ME) content. Sensitivity analysis for LiGAPS-27 

Beef was conducted for ¾ Brahman × ¼ Shorthorn (B×S) cattle in Australia and 28 

Hereford cattle in Uruguay. Body core temperature, conversion of digestible energy 29 

(DE) to ME, net energy (NE) requirements for maintenance, and several parameters 30 

associated with heat release affected feed efficiency at the herd level most. Sensitivity 31 

analyses have contributed, therefore, to insight which parameters are to be 32 

investigated in more detail when applying LiGAPS-Beef. Model evaluation was 33 

conducted by comparing model simulations with independent data from experiments. 34 

Measured heat production in experiments corresponded fairly well to the heat 35 
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production simulated with the thermoregulation sub-model. Measured ME contents 36 

from two datasets corresponded well to the ME contents simulated with the feed intake 37 

and digestion sub-model. The relative mean absolute errors (MAEs) were 9.3% and 38 

6.4% of the measured ME contents for the two datasets. In conclusion, model 39 

evaluation indicates the thermoregulation sub-model can deal with a wide range of 40 

weather conditions, and the feed intake and digestion sub-model with a variety of 41 

feeds, which corresponds to the aim of LiGAPS-Beef to simulate cattle in different beef 42 

production systems across the world.       43 

Keywords: beef cattle, mechanistic modelling, production ecology, sensitivity 44 

analysis, yield gap 45 

Implications 46 

A generic model for beef cattle, named LiGAPS-Beef, has been described and 47 

illustrated in a companion paper (Van der Linden et al., 2018a). This mechanistic model 48 

aims to assess the potential (i.e. theoretical maximum) and feed-limited growth and 49 

production of cattle in different beef production systems across the world. In this paper, 50 

we conducted sensitivity analyses and evaluated parts of LiGAPS-Beef with 51 

independent experimental data. Our results contribute to the evidence that LiGAPS-52 

Beef can be used to simulate a broad range of beef production in systems with different 53 

climates and feeding strategies.        54 

Introduction 55 

The increasing demand for animal-source food calls for insight to what extent livestock 56 

production can be increased in different parts of the world. The biophysical scope to 57 

increase livestock production is the difference between the potential (i.e. maximum 58 

theoretical) production or feed-limited production and the actual production realized in 59 



4 
 

practice, which is also referred to as the yield gap (Van de Ven et al., 2003, Van der 60 

Linden et al., 2015). Identifying geographical regions with large yield gaps contributes 61 

to insight where food production can be increased per unit of land, which is generally 62 

regarded as a better strategy than expanding agricultural land at the expense of nature 63 

(Lobell et al., 2009, Van Ittersum et al., 2013).     64 

Yield gaps of arable crops are widely assessed with mechanistic crop growth models, 65 

which simulate potential and water-limited production in different farming systems and 66 

in different regions of the world (Jones et al., 2003, Keating et al., 2003). Yield gaps of 67 

livestock have not been assessed with mechanistic models yet, since models 68 

simulating potential and feed-limited livestock production were hardly available at the 69 

start of this research. A generic, mechanistic model was developed, therefore, to 70 

assess potential and feed-limited beef production in different beef production systems 71 

and in different regions of the world (Van der Linden et al., 2018a). This model is 72 

named LiGAPS-Beef (Livestock simulator for Generic analysis of Animal Production 73 

Systems – Beef cattle), and its results may eventually contribute to the identification of 74 

regions with a large biophysical scope to increase beef production.           75 

Mechanistic models include the most important processes and mechanisms in 76 

systems, but still consist of multiple empirical elements and parameters that can 77 

considerably affect model output, and subsequently the conclusions based on the 78 

models’ output (Thornley and France, 2007). Sensitivity analysis provides insight in 79 

how model output is affected by changes in model input. This method ranks input 80 

parameters based on their effect on model output (Pianosi et al., 2016). Ranking 81 

parameters can be used to prioritize which parameters need to be estimated more 82 

precisely (Zuidema et al., 2005). Sensitivity analysis is of particular importance if 83 

models are applied outside conditions they were calibrated for (Prisley and Mortimer, 84 
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2004). Since LiGAPS-Beef is designed to be applicable to a broad range of beef 85 

production systems, conducting sensitivity analysis is essential.  86 

Furthermore, key processes in the model must be simulated in sufficient detail to 87 

ensure applicability of the model under a wide range of agro-ecological conditions and 88 

beef production systems. If key processes are simulated in sufficient detail, model 89 

output must resemble experimental data. Hence, model evaluation with experimental 90 

data is an essential and necessary step after model development to investigate 91 

whether model output is accurate. Model evaluation is conducted with experimental 92 

data not used for model calibration, so experimental data for model calibration and 93 

evaluation are independent (Bellocchi et al., 2010). Model evaluation with independent 94 

experimental data is also referred to as model validation or testing, but we will use the 95 

term model evaluation consistently throughout this paper. Given the relevance of 96 

sensitivity analysis and model evaluation, the first aim of this paper is to assess which 97 

model parameters affect model output most. The second aim is to evaluate the 98 

performance of LiGAPS’ sub-models on thermoregulation and feed intake and 99 

digestion with independent experimental data. The performance of the complete model 100 

LiGAPS-Beef in different beef production systems is evaluated in a companion paper 101 

(Van der Linden et al., 2018b). 102 

Materials and methods 103 

Structure of LiGAPS-Beef 104 

LiGAPS-Beef consists of a thermoregulation sub-model, a feed intake and digestion 105 

sub-model, and an energy and protein utilisation sub-model (Van der Linden et al., 106 

2018a) (Fig. 1). The thermoregulation sub-model simulates heat release, based on 107 

existing thermoregulation models (McGovern and Bruce, 2000, Turnpenny et al., 108 
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2000a). This sub-model requires daily weather data if cattle are kept outdoors and 109 

climate conditions in stables if cattle are housed (Fig. 1). Genetic parameters and heat 110 

production from metabolic processes are inputs too. Minimum and maximum heat 111 

release are outputs of this sub-model. Cold conditions can increase feed intake, 112 

whereas hot conditions can decrease feed intake. The thermoregulation sub-model 113 

increases energy requirements under hot conditions, because energy is spent on 114 

panting (Fig. 1). Inputs for the feed intake and digestion sub-model are the energy 115 

requirements of cattle and the quality and quantity of the available feeds (Fig. 1). Feed 116 

intake is an output of this sub-model. Feed digestion is simulated based on a rumen 117 

model of Chilibroste et al. (1997), and yields metabolisable energy (ME) and digested 118 

protein as major outputs, which are used as input for the energy and protein utilisation 119 

sub-model. Energy and protein are distributed over the metabolic processes 120 

maintenance, physical activity, growth, gestation, and lactation (Van der Linden et al., 121 

2018a). Energy and protein for growth are allocated to different tissues (non-carcass 122 

tissue, and bone, muscle and fat tissue in the carcass). Beef is defined as deboned 123 

carcass. Feed efficiency of individual animals (FE, g beef kg-1 DM feed) is calculated 124 

from their beef production and feed intake (Fig. 1). Results for individual animals can 125 

be scaled up to the herd level. 126 

Sensitivity analysis 127 

Thermoregulation sub-model. Sensitivity analysis was used to assess the effect of 128 

changing parameters and weather data on the lower critical temperature (LCT) and 129 

upper critical temperature (UCT) simulated by the thermoregulation sub-model. In total, 130 

31 parameters were investigated (23 cattle-specific; 8 breed-specific). These 131 

parameters were decreased and increased by 10%, while all other parameters were 132 

kept at their original values, according to the one-at-a-time approach (Pianosi et al., 133 
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2016). Two exceptions were the body temperature (which was changed by 1 ºC, or 134 

2.6%) and the standard temperature used in the formula to calculate the latent heat 135 

release from the skin (which was changed by 1%), because changing these two 136 

parameters by 10% caused excessive heat stress, which resulted in a reduction of 137 

feed intake, and eventually a complete depletion of the body fat reserves. We 138 

concluded, therefore, that changes of 10% were beyond the feasible biological range. 139 

Chemical and physical parameters were not included in the sensitivity analysis, since 140 

they were considered constants. In the baseline scenario for sensitivity analysis, solar 141 

radiation was set at 10 MJ m-2 coat day-1, relative humidity at 50%, wind speed at 4 142 

ms-1, precipitation at 0 mm day-1, and cloud cover at 4 Ω. The total body weight (TBW) 143 

was 450 kg in the baseline scenario, and heat production was 1.36 times maintenance 144 

heat production for B. taurus cattle, which corresponds to a situation where 145 

approximately half of the ME is allocated to maintenance, and half to growth. In 146 

addition, we investigated the LCT and UCT within a range of temperatures (-40°C to 147 

40°C) combined with a range of solar radiation levels (0-30 MJ m-2 day-1), relative 148 

humidity levels (10-100%), wind speeds (0.1-8.0 m s-1), precipitation levels (0-30 mm 149 

day-1), and cloud cover levels (0-8 Ω). In addition, the range of temperatures was 150 

combined with a range of TBWs (50-1300 kg), and heat production levels (1.0-2.0 × 151 

maintenance heat production). 152 

Feed intake and digestion sub-model. Feed intake is dependent on the genotype of 153 

the animal, the climate, feed quality, and the available feed quantity, and is, therefore, 154 

an output of the joint sub-models of LiGAPS-Beef (Fig. 1). Feed digestion can be 155 

investigated with the feed intake and digestion sub-model only. The output of this sub-156 

model is the ME content (MJ kg-1 DM) and digestible protein content (g kg-1 DM) of 157 

particular feeds and diets, using feed constituents as model inputs. Feed constituents 158 
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investigated were soluble, non-structural carbohydrates (SNSC), insoluble, non-159 

structural carbohydrates (INSC), digestible NDF (DNDF), soluble crude protein (SCP), 160 

digestible crude protein (DCP) and total CP (Chilibroste et al., 1997). In addition, 161 

digestion (3×) and passage rates (2×) were included, as well as the slope and intercept 162 

of a Lucas equation (Eq. 1) (Lucas et al., 1961, Van Soest, 1994). Feed constituents 163 

of thirteen feeds were decreased by 10% to investigate the effect on ME and digestible 164 

protein content using the one-at-a-time approach. 165 

Eq. 1 Digestible protein (g kg-1 DM) = 0.9 × CP (g kg-1 DM) - 32 166 

LiGAPS-Beef. Sensitivity analysis was conducted to assess the effect of changing 167 

parameters on FE at the herd level. Sensitivity analysis (one-at-a-time approach) was 168 

conducted for all parameters of LiGAPS-Beef, including the 31 parameters from the 169 

thermoregulation sub-model, and the slope and intercept of the Lucas equation (Eq. 170 

1). Parameters were decreased and increased by both 5% and 10%. The arbitrary 171 

changes of 5% and 10% were chosen because the standard deviations of parameters 172 

or their expected range are unknown for most parameters. The disadvantage of this 173 

approach is that the decrease or increase of parameters can be outside their 174 

biologically feasible range, and consequently no meaningful model output is obtained. 175 

Three parameters were changed by less than 5%, since biological limits did not allow 176 

a change of 5% and 10%. The standard temperature used in the formula to calculate 177 

the latent heat release from the skin and a parameter to calculate body area were 178 

changed by 1%, and the body core temperature was changed by 0.1°C. Parameters 179 

of the Gompertz curve were changed together because they are interrelated, except 180 

for the rate constant. The sensitivity of model output was represented by the sensitivity 181 

coefficient, which is the ratio of change in model output to the change in the parameter 182 

value (Hamby, 1994).       183 
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Sensitivity analysis was conducted at the herd level for ¾ Brahman × ¼ Shorthorn 184 

(B×S) cattle, adapted to a tropical climate, and for Hereford cattle, adapted to a 185 

temperate climate. Four hypothetical baseline scenarios were used for the sensitivity 186 

analysis: B×S cattle in Australia under potential production; B×S cattle in Australia 187 

under feed quality limited production; Hereford cattle in Uruguay under potential 188 

production; and Hereford cattle in Uruguay under feed quality limited production. Under 189 

potential production, cattle were permanently housed, and the diet consisted of wheat 190 

(65%) and good quality hay (35%). Under feed quality limitation, the ME content of the 191 

diet was set at 11.1-12.2 MJ kg-1 DM in Australia, and 10.7-11.8 MJ kg-1 DM in 192 

Uruguay. Weather data used were from the year 1992 in Australia and 2002 in 193 

Uruguay. Weaning age was set at 210 days in both countries. The culling rate for a 194 

cohort of cows after birth of the first calf was set at 50% per year (Van der Linden et 195 

al., 2015, Van der Linden et al., 2018a). As cows were assumed to conceive up to an 196 

age of ten years, each cow gives, on average, birth to two calves. The female calf is 197 

used as a replacement for the reproductive cow and is not part of the herd unit, but 198 

gives rise to the next one (Van der Linden et al., 2015, Van der Linden et al., 2018a). 199 

Hence, one herd unit consists of a reproductive cow and one male calf. Slaughter 200 

weights of male B×S and Hereford calves were optimized to maximize FE at the herd 201 

level (Van der Linden et al., 2018a). 202 

Evaluation of sub-models  203 

The thermoregulation sub-model and the feed intake and digestion sub-model were 204 

each evaluated with independent experimental data. The energy and protein utilisation 205 

sub-model is the largest and central sub-model, and it requires a significant amount of 206 

inputs from the thermoregulation and feed intake and digestion sub-model (Fig. 1). For 207 

this reason, evaluation of the energy and protein utilisation sub-model was not 208 
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conducted in this paper. Evaluation of this large sub-model is, however, included 209 

indirectly in the evaluation of LiGAPS-Beef as a whole, which is reported in a 210 

companion paper (Van der Linden et al., 2018b).  211 

Thermoregulation sub-model. The thermoregulation sub-model was calibrated, since 212 

its daily time step was much coarser than the time step used in the thermoregulation 213 

models of McGovern and Bruce (2000) and Turnpenny et al. (2000a). Model 214 

simulations included an animal of 450 kg TBW kept outdoors. Solar radiation levels 215 

were set at 15 MJ m-2 day-1 (horizontal surface), which was assumed to correspond to 216 

7.5 MJ m-2 coat day-1. Cloud cover was set at 4 Ω, and the level of precipitation at 0 217 

mm day-1. Parameters for respiration and latent heat release from the skin were 218 

adjusted to fit to temperature-humidity indices (Eqs 2 and 3) (Mader et al., 2006). 219 

Eq. 2 THI = 0.8 × T + RH / 100 × (T - 14.4) + 46.4 220 

Eq. 3 THIadj. = THI + 4.51 - 1.992 × WS + 0.0068 × SR 221 

Where THI is the temperature-humidity index, T is the temperature (ºC), RH is the 222 

relative humidity (%), THIadj. is the temperature-humidity index adjusted for wind speed 223 

and solar radiation, WS is wind speed (m s-1), and SR is the level of solar radiation (W 224 

m-2). Threshold values for THI and THIadj. were adopted from Mader et al. (2006).    225 

After calibration, simulated heat release was compared with measured heat release 226 

from two experiments, which were also used to calibrate the model of Turnpenny et al. 227 

(2000a). In the first experiment, heat release of Aberdeen Angus × Shorthorn steers 228 

(323-361 kg TBW) was measured at low temperatures (-1.1 to 3.1°C), with low (<7 229 

mm) and high coat lengths (>24 mm) (Blaxter and Wainman, 1964). In the second 230 

experiment, heat release of Friesian calves (initial TBW 34.6 kg) and Jersey calves 231 

(initial TBW 27.8 kg) was measured for a range of temperatures (3-20°C) and two wind 232 
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speeds (0.22 and 1.56 m s-1) (Holmes and McLean, 1975). Coat length was not 233 

measured in this experiment, but it was assumed to be 25 mm. In both experiments, 234 

animals were expected to be below their LCT in most of the experimental treatments, 235 

and hence their measured heat release should correspond to the minimum heat 236 

release simulated with the thermoregulation sub-model.  237 

Feed intake and digestion sub-model. We used the seven feed constituents and their 238 

digestion and passage rates specified by Chilibroste et al. (1997) as input to simulate 239 

the ME content of 13 feed types (MJ kg-1 DM). Simulated ME contents were compared 240 

with measured ME contents from MAFF (1986) and Kolver (2000). The mean absolute 241 

error (MAE) (Eq. 4), mean square error (MSE), and the RMSE (Eq. 5) reflect the 242 

deviation of simulated ME contents from the measured ME contents. The MSE was 243 

decomposed into the bias, slope, and random component (Bibby and Toutenburg, 244 

1977). The bias component indicates systematic errors in the model, and the slope 245 

component indicates the models’ ability to replicate the variability in the measured 246 

data. The random component is the remaining variation after accounting for the bias 247 

and slope components (Bibby and Toutenburg, 1977). A perfect fit of the regression 248 

line between simulated and measured data means that the bias and slope components 249 

explain 0% of the MSE, and the random component 100% (Bellocchi et al., 2010).  250 

Eq. 4 MAE = Σ | O – S |  251 

Eq. 5 RMSE =     Σ(O – S)2   252 

Where O is the observed value, S is the simulated value, and n is the number of 253 

observations. The measured and simulated digested protein were not compared to 254 
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each other, because the CP content of feeds given in Chilibroste et al. (1997) was 255 

often different from the CP content given in MAFF (1986).    256 

Results 257 

Sensitivity analysis 258 

Thermoregulation sub-model. The LCT was affected by more than 1.0°C for 259 

parameters used to calculate the body area and the minimum conduction between 260 

body core and skin (3 parameters) (Table 1). The UCT was affected by more than 261 

1.0°C for parameters used to calculate the body area, body temperature, exhaled air 262 

temperature, maximum conduction between body core and skin, and latent heat 263 

release from the skin (2 parameters) (Table 1). The LCTs and UCTs decreased with 264 

increasing solar radiation, relative humidity, TBW, and heat production, whereas they 265 

increased with increasing wind speed and precipitation (Fig. 2). The ranges used for 266 

wind speed, TBW, and heat production resulted in considerable shifts in the LCTs and 267 

UCTs (10ºC or more for the LCT). Changes in relative humidity mainly affected the 268 

UCT, and hardly the LCT (Fig. 2). The shifts in LCT and UCT within the ranges 269 

specified were generally larger than the changes in LCT and UCT after changing 270 

parameters by 10% (Fig. 2, Table 1).          271 

Feed intake and digestion sub-model. Reducing the content of SNSC, INSC, DNDF, 272 

SCP, DCP, and total CP by 10% resulted in a lower ME and digestible protein content 273 

for all feed types (Table 2). The ME content increased upon a 10% reduction in the 274 

passage rate in the rumen, the passage rate for DNDF, and the intercept of the Lucas 275 

equation (Eq. 1). The SNSC content affected the ME content of molasses (-10.4%), 276 

wheat (-5.3%), barley (-4.4%), and concentrates (-3.2%) most (Table 2). The DNDF 277 

content affected the ME content of cereal straw (-6.9%), hay (up to -5.9%), and grass 278 
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(up to -5.5%) most. Decreasing the slope of the Lucas equation had the same effect 279 

on the amount of digestible protein as decreasing the total CP content of the feed 280 

(Table 2). The digestible protein content of all feeds was negatively affected by a 281 

decrease in the slope of the Lucas equation, and positively by a decrease in its 282 

intercept. For molasses, the amount of protein digested in the baseline was negative, 283 

because the Lucas equation is negative at low levels of CP (4 g kg-1 DM for molasses). 284 

Its intercept and slope affected the digestible protein content of feeds with low CP 285 

contents (+80% and -90% for cereal straw) to a larger extent than feeds with high CP 286 

contents (+1% and -11% for soybean meal) (Table 2). 287 

LiGAPS-Beef. For the baseline scenario, the FE of B×S cattle in Australia was 77.0 g 288 

beef kg-1 DM (65% wheat, 35% good quality hay) under potential production, and 40.8 289 

g beef kg-1 DM (pasture) under feed quality limited production. The FE of Hereford 290 

cattle in Uruguay was 71.4 g beef kg-1 DM under potential production, and 37.1 g beef 291 

kg-1 DM under feed quality limited production. Changing parameter values by 5% or 292 

10% hardly affected the FE at the herd level for most of the parameters under potential 293 

production. The sensitivity coefficient was only higher than one for the body 294 

temperature of B×S cattle in Australia, whereas sensitivity coefficients were below one 295 

for Hereford cattle in Uruguay (Table 3). Six parameters in the top ten parameters 296 

affecting model output most were found both in Australia and Uruguay under potential 297 

production. The net energy (NE) for maintenance and its multiplier were in the top ten 298 

parameters for each of the four scenarios. Sensitivity coefficients were higher under 299 

feed quality limited production than under potential production. Changing parameters 300 

in the top ten by 10% often did not result in meaningful output under feed quality limited 301 

production, due to simulated heat stress, the consequent reductions in feed intake, 302 

depletion of body fat reserves, and eventually mortality (Table 3).  303 



14 
 

Parameters related to heat release were listed more often in the top ten under feed 304 

quality limited production than under potential production. Latent heat release 305 

(Australia only), standard respiration rate (Australia only), maximum conduction 306 

between body core and skin, and the temperature of exhaled air (Uruguay only) were 307 

found in the top ten under feed quality limited production, but not under potential 308 

production (Table 3). Sensitivity coefficients were similar for changes of 5% and 10% 309 

in parameters under potential production in Australia, which suggests rather linear 310 

relations between parameters values and model output. The same holds for Uruguay, 311 

except for the adult weight used in the Gompertz curve, where sensitivity coefficients 312 

differ for a 5% change and a 10% change (Table 3).     313 

Evaluation of sub-models 314 

Thermoregulation sub-model. After calibration, the climate conditions resulting in heat 315 

stress in the thermoregulation sub-model corresponded to the climate conditions 316 

classified as alert, danger, and emergency by the temperature-humidity indices (Eqs 2 317 

and 3) (Fig. 3). Measured heat release and simulated minimum heat release for the 318 

experiment of Blaxter and Wainman (1964) were in agreement for steers with high coat 319 

lengths, but simulations underestimated the minimum heat release for steers with low 320 

coat lengths (Fig. 4A). Measured heat release and simulated minimum heat release of 321 

Friesian and Jersey calves for the experiment of Holmes and McLean (1975) 322 

corresponded to each other at a heat release of approximately 90 W m-2 and higher 323 

(Fig. 4A). Treatments at 20°C and at 12°C with a wind speed of 0.22 m s-1 resulted in 324 

a heat release below 90 W m-2. Latent and sensible heat release for the experiment of 325 

Blaxter and Wainman (1964) were simulated well for steers with high coat lengths, 326 

whereas sensible heat release was underestimated for steers with low coat lengths 327 

(Fig. 4B). Simulated and measured skin temperatures for the steers were assessed 328 
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reasonably well by the thermoregulation sub-model (Fig. 4C). Skin temperature was 329 

underestimated considerably for one animal having low coat lengths (measured 23.7 330 

and 22.0°C; simulated 16.5 and 15.4°C).  331 

Feed intake and digestion sub-model. Simulated and measured ME contents of MAFF 332 

(1986) generally corresponded to each other (RMSE = 1.28 MJ ME kg-1 DM, MSE = 333 

1.64 MJ2 ME kg-2 DM). The MAE was 1.06 MJ ME kg-1 DM, or 9.3% of the average 334 

measured ME content. The intercept of the regression line was not significantly 335 

different from zero (P = 0.79) and its slope was not significantly different from one (P 336 

= 0.09). The bias component accounted for the largest part of the MSE (68.3%). The 337 

slope component was 0.3% of MSE, and the random component was 31.4%. 338 

Simulated and measured ME contents of Kolver (2000) generally corresponded also 339 

to each other (RMSE = 0.87 MJ ME kg-1 DM, MSE = 0.76 MJ2 ME kg-2 DM). The MAE 340 

was 0.69 MJ ME kg-1 DM, or 6.4% of the measured ME content. The intercept of the 341 

regression line was not significantly different from zero (P = 0.38) and its slope was 342 

not significantly different from one (P = 0.38) (Fig. 5). The random component 343 

accounted for the largest part of the MSE (56.1%). The bias component was 43.3% of 344 

the MSE, and the slope component was 0.6%. The average difference in ME content 345 

of the same feeds in the data of MAFF (1986) and Kolver (2000) was 0.58 MJ ME kg-346 

1 DM, or 5.3% of the mean measured ME content in MAFF (1986).    347 

Discussion 348 

Sensitivity analysis 349 

Thermoregulation sub-model. The identification of parameters affecting the simulated 350 

LCT and UCT prioritizes the parameters to be investigated in more detail. Such an 351 

investigation may increase the accuracy of the sub-model further. Priority should be 352 
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given also to parameters with a large variability. For example, the maximum conduction 353 

between body core and skin was assumed to be constant for beef cattle, but the 354 

parameter value was 67% higher for dairy cattle than for beef cattle (Turnpenny et al., 355 

2000b). This suggests a considerable variability in parameter values among different 356 

cattle breeds. Hence, the LCT and UCT may be affected even more if the actual 357 

variability is larger than the 10% simulated. An opposite example is a parameter for 358 

calculating the body area (Table 1). The body area of a 400 kg animal decreases by 359 

41% upon a 10% decrease in one parameter used to calculate body area from TBW 360 

(Thompson et al., 2011). In comparison, the body area of B. indicus cattle is 361 

approximately 10% larger than for B. taurus cattle at the same weight (NRC, 2000). 362 

The effect of this particular parameter on LCT and UCT is, therefore, likely to be lower 363 

than with the 10% change simulated. Hence, investigating the ranges or standard 364 

deviations of parameters is important also to prioritize which parameters to measure 365 

more precisely or to investigate in more detail.     366 

Changing weather variables in the ranges specified generally affected the LCT and 367 

UCT to a larger extent than changing parameter values by 10% (Fig. 2, Table 1). These 368 

results highlight the need for accurate weather data as input for the thermoregulation 369 

sub-model. Effects of weather variables on the LCT and UCT were in line with 370 

expectations. An increasing wind speed and precipitation increased heat release and 371 

hence increased both the LCT and UCT, whereas the reverse is true for increasing 372 

levels of solar radiation. Precipitation affected the simulated LCT and UCT by 373 

evaporation of water from the coat and an increase in heat conduction of the coat layer. 374 

Changes in relative humidity affected the UCT, but hardly the LCT (Fig. 2). This is 375 

explained by the latent heat release from the skin, which is maximized under hot 376 

conditions and minimized under cold conditions. Increasing TBW decreased the LCT 377 
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and UCT, which is mainly explained by a corresponding decrease in the ratio coat area 378 

to TBW. The range in TBW (50-1300 kg) and heat production (1.0-2.0 × maintenance) 379 

affected the LCT and UCT considerably (Fig. 2). Hence, heat production and TBW are 380 

important inputs for the thermoregulation sub-model that have to be simulated 381 

accurately. 382 

Feed intake and digestion sub-model. The results of the sensitivity analysis suggest 383 

that the ME content is less sensitive to changes of input parameters than the digested 384 

protein content (Table 2). The ME content is determined by all parameters in Table 2, 385 

whereas the digested protein content is determined by fewer parameters (SCP, DCP, 386 

CP, and the slope and intercept of the Lucas equation). In addition, the intercept of the 387 

Lucas equation (-32 g CP kg-1 DM) amplifies the decrease in digested protein after a 388 

decrease in CP content, especially for feeds with a low CP content. As expected, the 389 

ME content of feed types with high SNSC contents was reduced most when the SNSC 390 

content was decreased by 10%, and the same holds for DNDF (Table 2).       391 

LiGAPS-Beef. The identification of parameters affecting model output most prioritizes 392 

which parameters should be investigated in more detail for increasing the models’ 393 

accuracy (Hamby, 1994, Zuidema et al., 2005). The body core temperature affected 394 

model output most, except for Hereford cattle in Uruguay under potential production 395 

(Table 3). A higher body core temperature results in a larger temperature gradient 396 

between the body core and the ambient environment, which increases heat release, 397 

and reduces heat stress. The body core temperature is, however, fairly stable in cattle, 398 

but may be investigated further when simulating feed-limited production in (sub-399 

)tropical climates. The conversion of digestible energy (DE) to ME ranked high in the 400 

top ten parameters under potential production (Table 3). Increasing the efficiency of 401 

the DE to ME conversion increases also the NE available for metabolic processes, 402 
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such as growth, which explains why this parameter affected the FE to a large extent. 403 

Values of 0.81 or 0.82 are generally accepted for DE to ME conversion, and a value of 404 

0.85 may be appropriate for diets containing high percentages of cereal grains 405 

(CSIRO, 2007). Given the sensitivity coefficient of approximately one for the DE to ME 406 

conversion, the maximum deviation in model output due to an imprecise estimation of 407 

this parameter is approximately 5%.  408 

The parameters affecting model output most in each of the four scenarios were NE 409 

requirements for maintenance and the multiplier of NE requirements for maintenance 410 

(Table 3). Decreasing these parameters increases the NE available for growth and 411 

consequently the FE. Model users should thus aim to estimate the breed-specific NE 412 

for maintenance, since this parameter is approximately 10% higher for B. taurus cattle 413 

than for B. indicus cattle (NRC, 2000). Several parameters in the top ten affect heat 414 

release, which affects the occurrence of heat stress, and consequently the FE. 415 

Increasing the body area (or its multiplier), the conduction between body core and skin, 416 

and the temperature of exhaled air increases heat release. Parameters associated with 417 

heat release were more abundant under feed quality limited production than under 418 

potential production. The average sensitivity coefficients were larger under feed quality 419 

limited production than under potential production (Table 3). These results are partly 420 

explained by the higher heat production during digestion of the grass-based diet under 421 

feed quality limited production compared to the diet consisting of 65% wheat and 35% 422 

hay under potential production. The higher heat production under feed quality limited 423 

production makes thermoregulation and heat release more important than under 424 

potential production.             425 

Apart from three exceptions, parameters were changed by 5% and 10% using the one-426 

at-a-time approach, which is a structured procedure if standard deviations are 427 
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unknown, like in this study. The one-at-a-time approach has two major limitations. First, 428 

one parameter was changed at a time while the others were kept constant. We did not 429 

investigate effects of changing combinations of parameters, except for parameters of 430 

the Gompertz curve. Thus, investigating the joint effects of parameters is a direction 431 

for future research. Second, the one-at-a-time approach conducts a local sensitivity 432 

analysis and relies on the assumption of model linearity, which is often not justified 433 

(Saltelli and Annoni, 2010). The sensitivity coefficients of parameters affecting model 434 

output most generally did not differ for a 5% change and a 10% change, which 435 

suggests linearity (Table 3). Still, non-linear and non-additive interactions are expected 436 

for several parameters, since non-linear equations are used in LiGAPS-Beef. For 437 

example, the average sensitivity coefficients for Hereford cattle in Uruguay differed for 438 

a change of 5% and 10% in the values for the maximum body weight used in the 439 

Gompertz curve, which suggests non-linearity (Table 3). Global sensitivity methods 440 

account for non-linearity and non-additivity (Saltelli and Annoni, 2010). We partly 441 

addressed the issue of non-linearity by investigating changes in model output at four 442 

points (-10%, -5%, 5%, and 10%). Nevertheless, a global sensitivity analysis would 443 

provide more information than the one-at-a-time approach. Conducting a global 444 

sensitivity analysis is, therefore, another direction for future research.           445 

Evaluation of sub-models 446 

Thermoregulation sub-model. In the experiment of Blaxter and Wainman (1964), 447 

simulated and measured heat release generally corresponded to each other, but the 448 

sensible heat release with low coat lengths was underestimated (Figs 4A and 4B). A 449 

reduction in coat length by shaving might have resulted in a higher conduction of the 450 

remaining coat structure. Changing parameters related to coat structure did not 451 

decrease the deviation of measured and simulated sensible heat release with low coat 452 
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lengths. In addition, simulated skin temperatures were underestimated for one animal 453 

with low coat lengths (Fig. 4C). This animal had higher skin temperatures with a low 454 

coat length (average 22.9°C) than with a high coat length (average 21.7°C), which is 455 

opposite to expectations and measurements for the other animals. Changing 456 

parameters related to the coat structure did not decrease the average deviation of 457 

measured and simulated skin temperatures either.      458 

Measured heat release and simulated minimum heat release of Friesian and Jersey 459 

breeds corresponded to each other at a heat production of 90 W m-2 and higher (Fig. 460 

4A). Below 90 W m-2, measured heat release and simulated minimum heat release did 461 

not corresponded to each other (treatments at 20°C and at 12°C with a wind speed of 462 

0.22 m s-1). An explanation for the deviations below 90 W m-2 is that calves might have 463 

been within the thermal neutral zone. The milk-fed calves had a ME intake equivalent 464 

to 125 W m-2 and a heat production of approximately 95 W m-2, based on their growth 465 

rates and an assumed energy retention of 16 MJ kg-1 TBW. Hence, the expected heat 466 

release within the thermal neutral zone is at least approximately 95 W m-2, which 467 

explains why measured heat release and simulated minimum heat release deviated 468 

below 90 W m-2. All in all, evaluation of the thermoregulation sub-model indicates that 469 

simulated and measured results correspond fairly well to each other. Hence, we 470 

assume this sub-model is sufficiently capable of simulating thermoregulation within the 471 

model LiGAPS-Beef.   472 

A limitation of the thermoregulation sub-model is its inability to simulate heat flows 473 

throughout the day, since it has a daily time step, just like the other two sub-models of 474 

LiGAPS-Beef. Evaluation of the thermoregulation sub-model was conducted, 475 

therefore, with experiments where climate conditions were kept constant. 476 

Nevertheless, climate conditions vary throughout the day for animals kept outdoors or 477 
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in open stables. For example, body core temperature is a constant in our sub-model, 478 

whereas it is known to vary throughout the day under hot conditions (Parkhurst, 2010). 479 

Still, an evaluation of LiGAPS-Beef in a companion paper shows that the occurrence 480 

of heat stress is simulated fairly well with the daily time step (Van der Linden et al., 481 

2018b). The thermoregulation sub-model is calibrated to simulate the average cattle 482 

behaviour at a time step, and behaviour throughout the day is not simulated. For 483 

example, cattle may move to shaded areas during the warmest periods of the day to 484 

mitigate heat stress, and shift their grazing pattern towards cooler periods.          485 

Feed intake and digestion sub-model. Evaluation of the feed intake and digestion sub-486 

model aimed to investigate whether ME contents could be predicted from the feed 487 

constituents specified by Chilibroste et al. (1997). Simulated and measured ME 488 

contents were not significantly different for a range of feed types. The relative MAEs 489 

were 9.3% for the dataset of MAFF (1986) and 6.4% for the dataset of Kolver (2000), 490 

respectively. In our opinion, this performance meets the precision required in LiGAPS-491 

Beef sufficiently. As a comparison, the ME contents given by MAFF (1986) and Kolver 492 

(2000) differed 5.3% for the same feed  types, which may be caused by differences in 493 

feed composition. In addition, minimum and maximum ME contents of feed types listed 494 

by MAFF (1986) differ considerably as well (Fig. 5). The sub-model captured the 495 

variability in simulated ME contents well, since the slope component contributed to less 496 

than 1% of the MSE. The ME contents of feeds were generally underestimated (Fig. 497 

5). This result corresponds to the result that the bias component accounted for 68.3% 498 

of the MSE for the dataset of MAFF (1986), and for 43.3% of the MSE for the dataset 499 

of Kolver (2000). Future research may focus, therefore, on fine-tuning parameters of 500 

the feed intake and digestion sub-model to simulate the ME contents even more 501 

accurately. The ME contents of particular feed types were simulated in detail by using 502 
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data on the seven feed constituents. If these data are not available, the ME contents 503 

of feed types can be obtained from literature, and used as input for LiGAPS-Beef. 504 

Further model comparison with regard to digestible protein may not be urgent, as the 505 

conversion of CP to digestible protein is calculated via a well-established Lucas 506 

equation (Van Soest, 1994).  507 

Conclusions 508 

LiGAPS-Beef aims to assess potential and feed-limited production of beef cattle in 509 

different beef production systems across of the world. The first aim of this paper was 510 

to assess which parameters affect the output of LiGAPS-Beef most. Sensitivity 511 

analyses showed that model output was affected most by body core temperature, 512 

conversion of DE to ME, NE requirements for maintenance, and several parameters 513 

associated with heat release. Results of the sensitivity analyses can be used to 514 

determine which parameters are to be investigated in more detail to increase the 515 

accuracy of model simulations. The second aim of the paper was to evaluate the 516 

performance of the thermoregulation sub-model and the feed intake and digestion 517 

model. Simulated and measured heat release corresponded fairly well to each other. 518 

Simulated ME contents of different feed types differed on average by 9.2% and 6.3% 519 

from the measured ME contents of two datasets. In conclusion, the performance of 520 

both sub-models was considered to be well enough to meet the aim of LiGAPS-Beef, 521 

which provides scope to evaluate the complete model further at the animal level. 522 
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Table 1. Changes in lower critical temperature (LCT) and upper critical temperature (UCT) of 620 

beef cattle after changing parameters by 10%. The baseline LCT is -1.0°C and the baseline 621 

UCT is 30.5°C. Changes (only 1°C or more) are given in degrees Celsius, relative to the 622 

baseline.  623 

Parameter determining: LCT UCT 

 -10% +10% -10% +10% 

Body area 21 2.1 -1.6 2.3 -1.6 

Body temperature2 -1.0 0.9 -4.8 9.5 

Exhaled air temperature -0.6 0.5 -1.2 1.5 

Conduction core-skin 13 -3.0 2.4 0.0 0.0 

Conduction core-skin 23 2.6 -2.7 0.0 0.0 

Conduction core-skin 33 4.8 -5.9 0.0 0.0 

Max. conduction body 

core – skin  

0.0 0.0 -1.4 1.6 

Latent heat release 24 0.0 0.0 -1.3 1.7 

Latent heat release 34,5 0.0 0.0 3.5 -2.1 

1 Body area (m2) = body area multiplier × body area 1 × total body weight body area 2 (McGovern and Bruce, 624 

2000). 625 

2 Body temperature has been changed by 1°C. 626 
3 Min. conduction core-skin (W m-2 K-1) = Conduction core-skin 1 / (Conduction core-skin 2 × 627 
TBWConduction core-skin 3) 628 

4 Maximum latent heat release (W m-2) = minimum heat release + latent heat release 1 × e(latent heat 629 
release 2 × (skin temperature - latent heat release 3)) × latent heat of water vapour  630 

5 This parameter has been changed by 1%.631 
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Table 2. Effect of a 10% decrease in feed components on metabolisable energy (ME) and digested protein (Pdig.) per kg DM feed. Baseline ME 632 

and Pdig. indicate the whole-tract digestibility for beef cattle. Other values indicate the relative change in ME and Pdig. compared to the baseline 633 

(%).    634 

 
Baseline SNSC INSC DNDF SCP DCP Total CP kdDNDF kdPass Dig. 

INSC 
Dig. 

DNDF 
Pass. 
DNDF 

Lucas slope Lucas intercept 

Feed type ME Pdig. ME  ME ME ME Pdig. ME Pdig. ME Pdig. ME ME ME ME ME ME Pdig. ME Pdig. 

 

MJ 
kg-1 
DM 

g kg-1 
DM 

% % % % % % % % % % % % % % % % % % 

Barley 12.7 92 -4.4 -2.3 -1.6 -0.4 -3.4 -0.9 -8.1 -1.5 -13.5 -0.2 0.1 -1.8 -0.1 0.1 -1.9 -13.5 0.5 3.5 
Concentrates 11.7 132 -3.2 -2.1 -2.3 -1.1 -5.0 -1.3 -6.0 -2.7 -12.4 -0.7 0.5 -2.1 -0.2 0.2 -2.7 -12.4 0.5 2.4 
Hay (good quality) 9.6 123 -1.5 -2.2 -3.6 -0.8 -3.5 -1.3 -5.4 -2.9 -12.6 -1.4 1.0 -1.2 -0.4 0.4 -3.2 -12.6 0.7 2.6 
Hay (poor quality) 7.8 31 -1.3 -1.3 -5.9 -0.5 -5.9 -3.6 -43.3 -1.6 -20.3 -2.3 1.6 -0.7 -0.6 0.6 -1.6 -20.3 0.8 10.3 
Grass (spring) 11.0 207 -1.7 -0.4 -3.2 -2.4 -2.9 -3.5 -4.2 -8.8 -11.5 -1.3 0.9 -0.2 -0.3 0.3 -4.2 -11.5 0.6 1.5 
Grass (summer) 8.8 130 -1.6 -0.9 -4.2 -1.0 -3.4 -1.5 -5.3 -3.5 -12.5 -1.6 1.2 -0.5 -0.4 0.5 -3.6 -12.5 0.7 2.5 
Grass (dry 
summer) 

7.4 72 -1.0 -1.1 -5.5 -0.4 -2.9 -1.3 -8.7 -2.2 -14.5 -2.1 1.5 -0.6 -0.6 0.6 -2.7 -14.5 0.8 4.5 

Maize grain 13.3 89 -2.2 -5.5 -0.8 -0.2 -2.0 -0.9 -8.8 -1.4 -13.6 -0.3 0.2 -5.5 -0.1 0.1 -1.8 -13.6 0.5 3.6 
Maize silage 10.1 42 -1.4 -4.8 -2.4 -0.9 -11.8 -0.4 -5.0 -1.4 -17.7 -0.9 0.6 -2.7 -0.2 0.2 -1.4 -17.7 0.6 7.7 
Molasses 11.6 -28 -10.4 0.0 0.0 -0.1 -1.2 0.0 -0.1 -0.1 -1.3 0.0 0.0 0.0 0.0 0.0 -0.1 -1.3 0.6 11.3 
Soy bean meal 11.6 424 -1.3 0.0 -1.6 -3.1 -4.3 -3.7 -5.2 -7.7 -10.8 -0.2 0.1 0.0 -0.1 0.1 -7.7 -10.8 0.5 0.8 
Straw (cereals) 5.8 4 -0.3 -1.9 -6.9 -0.4 -22.5 -0.2 -11.2 -1.7 -90.0 -2.7 1.9 -1.0 -0.7 0.7 -1.2 -90.0 1.1 80.0 
Wheat 12.8 88 -5.3 -2.3 -0.8 -0.4 -4.1 -0.7 -7.2 -1.4 -13.6 -0.1 0.1 -2.1 0.0 0.0 -1.8 -13.6 0.5 3.6 

SNSC = Soluble, non-structural carbohydrates; INSC = Insoluble, non-structural carbohydrates; DNDF = digestible neutral detergent fibre; SCP = soluble 635 

crude protein; DCP = digestible crude protein; CP = crude protein. kdDNDF = digestion rate digestible NDF; kdPass = passage rate; Dig. INSC = digestion 636 

rate of insoluble, non-structural carbohydrates for the whole digestive tract; Dig. DNDF = digestion rate of degradable NDF in the intestines; Pass. DNDF = 637 

passage rate of degradable neutral detergent fibre in the intestines; Lucas slope and intercept = slope and intercept of a Lucas equation (Eq. 1, Lucas et al. 638 

1961; van Soest, 1994).  639 
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Table 3. Average sensitivity coefficient (ASC) of the top-10 parameters affecting the feed efficiency of beef cattle at the herd level most. Sensitivity 640 

analysis was conducted with LiGAPS-Beef by increasing and decreasing parameters values by 5% (ASC 5%) and 10% (ASC 10%).    641 

 
B×S cattle, Australia, potential B×S cattle, Australia, feed quality limited Hereford cattle, Uruguay, potential 

Hereford cattle, Uruguay, feed quality 
limited 

Rank Parameter ASC 5% ASC 10% Parameter ASC 5% ASC 10% Parameter ASC 5% ASC 10% Parameter 
ASC 
5% ASC 10% 

1 Body core 
temperature1 

1.32 NA Body core 
temperature1 

25.64 NA DE to ME 
conversion 

0.98 0.98 Body core 
temperature1 

12.90 NA 

2 DE to ME 
conversion 

0.94 0.94 NE for 
maintenance 

1.80 NA Maximum adult 
total body weight 
(Gompertz curve) 

0.74 0.51 NE for 
maintenance 

1.89 NA 

3 NE for 
maintenance 

0.60 0.60 Maintenance 
multiplier 

1.80 NA NE for 
maintenance 

0.61 0.61 Maintenance 
multiplier 

1.86 NA 

4 Maintenance 
multiplier 

0.60 0.60 Latent heat release 
32 

1.45 NA Maintenance 
multiplier 

0.61 0.61 Maximum adult 
total body weight 
(Gompertz 
curve) 

1.03 0.92 

5 Maximum adult 
total body weight 
(Gompertz curve) 

0.59 NA Body area 13 1.43 NA Maximum adult 
total body weight 

0.53 0.53 Body area 13 1.02 
NA 

6 Slope Lucas 
equation4 

0.29 0.29 Body area 
multiplier3 

1.43 NA Growth rate 
constant (Gompertz 
curve) 

0.31 0.31 Body area 
multiplier3 

1.02 NA 

7 Carcass fraction 0.28  0.28 Latent heat release 
22 

1.19 NA Carcass fraction 0.31 0.31 Body area 23 0.77 NA 

8 Body area 23 0.28 0.38 Maximum 
conduction body 
core - skin 

1.17 NA Slope Lucas 
equation4 

0.24 0.24 Temperature 
exhaled air 15 

0.65 

 

0.60 

9 Efficiency of 
protein accretion 

0.27 0.27 Body area 23 1.12 NA Lipid fraction fat 
tissue 

0.23 0.23 Maximum 
conduction body 
core - skin 

0.64 0.60 
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10 Lipid fraction fat 
tissue 

0.26 0.26 Standard 
respiration rate 

1.00 0.91 Constant of 
integration 
(Gompertz curve) 

0.22 0.22 Growth rate 
constant 
(Gompertz 
curve) 

0.61 0.52 

B×S = Brahman × Shorthorn crossbred cattle; DE = digestible energy; ME = metabolisable energy; NA = no model output; NE = net energy. 642 

1 Body core temperature was decreased and increased by 0.1°C.  643 

2 Maximum latent heat release (W m-2) = minimum heat release + latent heat release 1 × e(latent heat release 2 × (skin temperature - latent heat release 3)) × latent heat of water 644 

vapour. Latent heat release 3 was changed by 1%.  645 
3 Body area (m2) = body area multiplier × body area 1 × total body weight body area 2 (McGovern and Bruce, 2000). Body area 2 was changed by 1%. 646 

4 For the Lucas equation, see equation 1. 647 
5 Temperature exhaled air = temperature exhaled air 1 + temperature exhaled air 2 × air temperature + e(temperature exhaled air 3 × relative humidity + temperature exhaled air 4 × air 648 

temperature)  649 
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Figures  650 

 651 

Figure 1 Representation of LiGAPS-Beef (Livestock simulator for Generic analysis of 652 

Animal Production Systems – Beef cattle) and the connections among the three sub-653 

models. Solid arrows indicate flows of material or energy in beef cattle, dashed arrows 654 

indicate a flow of information. ME = metabolisable energy; NE = net energy. Source: 655 

van der Linden et al. (2018a). 656 
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 657 

Figure 2. Effects of temperature in combination with solar radiation, relative humidity, 658 

wind speed, precipitation, cloud cover, total body weight, and heat production on the 659 

simulated thermal neutral zone (in white) of a bovine animal. The lower critical 660 

temperature of the cattle is the left edge of the thermal neutral zone (TNZ); the upper 661 

critical temperature the right edge. 662 
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 663 

Figure 3. Combined temperature and relative humidity to compare the occurrence of 664 

heat stress in beef cattle simulated by the thermoregulation sub-model of LiGAPS-Beef 665 

after calibration (A) with the temperature-humidity index of Mader et al. (2006) (B) and 666 

the temperature-humidity index of Mader et al. (2006) accounting for wind speed and 667 

solar radiation (C). Dashed lines indicate the simulated temperature at which heat 668 

stress occurs with a relative humidity of 20% and 100%. 669 
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 670 

Figure 4. Simulated and measured total heat release of beef cattle for experiments of 671 

Blaxter and Wainman (1964) and Holmes and McLean (1975) (A), together with 672 

sensible and latent heat release (B) and skin temperature (C) for the experiment of 673 

Blaxter and Wainman (1964). Dashed lines indicate y = x. CL = coat length. 674 

  675 
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 676 

Figure 5. Simulated and measured metabolisable energy (ME) content of feed types 677 

consumed by beef cattle, which are given by MAFF (1986) and Kolver (2000). 678 

Horizontal bars indicate the minimum and maximum simulated ME contents. Vertical 679 

bars data indicate the minimum and maximum ME contents listed by MAFF (1986). 680 


