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 12 

Summary text for the Table of Contents 13 

Certain grass weeds produce seeds which penetrate wool and body tissue of 14 

grazing sheep, resulting in significant welfare and economic impacts. The 15 

efficacy of weed control strategies for mitigating impacts in lamb production 16 

systems has remained unknown. This research uses a bioeconomic modelling 17 

approach to simulate seed contamination and weed management impacts on 18 

productivity in lambs grazing infested lucerne pasture. Results indicate optimal 19 
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weed management strategies within livestock production systems and areas 20 

requiring further research.  21 

Abstract. 22 

Context. Barley grass (Hordeum spp. L.) is a pervasive annual grass weed of 23 

southern Australian crops and pastures, producing seeds that contaminate 24 

sheep carcasses and, causing weight loss and discounts at processing of 25 

impacted meat and wool. Previous modelling of barley grass control 26 

highlighted effective control strategies for reducing seed banks in lucerne over 27 

ten years. However, the impacts of weed management strategies on the 28 

productivity of lamb enterprises grazing pastures of varying infestation levels 29 

currently remain unknown. Aims. This study assessed the capacity of a ex-ante 30 

bioeconomic modelling approach to simulate the impacts of variable barley 31 

grass seed contamination and weed control strategies on the profitability and 32 

productivity of weaned lambs grazing a barley grass-infested lucerne pasture 33 

in southern Australia. Methods. A bioeconomic model was developed by 34 

incorporating a barley grass population model, a livestock growth model 35 

(incorporating impacts of seed contamination) within an economic framework 36 

to simulate impacts of weed control strategies applied to the barley grass 37 

population. Control strategies were activated in the model at various weed 38 

densities to investigate  differences in lamb production and were simulated 39 

over a ten-year period to identify optimal weed control strategies. Key results. 40 

Simulating the absence of barley grass control demonstrated incursion of 41 
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large losses ($793/ha) to the lamb production system over ten years. Economic 42 

returns tended to remain highest under integrated management scenarios at 43 

lower weed densities (< 50 seedlings/m2). Maximum profitability could be 44 

attained through strategies targeting weed fecundity, particularly at the  45 

lowest weed density (5 seedlings/m2). Conclusions. Integrated management 46 

of barley grass produced the greatest economic benefit at low weed densities 47 

when control targeted seed production. The simulation of repeated mowing 48 

constrained the barley grass infestation and shows promise as a non-chemical 49 

practice for reducing seed contamination in sheep. Further field studies and 50 

development of associated model relationships will facilitate further 51 

substantiation of model outputs. Implications. Results highlight the potential 52 

for combined model frameworks to determine economic consequences of 53 

weed management in livestock grazing systems and to identify optimal 54 

strategies that maximise livestock health, welfare and production.  Keywords: 55 

weed, simulation, herbicide, mowing, bioeconomic modelling, infestation, 56 

carcass  57 

 58 

Introduction 59 

Barley grass (Hordeum spp. L.) is a pervasive annual grass weed of 60 

Mediterranean origin, widely distributed across southern Australia’s 61 

agricultural zone (Cocks et al., 1976; Llewellyn et al., 2016). Dense infestations 62 

of barley grass often inhabit degraded lucerne stands, due to reduced 63 
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competition by lucerne plants and high soil nutrient conditions associated 64 

with legume production (Groves et al., 2003). Despite the valuable forage 65 

afforded by juvenile plants in grazed pastures, barley grass seed is considered 66 

a significant threat to animal welfare and a carcass contaminant of sheep 67 

grazing these pastures later in the growing season (Kelly et al., 2020). 68 

Penetration of body tissues by mature seeds can produce skin abscesses and 69 

significant discomfort, leading to reduced foraging behaviour (Dodd, 1919). 70 

Seed penetration of eyes,  mouth and gums also limits feed intake and weight 71 

gain in grazing sheep (George, 1972; Hartley and Bimler, 1975).  72 

Historically, herbicides have been used against barley grass 73 

populations and for managing barley grass seed contamination in sheep 74 

(Hartley and Atkinson, 1972, 1973; Hartley et al., 1974). Non-chemical tactics, 75 

such as grazing or mowing, are also effective in reducing barley grass seed 76 

production (El-Shatnawi et al., 1999; Hartley et al., 1978; Smith, 1968), while 77 

the combination of herbicides and mowing defoliations also show promise for 78 

control as an integrated weed management (IWM) strategy (Kelly et al., 2020). 79 

Economic considerations typically influence the decision of farmers to engage 80 

in innovative agricultural approaches such as IWM (Pannell and Schilizzi, 81 

2006). Within an uncertain and dynamic decision-making environment, such 82 

interactions can be evaluated using bioeconomic modelling, where biological 83 

and economic components are combined within a model framework (Pannell 84 

et al., 2004; Kragt, 2012). Current models exist which simulate weed dynamics 85 
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(Pannell et al., 2004, Kelly et al., 2023) and daily livestock production (Freer et 86 

al., 1997; Moore et al., 1997), while other models  have assessed the financial 87 

impact of weed seeds on carcass value at the processing level (Smith, 2014). 88 

Despite the existence of these models, no models exist that combine all these 89 

components to assess whether it is possible to simulate the impacts of weed 90 

seed contamination and associated weed control strategies on livestock 91 

production from infested pastures. 92 

The current study explores the development of this concept, 93 

integrating a previously developed barley grass model (Kelly et al., 2023) with 94 

a novel bioeconomic model framework to investigate weed management 95 

outcomes in a trade lamb enterprise simulation in southern NSW.  The model 96 

is designed to specifically simulate the biophysical and economic impacts of 97 

barley grass seed contamination in lambs grazing an infested lucerne pasture, 98 

demonstrating the potential to identify optimal weed control strategies to 99 

maximise economic outcomes. The objectives of this research were to: 1) 100 

develop an integrated bioeconomic model that could facilitate the simulation 101 

of production and health impacts of weed populations on livestock in a 102 

grazing system,  and 2) determine the capacity of such a model to identify 103 

optimal  weed management strategies for improved lamb enterprise 104 

productivity and profitability in a weed-infested pasture scenario at various 105 

weed densities under southern Australian conditions. 106 

Model Description 107 
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Overview  108 

The combined model (entitled the Barley Grass Seed Contamination 109 

Model, or BGSC) is comprised of three submodels (Fig. 1) using Microsoft 110 

Excel 2013 (ver. 15.0.5153.1000; Microsoft, Redmond, WA, USA) as the 111 

modelling platform: 1) the barley grass population submodel, adapted from, 112 

and described in detail by Kelly (2020) and Kelly et al. (2023),  implemented 113 

over a 10-year planning horizon with stochastic climate interactions; 2) a 114 

simplified lamb enterprise submodel, which calculates annual livestock 115 

production , and 3) an economic submodel that calculates annual and 116 

aggregated economic returns over the simulation horizon. Daily pasture data 117 

was extracted from the simulation of a barley grass-infested lucerne paddock 118 

using the decision support tool, GrassGro™ (Moore et al., 1997), to 119 

parameterise the barley grass submodel. The data was used to simulate the 120 

impact of species competition and climate variability on daily pasture growth, 121 

weed seed production and botanical composition in different years (Kelly et 122 

al., 2023). GrassGro™ derived pasture data sets were subsequently used by the 123 

livestock submodel to simulate daily weight gain using the biomass and feed 124 

quality values. Modelled inflorescence density within the barley grass 125 

submodel was connected to the livestock model using field study data to 126 

generate an empirical relationship between barley grass inflorescences and 127 

feed intake suppression. This was incorporated into the livestock submodel to 128 

influence the simulated daily weight gain of grazing sheep (refer to 129 

supplementary material), and the quality and value of livestock outputs (meat 130 
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and skin) at different weed densities. The inclusion of simulated weed control 131 

impacts and costs within the barley grass submodel, associated GrassGro™ 132 

pasture simulation data and livestock product quality attributes and prices, 133 

were combined to facilitate an ex- ante economic assessment of the impact of 134 

seed contamination on lamb production within the economic submodel. This 135 

was expressed as the Net Present Value (NPV) over a 10-year planning 136 

horizon.  137 

Insert Fig 1 here 138 

Model assumptions 139 

This study is the first attempt at modelling the process and impacts of 140 

seed contamination in sheep. Several assumptions therefore underpin the 141 

BGSC model. Those used within the barley grass population submodel are 142 

reported by Kelly et al. (2023). Those specific to the BGSC include: 143 

• The BGSC model is currently a conceptual model, simulating alternative 144 

scenarios at a field scale – therefore outputs in relation to livestock production 145 

and economic value are not to be treated as absolute in the current study. 146 

• The BGSC model is deterministic in relation to price risk, not representing 147 

annual variation in price, costs or herbicide efficacy. 148 

• Sheep are considered to be second cross weaned lambs, grazing the pasture 149 

from weaning (1st September) to sale (31st December).  Equations modelling 150 

livestock growth are based on Freer et al., (1997). Wool and reproductive 151 
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performance parameters are not included due to sheep age and the focus on 152 

sheep meat production.   153 

• For computational simplicity the more complex GrassGro™ functions related 154 

to animals selectively grazing from different digestibility pools were not 155 

included in this ex-ante modelling (Freer et al., 2012). 156 

• The effect of seed contamination on sheep is expressed in the model through 157 

reduced liveweight gains due to feed intake suppression. This empirical 158 

approach is underpinned by research that has shown seed injury reduces 159 

grazing mobility, and subsequently feed intake and weight gain (Hartley, 1976; 160 

Hartley and Bimler, 1975). Seed impacts on production due to secondary 161 

health effects or seed position within animals are not explicitly included. 162 

Pasture data  163 

Pasture data was required on a daily time step to include the effects of 164 

climate variability within each simulated year on botanical composition and 165 

seed production (described by Kelly et al., 2023). It was also required by the 166 

livestock submodel equations to generate parameters such as relative intake, 167 

rate of eating and relative time spent grazing (Freer et al., 1997). Daily green 168 

dry matter digestibility, total available herbage mass, pasture growth rates, 169 

species composition, barley grass senescence dates and biomass loss rates 170 

were inputs to the livestock submodel with years randomly selected through a 171 

Monte Carlo simulation process. To facilitate the ability to vary stocking rates, 172 

total daily available herbage mass was calculated within the livestock 173 
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submodel at a daily time step, and thus only required the initial biomass value 174 

from the GrassGro™ simulation of the pasture on day 1, which itself 175 

represented the 20-year mean state of pastures at that time of year. The 176 

calculation of herbage mass on subsequent days (𝐵𝑡 ) was as follows: 177 

 178 

𝐵𝑡+1 =  𝐵𝑡  + 𝑃𝐺𝑡+1  − 𝐵𝐿𝑡+1 − (𝐻𝐼𝑡+1  x  𝑆𝑅𝑡+1 )                               (1) 179 

 180 

where 𝑡 + 1  was the current day and 𝑡 was the day prior. 𝑃𝐺𝑡+1  was pasture 181 

growth rate (kg DM/ha), 𝐵𝐿𝑡+1   was biomass loss rate, 𝐻𝐼𝑡+1   was herbage 182 

intake and 𝑆𝑅𝑡+1  was stocking rate on the current day.  183 

Pasture data required by livestock submodel equations, as extracted from 184 

yearly GrassGro™ outputs, are defined in Table 1. 185 

Insert table 1 here 186 

Although grazing typically influences pasture (and subsequent livestock) 187 

growth, the pasture data sets generated in GrassGro™ (used as inputs within 188 

the livestock model) were simulated under ungrazed conditions, to facilitate 189 

consistency with the earlier development conditions of the barley grass model 190 

(Kelly et al., 2023). Although feedback interactions may exist between pasture 191 

growth and subsequent livestock growth, these were expected to be minimal 192 

given the stocking rates used and seasons being modelled, and that using 193 

ungrazed conditions facilitated the ability to focus on connecting the models 194 
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and integrating the new empirical seed contamination relationship. Further, 195 

simulating a grazed pasture under different stocking rates would have 196 

required a significantly more complex dynamic systems modelling approach, 197 

preferably at a whole farm scale, which was beyond the scope of the current 198 

field-scale modelling and potentially is an important focus for future research.  199 

Livestock submodels  200 

Livestock submodels are comprised of equations and parameters used 201 

in simulating the growth of second-cross weaner sheep within the GrassGro™ 202 

animal model, as described by Freer et al. (1997), and were replicated for each 203 

year of the ten-year simulation horizon. However, for the purposes of this ex-204 

ante analysis, simplifications were made to the functions described by Freer et 205 

al. (2012) to exclude the potential impacts of selective grazing for determining 206 

relative intake and the assumption that animals are thermoneutral. Within 207 

each year of the ten-year simulation, there was a random selection from all of 208 

the available GrassGro™ simulated years to embed climate risk and its impact 209 

on pasture variability. The livestock submodel operates on a daily time step to 210 

simulate livestock growth occurring between weaning (1st September) to sale 211 

(31st December). Initial and final live weights, and levels of skin and carcass 212 

contamination obtained from the livestock submodel, were exported to the 213 

economic submodel to facilitate determination of carcass and skin values. The 214 

livestock model parameters which varied from the default values of the 215 

GrassGro™ animal model are described in Table 2. 216 
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Insert table 2 here 217 

Derivation of Intake suppression: linking barley grass seed production to 218 

livestock growth 219 

The relationship between annual barley grass inflorescence density and 220 

live weight loss in sheep during the simulated grazing period was a crucial and 221 

novel development linking the barley grass and livestock submodels within the 222 

BGSC model framework. In searching the available literature, findings from a 223 

1969 field study conducted in Trangie NSW, Australia (referred to herein as 224 

“the Trangie study”, Campbell et al., (1972)) were the only data found 225 

describing this relationship. GrassGro™ was used to replicate the conditions of 226 

the experiment, so that the impact of barley grass inflorescence density on 227 

livestock weight gain, and specifically the impact on feed intake suppression 228 

(IS), could be simulated at the stocking rates supplied in the field study. The 229 

detailed description of the derivation of intake suppression is available in the 230 

supplementary material. 231 

The empirical relationship between daily intake suppression (IS), as 232 

generated by the Trangie study model simulations, and the associated 233 

inflorescence densities used to derive them, were modelled using non-linear 234 

regression and parameterised using Matlab Software (release R2019a) 235 

(Mathworks, 2019). A non-rectangular hyperbola (Johnson, 2008) was found to 236 

best fit the data (R2 = 0.999, RMSE = 0.004519) and was fixed through zero, 237 

since zero inflorescences would be expected to correspond to zero intake 238 

suppression in practice. The function generated the Intake Suppression Factor, 239 
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(ISF), in relation to barley grass inflorescence density, as generated by the 240 

barley grass submodel for the year type selected. The Intake Suppression 241 

Factor was given by: 242 

 243 

𝐼SF =
1

2𝑏
( 𝑎𝑥 + 1 − ((𝑎𝑥 + 1)2 − 4𝑎𝑏𝑥)

1/2
)                                 (2) 244 

 245 

where x was barley grass inflorescence density/400cm2, a and b are constants, 246 

where a = 0.0522 and b = 0.9773, and ISF varies between 0 and 1.0 (Fig. 2). 247 

Insert Fig 2 here 248 

 249 

From Freer et al. (1997), the final herbage intake within the livestock model 250 

was given by: 251 

 252 

                                      𝐼ℎ𝑒𝑟𝑏 = 𝐼𝑚𝑎𝑥  . 𝐼r                                                                                                     253 

(3)  254 

 255 

where 𝐼ℎ𝑒𝑟𝑏   was actual intake of herbage, 𝐼𝑚𝑎𝑥  was maximum daily intake and 256 

𝐼r  was relative intake of herbage (Freer et al., 1997). The intake suppression 257 

factor was used as an additional input within the livestock submodel to modify 258 
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equation 3, thereby reducing herbage intake to influence weight gain as 259 

follows:  260 

 261 

                                 𝐼ℎ𝑒𝑟𝑏 = 𝐼𝑚𝑎𝑥  . 𝐼r  (1 − 𝐼SF )                                                                                     262 

(4)  263 

 264 

The modification from equation 3 to 4 was triggered to coincide with 265 

the start date of barley grass seed desiccation simulated within the model, 266 

since this event typically coincides with intake suppression and weight loss in 267 

sheep grazing barley grass infested pastures (Hartley, 1976; Hartley and 268 

Bimler, 1975). Start dates for barley grass seed desiccation were obtained from 269 

the yearly GrassGro™ pasture outputs and varied between years depending on 270 

seasonal conditions. 271 

 272 

The economic sub model 273 

The economic submodel calculated the value of weight gain in 274 

livestock and all costs associated with barley grass control, as influenced by 275 

annual barley grass inflorescence density, and resultant seed contamination in 276 

sheep. Discounted annual net cash flows are summed to calculate net present 277 

value (NPV) over the ten-year simulation horizon. Net cash flow in each year 278 

was determined by subtracting total control costs, livestock costs and initial 279 



 

 
14 

 

livestock purchase value from total livestock income for the set stocking rate. 280 

NPV was calculated as follows: 281 

 282 

                                                         𝑁𝑃𝑉 = ∑
 𝜋𝑡 (𝐶𝑡,𝐹𝑡,𝐿𝑡,𝑆𝑅𝑡)

(1 + 𝑖)𝑛
𝑇
𝑡=0                                          283 

(5) 284 

 285 

where T was the simulation period (10 years), 𝜋𝑡  was the measure of net cash 286 

flows in year t as a function of control costs (𝐶𝑡); feeding costs (𝐹𝑡), livestock 287 

costs (𝐿𝑡) and stocking rate in DSE/ha (𝑆𝑅𝑡), n was the number of  years in the 288 

simulation period and i was the discount rate (set at 5%, a figure considered 289 

typical for Australian livestock producers).  290 

 291 

Net cash flow – livestock income 292 

To determine livestock income, skin and carcass values can be 293 

estimated in relation to seed contamination. This considers the relationship 294 

between barley grass inflorescence density in the pasture, resulting fleece 295 

seed density and final skin mark density variables, which determines skin and 296 

carcass price discounts (Smith, 2014). Data encompassing each of these 297 

variables were provided by Atkinson and Hartley (1972) as the only available 298 

data for generating these relationships within published literature. A strong 299 

linear relationship existed between pasture inflorescence density and seed 300 
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density within the fleece (R2 = 0.991, RMSE = 0.650, F1,2 = 226.9, Fig 3a), as 301 

such: 302 

 303 

                                         𝐹𝑆𝐷 = 2.3308 𝐼 +  1.7586                                                 304 

(6) 305 

 306 

where FSD was fleece seed density, and I was barley grass inflorescence 307 

density/ha. Secondly, the relationship between fleece seed density and skin 308 

mark density was required to determine the degree of total tissue damage. 309 

Hartley and Atkinson (1972) reported a declining trend in skin mark density as 310 

fleece seed density reached a maximum, potentially due in reality to seed loss 311 

from the fleece before processing, or as a result of a potential barrier 312 

generated in the fleece due to increasing levels of vegetable matter, thereby 313 

preventing further seeds reaching the skin (Warr & Thompson, 1976). Despite 314 

the lack of clarity around this relationship, the integrity of these field 315 

observations within the model was preserved by fitting a quadratic function to 316 

the data (R2 = 0.998, RMSE = 0.088, F1, 2 = 310, Fig 3b):  317 

 318 

                           𝑃𝑀 = −0.0363x2 + 1.0508𝐹𝑆𝐷 −  1.5452                               319 

(7) 320 

 321 
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where PM was the number of barley grass pelt marks per skin and FSD was the 322 

number of barley grass seeds per fleece. Within the model, these relationships 323 

provided the closest quantifiable estimation of the level of seed contamination 324 

expected in grazing sheep across the simulation horizon in relation to annual 325 

barley grass inflorescence density values, as generated by the barley grass 326 

submodel. 327 

Insert figure 3a here 328 

Insert figure 3b here 329 

Carcass value  330 

Hot standard carcass weight (hereafter referred to as carcass weight, 331 

CWT in kilograms) was determined in the model as follows: 332 

 333 

                             𝐶𝑊𝑇 = 𝐿𝑊𝑇𝐹𝐼𝑁𝐴𝐿 ∙  𝐷𝑃                                     (8) 334 

 335 

where 𝐿𝑊𝑇𝐹𝐼𝑁𝐴𝐿  was the final live weight (kg) output generated from livestock 336 

submodels, and 𝐷𝑃 was an average lamb dressing percentage of 45%. Long 337 

term average monthly nominal lamb prices (c/kg) for three carcass weight 338 

classes (light lamb 12 – 18 kg, trade lamb 18 – 22 kg and heavy lamb > 22 kg) 339 

between the years of 2000 and 2017 were used were converted to real prices 340 

(c/kg CWT) using consumer price index data (ABARES, 2017) with 2018 as the 341 

base year. 342 
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The real average monthly carcass price (c/kg CWT) for each weight 343 

class in December (RPDEC) was then used and  averaged over the five-year 344 

period from 2013 to 2017.  Final carcass value each year was determined as 345 

follows: 346 

 347 

                                                 𝐶𝑉 = 𝐶𝑊𝑇 ∙ 𝑅𝑃𝐷𝐸𝐶                                                            (9) 348 

 349 

where 𝐶𝑉 was carcass value ($/carcass), CWT was final carcass weight (kg) and 350 

𝑅𝑃𝐷𝐸𝐶  was real average monthly carcass price (c/kg CWT). 351 

To determine the level of seed-induced carcass price discount, the skin 352 

mark density, as determined from Equation 8, was used to generate values 353 

associated with low, medium or heavy contamination. Since there was no data 354 

available to predict the correlation between seed density in the fleece and 355 

carcass tissue, Equation 8 was considered as the closest representation. 356 

Contamination category boundaries were determined from an industry 357 

abattoir model developed for the assessment of carcass seed contamination 358 

during processing (Smith, 2014). Contamination categories consisted of: Seed 359 

marks per carcass = 0 (zero), < 12 seeds (low), 12 - 20 seeds (medium) and > 20 360 

seeds (heavy). Price discount values allocated to each category were extracted 361 

from the abattoir model of  Smith (2014) and surveys (Collins, 2013), being set 362 

at $0.10, $0.50 and $1.00 per kilogram of carcass weight for low, medium and 363 
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heavy contamination, respectively. Discount values were subtracted from 364 

carcass price (c/kg CWT) in each year to produce the discounted final carcass 365 

price (c/kg CWT). When no seed marks were generated from Equation 7, the 366 

discount was set to zero. 367 

Skin value 368 

Seeds lodged within lamb skins (described as vegetable matter or VM) 369 

result in significant price discounts due to their impacts on pelt processing 370 

(Collins et al., 2013). Monthly nominal skin price data for VM-free and for 371 

Heavy VM 2-3 inch skins between 1990 and 2017 were used to determine 372 

average skin prices for three carcass weight classes (namely, <  20 kg, 20.1 – 373 

24 kg and > 24 kg) (MLA, 2016). Linear interpolation generated missing 374 

monthly skin price values. Nominal values were transformed to real price 375 

values (c/skin) using consumer price index data (ABARES, 2017) with a 2018 376 

base year, and averaged over five years. The percentage change between VM 377 

free and Heavy VM skin prices across all years varied little between all carcass 378 

weight classes, averaging 33%. This was consistent with industry opinion, 379 

where 40 seed marks per skin was typically considered “heavy VM” and 380 

equivalent to a 30% price discount (G. Webster, personal communication, 23rd 381 

March 2019). Linear functions describing the relationship between percentage 382 

price discounts (values between zero and 33%), and seed mark densities per 383 

skin (values between 1 and 40) were determined for each carcass weight 384 
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category. A single function thus describes the percentage skin price 385 

discount,  𝐷𝑆, in relation to skin seed mark density as follows:    386 

 387 

                                                        𝐷𝑆 =  𝑎𝑃𝑀                                                   388 

(10) 389 

 390 

where  𝐷𝑆 was skin price discount (%), PM was skin seed mark density and a was 391 

a constant which varies with carcass weight class, namely a= 0.0063 (< 24 kg) 392 

and a= 0.0067 (> 24 kg).  𝐷𝑆  was constrained to values between 0 and 1 in the 393 

model (i.e. 0 to 100% discount) to remove derivation of negative values. 394 

This relationship facilitated the calculation of the percentage skin price 395 

discount, based on carcass weight and skin seed mark density, as generated 396 

by Equation 8. The percentage price discount value was converted to a cents 397 

per kilogram value in the model by multiplying the percentage discount value 398 

by the VM free price as follows:  399 

 400 

                                             𝑆𝑃𝐷 =  𝑆𝑃𝑉𝑀𝐹  (1 −  𝐷𝑆)                                         401 

(11)  402 

 403 
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where  𝑆𝑃𝐷  was the discounted skin price (c/skin) due to skin seed density, 404 

𝑆𝑃𝑉𝑀𝐹  was average VM free skin price (c/skin) and  𝐷 𝑆 was the percentage 405 

discount due to seed mark density (Equation 10).  406 

 407 

Costs 408 

Herbicide application costs were determined using local 2019 retail 409 

prices on a per hectare basis. Mowing and herbicide treatment costs included 410 

average labour and machinery costs per hour, based on those represented in 411 

industry gross margin budgets for dryland lucerne pasture establishment and 412 

grazing by prime lambs (DPI, 2012).  Chemical, labour and machinery costs 413 

were summed to produce the total control cost per year. 414 

Livestock cartage, selling costs, commission value on sheep sales and 415 

levy values were obtained from industry gross margin budgets for a terminal 416 

lamb enterprise, producing total annual livestock selling costs (NSW DPI, 417 

2018). Since livestock are “purchased” as weaners in the model, a purchase 418 

cost was generated by using the five-year average nominal saleyard indicator 419 

price (cents per kilogram of hot standard carcass weight) for re-stocker lambs 420 

in NSW over the years 2013-2017 (MLA, 2016). Nominal prices were converted 421 

to real prices using consumer price index data  (ABARES, 2019), with a 2018 422 

base year. Purchase price was multiplied by the dressed hot standard carcass 423 

weight of the weaned lambs (using a 45% dressing percentage) to obtain the 424 

livestock purchase price. 425 
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 426 

Model constraints 427 

Given the stochastic nature of pasture growth and quality, and the dynamic 428 

nature of barley grass density and seed desiccation, several constraints or 429 

decision rules needed to be integrated into the model to facilitate realistic 430 

outcomes. This included both livestock selling and supplementary feeding 431 

rules.  432 

Live weight loss 433 

Pasture simulations can produce extremely low pasture herbage mass 434 

and quality values in some years (<500 kg DM/ha with concurrent energy 435 

content of <8 MJ ME/kg DM) due to climate influences on pasture growth 436 

within a given year. Further, as the livestock submodel did not simulate 437 

selective grazing by animals, thus limiting the model’s ability to simulate an 438 

intake with higher metabolizable energy and / or digestability (Freer et al., 439 

1997), liveweight loss can be reported as unreasonably severe. To constrain 440 

daily weight loss in the model, a maximum weight loss threshold was 441 

introduced at 270 g/day, which was derived using the widely accepted 442 

decision support tool, GRAZFEED™ (Freer et al., 1997) for a 27 kg crossbred 443 

weaner sheep grazing no pasture. This represented a level of weight loss that 444 

corresponded to both rapidly increasing probabilities of animal mortality and 445 

conditions under which animals would usually be supplementary fed to avoid 446 

animal welfare issues. 447 
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Livestock destocking/selling 448 

To constrain the model to simulate realistic welfare management 449 

practices in sheep production systems, animals were assumed to be sold if 450 

liveweight reached a  critical minimum live weight of 20 kg, an effect that was 451 

observed to occur when low herbage mass and quality and the effects of seed 452 

contamination on intake were combined during some years. The 20kg value 453 

was selected as it is an established critical liveweight value for weaner sheep 454 

survival (Blackwood, 2006). Daily weight gains were triggered to zero until the 455 

end of the modelled grazing period if this weight was reached, simulating the 456 

effect of early “selling”. The final live weight reached at that point thus became 457 

the selling live weight for that year within the economic submodel.  458 

 459 

Supplementary feeding rule 460 

A supplementary feeding rule was included in the model to trigger the 461 

feeding of a barley grain ration whenever herbage mass declined to levels 462 

below 500 kg DM/ha, simulating actions usually taken to prevent erosion and 463 

sustain pasture persistence (Robertson et al., 2020). The ration was generated 464 

in GRAZFEED™ and consisted of 780 g/day of barley (with no pasture intake) 465 

and resulted in 150g/day liveweight gain for a weaner sheep with an industry 466 

average weight of 27kg. The cost of feeding was based on a barley price of 467 

$179.80 per tonne, which reflected the average on-farm price over the years 468 

2013-2017 in real terms (ABARES, 2019). These rules were included to reflect 469 
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recommended practice for preventing mortality and poor performance in 470 

weaner sheep (Campbell et al, 2014). 471 

 472 

Model validation 473 

It is usual to consider the available literature and expert opinion in 474 

combination to develop functional form relationships in model construction, 475 

since availability of validation data for complex bioeconomic models can be 476 

limited due to the complexity and magnitude of information required and the 477 

lack and limitations of experimental studies (Beltran et al., 2012). As such, the 478 

outputs of the BGSC model have not yet been fully validated in this 479 

conceptual model as there are limitations arising from the lack of information 480 

available required to describe the connection between lambs grazing a barley 481 

grass infestation of pasture in relation to physical injury, particularly over a 482 

protracted period. These limitations are common to other bioeconomic 483 

models (Beltran et al., 2012; McCarl and Apland, 1986) and thus often require 484 

extensive review by experts (Beltran et al., 2012). However, process based 485 

models such as GrassGro™, are widely accepted, are used in many studies and 486 

found to be reliable for predicting livestock performance (Freer et al., 1997; 487 

Moore et al., 1997). Although live weight and carcass outputs from this study 488 

appear consistent with lamb performance observed from fields contaminated 489 

with barley grass levels similar to those considered in this study (Campbell et 490 

al., 1972; Little et al., 1992; Warr and Thompson, 1976), the outputs of the 491 
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current model must still be considered as indicative, and not absolute,  of the 492 

likely impacts of barley grass seed on lamb production from a lucerne pasture 493 

in southern NSW. Further field studies are required to facilitate adequate 494 

validation of these complex relationships. 495 

 496 

Model sensitivity 497 

A sensitivity analysis was performed to determine the demographic and 498 

economic parameters exerting the largest influence on NPV in the model. 499 

Methods used to determine the sensitivity index are described by Kelly et al., 500 

(2023). Physical and economic parameters of the model tested in the 501 

sensitivity analysis are shown in Table 3. The effects of changing parameter 502 

values within the model were relatively small, indicating low model sensitivity 503 

to parameter variability. The two parameters most sensitive to variation 504 

included the number of seeds per skin and the number of seed marks per skin.  505 

Insert Table 3 here 506 

 507 

Model Case study: Crossbred weaner lambs grazing barley grass infested 508 

lucerne in southern NSW. 509 

A Monte Carlo simulation procedure was used to investigate the capacity of 510 

the combined model to simulate the effects of control strategies on lamb 511 

production, profitability, and risk within a barley grass-infested lucerne pasture 512 
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in Wagga Wagga, NSW, Australia. Daily pasture databanks required by the 513 

livestock model were generated by GrassGro™ simulations of a barley grass-514 

infested lucerne pasture between 1990 and 2017. The pasture parameters 515 

utilised in GrassGro™ simulations and detailed descriptions of all eight control 516 

strategies and trigger points for each control method within the BGSC model 517 

are described by Kelly et al., (2023).  518 

The eight Barley Grass control strategies consisted of:  519 

1. An uncontrolled population (“No control”) 520 

2. Early herbicide application, applied as an annual systemic herbicide at 2-3 leaf 521 

stage during autumn at 99% efficacy (“Early”, E) 522 

3. Late herbicide application, applied as a contact herbicide in late winter at 58% 523 

efficacy (“Late”, L)  524 

4. Repeated mowing at inflorescence emergence (“Mow”, M) 525 

5. Early + late herbicides (“Early_late”, EL) 526 

6. Early herbicide + repeated mow (“Early_Mow”, EM) 527 

7. Late herbicide + repeated mow (“Late_Mow”, LM) 528 

8. Early + late herbicides + repeated mow (“Early_Late_Mow”, ELM) 529 

Each simulation ran over a ten-year planning horizon as described by Kelly et 530 

al., (2023). Case study assumptions (in addition to those used by Kelly et al., 531 

(2023), included keeping the stocking rate constant at 10 weaner lambs per 532 

hectare. Further, all livestock and control costs used in the case study were 533 
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based on typical Gross Margins for NSW to ensure alignment with the 534 

simulated location, listed in Table 4. 535 

Insert table 4 here 536 

Statistical analysis 537 

All statistical analyses on the outputs of the simulated case study were 538 

performed using R software (ver. 3.5.1, R CoreTeam, 2016). Means and 539 

standard errors resulting from 1000 iterations of each experiment were 540 

calculated for NPV ($ ha-1), annual control cost ($ ha-1), skin price ($ head-1), 541 

carcass price ($ kg CWT-1), and live weight gain (kg ha-1). Since NPVa 542 

represents profitability of each control strategy, the approach used to identify 543 

optimal strategies for maximising profitability included using a regression tree, 544 

fitting control strategy and weed threshold as factors and NPV as the 545 

dependent variable. Since regression trees facilitate a clear representation of 546 

complex and potentially non-linear interactions occurring between variables 547 

(Shalizi, 2006) and assist in identification of specific outcomes  (Moisen, 2008), 548 

this method was considered a suitable method for investigating the complex 549 

interactions generated by this model. In the current study, the tree was first 550 

fitted completely by using a small complexity parameter (0.00001), a cross-551 

validation value of 10 and a default minimum split value of 20, a value more 552 

appropriate for large datasets such as the one produced by the BGSC model. 553 

This tree was subsequently pruned using a complexity parameter of 554 

0.00087478, since this produced the smallest tree within 1 standard error of 555 
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the minimum cross validated error, as is consistent with the 1–SE rule used to 556 

identify optimal regression tree size (Breiman et al., 1984) (Fig. 4). 557 

Insert Fig 4 here 558 

Optimal management programs with regard to price risk were illustrated using 559 

the concept of a risk-efficient frontier (Cacho et al., 1999; Hardaker et al., 560 

2015), generated by plotting the NPV means against their standard deviation 561 

resulting from the Monte Carlo simulation results, demonstrating the 562 

compromise between profit and risk (Behrendt et al., 2006). The frontier, 563 

represented by a dashed line, defines differing combinations of risk and profit 564 

under various control strategy and weed density scenarios where 565 

management is most efficient (Behrendt et al., 2006). Since standard deviation 566 

of NPV represents an estimation of the variability in profits resulting from a 567 

particular management combination, it was considered to be an adequate 568 

measure of risk, despite its simplicity (Hardaker et al., 2015). Risk-efficient 569 

management strategies were considered to be those situated along the 570 

frontier, corresponding to maximum economic returns at the lowest level of 571 

risk (Behrendt et al., 2006).  572 

 573 

Results 574 
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Simulations demonstrated the capacity for modelled control strategies to 575 

produce marked differences in lamb enterprise profitability and productivity at 576 

all weed density thresholds.  577 

 578 

Economic returns  579 

The model generated a cost value associated with unmanaged seed 580 

contamination to a lamb enterprise grazing a barley grass infested lucerne 581 

pasture in southern Australia over the 10-year period (equivalent to a value of 582 

$793/ha, Fig. 5). 583 
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 584 

 585 

 586 

Insert figure 5 here 587 

 588 

 589 

 590 

 591 

 592 



 

 
30 

 

The model also identified the most optimal strategy overall for 593 

maximising profitability under the scenario conditions. This included an annual 594 

combination of  late herbicide with repeat mowing (“Late_Mow”) at the lowest 595 

weed density (represented by $525/ha at 5 seedlings/m2, Fig. 5. and 6a). This 596 

strategy was also identified as the most risk-efficient strategy for managing 597 

grazed barley grass-infested lucerne pastures,  demonstrated by its location 598 

(Fig.7). The model also successfully identified the superiority of combined 599 

strategies over individual tactics. Combined strategies, including mowing, were 600 

identified to be more profitable than those without, regardless of weed 601 

density.  602 

Weed density was, however, a significant variable influencing the 603 

impact of all control strategies. Simulations produced greatest gains at the 604 

lowest weed densities, where the early herbicide (“early”) and repeat mowing 605 

strategies (“Mow”), returned a value of $109/ha over ten years.  Less profitable 606 

strategies were also identified by the model. For example, above densities of 607 

50 seedlings/m2, the repeat mowing strategy (“Mow”) was not profitable in the 608 

simulation but generated the smallest financial losses of all individual 609 

strategies over ten years. This loss was smaller when mowing was combined 610 

with a late herbicide (“Late_Mow”), regardless of weed density (Fig. 5). 611 

Although the model simulated mowing as the most effective individual tactic 612 

for limiting losses over ten years in low density populations, this tactic still 613 

presented with a high degree of risk (Fig. 7). 614 
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The model was also able to simulate impacts from individual control 615 

strategies. The use of an isolated early herbicide was demonstrated to be 616 

analogous to the mowing application at a weed density of 5 seedlings/m2 (Fig 617 

5 and 6a), yet resulted in a loss at all other weed density thresholds ($147/ha). 618 

The single late herbicide application, however, was not seen to be profitable at 619 

any density and was the least profitable individual tactic at the lowest densities 620 

(Fig 5).  Furthermore, simulations demonstrated both individual herbicide 621 

tactics tested to be associated with a high level of risk across all weed 622 

densities (Fig. 7).  623 

 624 

Insert Fig 6a here 625 

      6a. 626 

Insert Fig 6b here 627 

 628 

6b. 629 
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 630 

 631 

 632 

 633 

 634 

Insert fig 7 here 635 
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Further utility of the model framework included the capacity to 636 

simulate cost differences between strategies. For example, despite their high 637 

efficacy, all combined strategies incurred the highest control expenditure 638 

when applied at densities of 5 and 50 seedlings/m2 (Fig. 6b). Mowing 639 

consistently incurred the lowest control costs regardless of weed density, while 640 

individual strategies including an early herbicide were associated with 641 

maximum costs. Control expenditure generally declined with increasing weed 642 

density, regardless of the strategy.  643 

 644 

Price and liveweight gain 645 

The combined model simulated price and weight gain patterns in the 646 

livestock, following those obtained from the economic analyses. Highest 647 

carcass and skin prices were shown to be generated under the late_mow 648 

strategies at weed densities of 50 seedlings/m2 and above. However, the 649 

model demonstrated all prices declining with increasing weed density (Fig. 8a 650 

and b). Differences in carcass and skin prices between strategies were also less 651 

marked as density increased (Fig. 8a and b). 652 

Insert fig 8a here 653 

8a.  654 

Insert fig 8b here 655 

8b.   656 
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The influence of control strategy on live weight gain was also able to 657 

be identified (Fig. 9), highlighting the greatest and least profitable weed 658 

control strategies (late_mow strategy at 54.2kg/ ha versus the uncontrolled 659 

scenario at 24.7 kg/ha).  660 

 661 

Insert fig 9 here 662 

 663 

Discussion 664 

Although the BGSC model is narrow in its scope, the study results demonstrate 665 

the capacity of bioeconomic modelling for investigating key biophysical and 666 

economic impacts of weed populations on livestock over time with utility for 667 

identifying optimal weed control programs which influence productivity under 668 

scenario conditions. 669 

Despite this study being the first attempt to quantifying costs 670 

associated with grass seed contamination in lamb production systems, the 671 

significant production and economic losses simulated by the unmanaged 672 

barley grass population (i.e. the no-control strategy) was reassuring and 673 

unsurprising, since the economic impacts of seed contamination in sheep are 674 

well established (Kelly et al., 2018). It must be noted that this result would be 675 

somewhat underestimated since the limited field data available for 676 

parameterisation does not allow it to consider additional impacts incurred 677 
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from seed contamination in certain circumstances (such as higher mortalities 678 

in the youngest animals, flystrike incidence from seed penetration wounds, 679 

additional labour associated with managing affected sheep, etc). However, the 680 

loss identified provides a representation of the potential total cost of barley 681 

grass within a lamb production system, since it embodies the lost revenue 682 

from the lamb production system (i.e. liveweight and carcass weight loss and 683 

potential risk to maiden ewe fertility) due to an unmanaged barley grass 684 

population (Saville, 2002). 685 

Consistent with results of previous modelling (Kelly et al., 2023),  686 

simulation results suggest the potential for considerable advantages 687 

associated with IWM programs for managing grass seed contamination in 688 

lamb production systems, while also emphasising the important influence of 689 

costs in determining overall profitability. Indeed, IWM principles are well-690 

known to be highly effective for managing barley grass populations (Shergill 691 

et al., 2015), and it would therefore be reasonable to expect that the result of 692 

IWM imposed on weed populations would also include reduced impacts in 693 

sheep grazing infested pastures. Conversely, inconsistencies observed 694 

between the simulation results and those attained in in-field barley grass IWM 695 

studies (Kelly et al., 2020), provide further support to the importance of field 696 

data for generating accurate model relationships and realistic outputs.  697 

 Simulation results demonstrated the capacity of modelling to 698 

investigate hypothetical interactions between management and weed density 699 
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and therefore could be useful in identifying weed thresholds where costs 700 

incurred in management may be advantageous. Other bioeconomic models 701 

simulating crop-weed infestations have demonstrated high weed control 702 

efficacy and  long term profitability when combined strategies were applied in 703 

relation to weed density thresholds (Beltran et al., 2012). Such IWM strategies 704 

tend to be more profitable in practice as weed density declines, since fewer 705 

applications of each tactic are required as the weed challenge deteriorates, 706 

reducing control costs and production impacts in response to better weed 707 

control (King et al., 1986). This was a pattern observed in the current study and 708 

was well simulated in the model.  709 

Model simulations suggest that strategies targeting plant fecundity 710 

(e.g. as simulated by late herbicide and mowing simulations), could lead to 711 

better weed population control, a concept supported by other modelling 712 

studies (González-Andújar and Fernández-Quintanilla, 1991, 2004). This is a 713 

logical idea in practice, since reducing seed set and inflorescence density 714 

directly reduces seed contact with sheep (Michalk et al., 1976). The results of 715 

the sensitivity analysis also strengthen these conclusions, since variation in the 716 

parameters for inflorescence density, seeds per fleece and seed marks per skin 717 

resulted in large differences in economic returns. The superior performance of 718 

a the strategies in this study targeting plant fecundity (e.g. late_mow) may, 719 

however, be less likely in reality due to the growing prevalence of herbicide 720 

resistance and subsequent plant survival associated with repeated chemical 721 
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use in many southern Australian barley grass populations. Variable herbicide 722 

rates and additional herbicide costs associated with managing herbicide 723 

resistant populations will also influence profitability in practice, particularly 724 

when livestock value is lower (Orson, 1999).  725 

Despite the previous success of individual herbicide applications in 726 

controlling barley grass populations in modelled populations (Kelly et al., 727 

2023), control was not achieved in the current study in densities above 5 728 

seedlings m-2. This is consistent with an in-field situation, since residual plants 729 

can still induce a degree of contamination in the animals and incur control 730 

costs over time (Orson, 1999).  Inadequate control can also lead to rapid 731 

population growth and high community-level seed production of the surviving 732 

population (Kelly et al., 2020).  When combined with  added herbicide costs, 733 

potential lamb production and profits can thus become limited, an effect likely 734 

to be more distinct in high density weed populations, since residual 735 

populations are larger (Gunsolus and Buhler, 1999). 736 

It is possible that repeated mowing may be a useful non-herbicide 737 

strategy in limiting economic losses in sheep grazing low density populations, 738 

largely due to low numbers of surviving plants contributing seed to the 739 

seedbank (Fig. 5) and low implementation costs. In high density populations, 740 

mowing impacts can be analogous to those incurred by late herbicide 741 

applications (Kelly et al., 2023), yet are typically differentiated on the basis of 742 

cost. Despite this, sheep production losses incurred after mowing at higher 743 
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densities are again expected to be significant due to the presence of the 744 

significant residual population. The possible level of economic risk associated 745 

with mowing notwithstanding (Fig. 7), this tactic may present a useful 746 

mechanical control alternative for limiting seed production. However, the 747 

spatial variation in weed maturity occurring will always present challenges for 748 

the implementation of timely defoliations. Subsequent action will likely be 749 

important to ensure effective and sustained weed management (Vitelli and 750 

Pitt, 2006).   751 

Despite the limited data to develop model relationships associated 752 

with seed marks in lamb skin, significant skin and carcass price penalties were 753 

still observable in model simulations due to the impact of seeds (Fig. 8a and 754 

b). In practice, skin mark density can become limited by seeds dropping out of 755 

the fleece before reaching underlying tissues, a phenomena observed by 756 

previous authors (Atkinson and Hartley, 1972). A maximum seed load may also 757 

exist within the skin of sheep grazing high density barley grass populations 758 

(Atkinson and Hartley, 1972), preventing further seed penetration and capped 759 

price discounts. Such factors likely influence carcass and skin prices particularly 760 

as weed density increases (Atkinson and Hartley, 1972).  761 

As evidenced by the early_late_mow strategy modelled previously by 762 

Kelly et al., (2023), combined programs targeting annual weed populations at 763 

different plant growth stages tend to be most effective for reducing overall 764 

plant survival and seed production. Reducing weed density should thus also 765 

influence financial returns from lambs grazing barley grass-infested pastures, 766 
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where lower inflorescence numbers (Michalk et al., 1976) generate less seed 767 

contact with sheep (Campbell et al., 1972). However, it is important to assess 768 

the financial viability of weed control strategies within the context of the wider 769 

agricultural system. 770 

Despite promising outputs from the model simulations, there are 771 

several limitations of this model that must first be strengthened before future 772 

results of the model may accurately quantify impacts under alternative 773 

conditions. The generation of data via field studies is required to examine 774 

variability in barley grass population dynamics under various climatic 775 

conditions, allowing more accurate analysis of impacts on sheep production 776 

(King et al., 1986). In particular, the major and complex dynamic interactions 777 

between inflorescence density, pasture biomass, digestibility and live weight 778 

loss requires significant field investigation to strengthen these key 779 

relationships within the model, since biomass availability, digestibility and 780 

inflorescence density were greatly associated with liveweight loss in the 781 

current study. Field studies by Campbell et al., (1972) and Little et al., (1992) 782 

also reported  liveweight losses within the range reported by the BGSC model 783 

for sheep grazing unmanaged barley grass infested pastures, yet none of 784 

these studies considered the potential impact of reduced grazing behaviour 785 

on liveweight loss due to physical impediment caused by the inflorescences, a 786 

mechanism also considered to be influential in barley grass pastures (Warr and 787 

Thompson (1976). Other more complex considerations regarding live weight 788 
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should also be included in future research, such as the weight variability in gut 789 

contents and organs occurring in response to reduced feed intake.  790 

Greater refinement in modelling liveweight impacts within the BGSC 791 

model may also be attained by incorporating the GrassGro™ digestibility pool 792 

equations that were simplified in the current model, since diet digestibility is a 793 

key driver of liveweight in sheep (Little et al., 1992; Thomas et al., 2021).   In 794 

addition, the development of methods for accurately assessing various levels 795 

of contamination within the skin and carcass (including other sheep breeds 796 

where the degree of seed penetration will vary) would assist in generating  797 

accurate determination of price discounts and subsequent carcass and skin 798 

value by breed. It should be noted that although this study focussed on 799 

crossbred lambs to investigate the economic impacts of seeds on carcass and 800 

skin value, results would be different in practice since the only available data 801 

used to generate the empirical model of intake suppression was from merino 802 

sheep, where seed penetration and impacts on intake may be different. The 803 

framework could largely be improved through the development of pasture 804 

and weed submodels at a whole system level to remove the requirement for 805 

third party decision support tools (i.e. GrassGro™) providing pasture 806 

databases. This would also enable the simulation of pasture parameters 807 

(namely, biomass, dry matter digestibility, daily growth rate) under various 808 

stocking rates to facilitate accurate live weight simulations.   809 
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The dynamic daily interactions between pasture quantity and quality, 810 

and stocking rate was not included in the current model framework due to the 811 

focus on relationships with barley grass inflorescence density and economic 812 

impact. These improvements could be integrated into any future modelling 813 

however, to improve the accuracy of modelling biophysical interactions 814 

between these variables. This would make the modelling framework more 815 

dynamic and adaptable to a broader scope of grazing systems and weed 816 

species, useful for defining their harmful impacts on livestock. Further 817 

validation of the model could also be implemented by running significantly 818 

more simulations in systems-based tools (e.g. Ausfarm™) and comparing 819 

results to those of the current model under various feed intake parameter 820 

adjustments, especially under extreme states.   821 

 822 

Conclusions  823 

This study demonstrates the potential of bioeconomic modelling methods for 824 

evaluating numerous weed management combinations in livestock grazing 825 

systems under stochastic conditions.  Although preliminary, simulation results 826 

are supported by findings from previous in-field studies, suggesting that 827 

integrated weed management strategies may be effective and profitable for 828 

reducing seed contamination risks to sheep grazing barley grass infested 829 

lucerne pastures. Further field studies would be valuable for validating the 830 

complex relationships in this system. Such practices are likely to be most 831 
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beneficial when applied in low density barley grass populations, reinforcing 832 

the benefits of proactive management for controlling this species.  833 

In the selection of optimum barley grass management strategies in 834 

lamb systems, key consideration must therefore be given, as combinatorial 835 

factors, to weed density, application timing, herbicide rates, and input and 836 

output prices, since all are likely to exert an influence on economic returns. 837 
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          Tables 1058 

Table 1. GrassGro™ pasture data variables used by livestock sub models from the simulation 1059 

of an un-grazed barley grass infested lucerne paddock in Wagga Wagga, NSW. 1060 

GrassGro™ pasture data variables Variable Description 

Digestibility (green) (%) 
Digestibility of sheep dietary intake per 

day A 

Total available herbage: lucerne-winter 

activeB + Annual grass-early (kg DM/Ha) 

Starting herbage mass value on first day 

of simulation 

Total growth rate: lucerne-winter active + 

Annual grass – early (kg DM/Ha.day) 
Daily pasture growth rate 

Total live loss rate (lucerne-winter active 

and Annual grass-early) (%/day) 

Quantity of biomass lost per day 

through decay 

Total Loss-biomass (lucerne-winter active 

and Annual grass–early) (kg DM/Ha) 
Loss rates converted to biomass values 

Percentage of lucerne-winter active (as a 

proportion of total herbage mass (%) 

Proportion of lucerne in the pasture: 

when averaged across each year, this 

value became the percentage of lucerne 

competition within the barley grass 

submodel. Also used as the proportion 

of legume required by livestock 

submodel equations for each year. 

Time of senescence (Time dependent on 

seasonal data for a given year) 

Indicates initiation of seed desiccation 

(thereby signaling the start date of seed 

challenge (i.e. reducing feed intake) in 

the livestock model). 

AGreen dry matter digestibility was available as the most complete dataset for the simulation 1061 

period and was thus determined to be a suitable measure of diet digestibility. Where data 1062 

was unavailable on any given day within GRASSGRO, the previous day’s value was used as 1063 

the most recent average. BLucerne-winter active and Annual grass – early are species 1064 

terminology utilised in GrassGro™, with Annual grass – early representing barley grass in the 1065 

simulations. Note: Kelly et al., (2023) list the parameters used in GrassGro™ simulations. 1066 

 1067 
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 1068 

 1069 

Table 2. Animal parameter values utilised within livestock sub models for the simulation of 1070 

second cross lambs grazing a barley grass-infested lucerne paddock in Wagga Wagga, NSW 1071 

from weaning on 1st September to sale on 31st December.  1072 

Parameter Source 

Standard Reference weight (cross bred ewe: 76kg) (DPI, 2018) 

Average birth weight (second cross lambs): 5kg (Hocking Edwards et al., 2019) 

Average weaning weight/starting weight 

 (second cross lambs): 27kg 

Value for the effect of pasture height in calculating 

the relative rate of eating and relative time spent 

grazing lucerne in a mixed lucerne/barley grass 

sward: CR12=1.0 

(Hocking Edwards et al., 2019) 

 

(Freer et al., 2012) 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

Table 3. The sensitivity of NPV to variation in values of physical and economic parameters 1080 

related to seed contamination of sheep within the bioeconomic model after a ten-year 1081 

simulation (mean of 1000 iterations). 1082 
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Parameters 

Values 

 

 

Sensitivity 

Index 

 

Maximum           

(+40%) 

Minimum            

(-40%) 
Model value 

Physical parameters 
    

Intake factor:  

constant a 
0.073178 0.031362 0.05227 

 

0.03 

 

Intake factor: 

constant b 
1.36822 0.58638 0.9773 

 

0.02 

 

Seeds/skin: 

          constant a 

 

3.26312 

 

1.39848 

 

2.3308 

 

0.35C 

          constant b 2.46204 1.05516 1.7586 0.07 

Seed marks/skin: 

          constant a 
0.05082 0.02178 0.0363 0.07 

          constant b 1.47112 0.63048 1.0508 0.26 

         constant c 2.16328 0.92712 1.5452 -0.06 

Economic parameters     

Maximum carcase price 

seed discount (c/kg CWTD) 
140 60 100 

 

0.08 

 

Maximum skin price seed 

discount (%) 
0.45 0.192 0.32 

 

0.04 

 

C Bolded, underlined index figures highlight parameters most sensitive to variation. DCWT = 1083 

carcass weight. c/kg = cents /kilogram. 1084 

Table 4. Costs associated with control strategies, livestock purchase and sales within case 1085 

study simulations. 1086 
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Chemical 

Control  Trade name 

Application 

cost ($/Ha) Reference 

Propaquizafop Shogun® $11.52 Local average retail price E 

Paraquat Gramoxone® $6.86 
Local average retail price 

 Adjuvant 

(alcohol 

alkoxylate) 

Chemwet 

1000® $0.48 

Local average retail price 

    

Management 

Activity  Value Units Reference 

Machinery 

maintenance 2.00 $/ha (DPI, 2012) 

Labour 20.00 $/hr (DPI, 2012) 

Time per 

hectare 

(spraying) 0.1 hr/ha (DPI, 2012) 

Time per 

hectare 

(mowing) 0.1 hr/ha (DPI, 2012) 

Livestock  Value Units Reference 

Sheep 

Cartage/hd 2.00 $/hd (DPI, 2018) 

Sheep Selling 

costs 2.00 $/hd (DPI, 2018) 

Levies 2.90 $/hd (DPI, 2018) 

Feed: Barley 

grain 0.1798 c/kg (ABARES, 2019) 

Lamb purchase 

price 62.69 $/hd (MLA, 2016) 

Commission on 

sheep sales 4.95%   (DPI, 2018) 
ELocal retail price as of May 2019 1087 

 1088 

 1089 

 1090 

Figure Captions 1091 

Fig. 1. A conceptual diagram of the BGSC model, showing relationships between GrassGro™ 1092 

and the barley grass, livestock and economic sub models and their components. 1093 
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Fig. 2. The relationship between barley grass inflorescence density/400cm2 (x axis) and the 1094 

degree of intake suppression in sheep (y axis, expressed as the Intake Suppression Factor) 1095 

due to barley grass seed contamination. Data derived from Campbell et al. (1972) was fitted 1096 

using a non-rectangular hyperbola (as shown by the blue line). 1097 

Fig. 3. The relationships between a. barley grass inflorescence density/ha (I) and the number 1098 

of barley grass seeds per sheep fleece (FSD). Results are presented as a functional two-1099 

parameter linear model fitted to the number of barley grass inflorescences per hectare (x 1100 

105) and the number of seeds per fleece; and b. the number of pelt marks per sheep skin 1101 

(PM) as a function of the number of barley grass seeds per sheep fleece (FSD). Data is 1102 

presented as a functional 3-parameter quadratic model fitted to the number of seeds per 1103 

fleece and the number of pelt marks per skin (adapted from Atkinson & Hartley, 1972). 1104 

Fig. 4. Complexity parameter (cp) fitted against cross validated error for the final pruned 1105 

regression tree, displaying diminishing returns in reducing error as the tree grows. The arrow 1106 

highlights the optimal cp value of 0.00087478, which produces the smallest tree within 1 1107 

standard error of the minmial cross validated error ( The 1-SE rule, Breiman et al., 1984). 1108 

Fig. 5. Regression tree of expected present value (mean NPV of 1000 iterations in $/ha), as 1109 

estimated by the stochastic simulations of combined barley grass seedling density thresholds 1110 

and control strategies within a grazed barley grass-infested lucerne pasture over ten years at 1111 

Wagga Wagga, NSW. Weed threshold values of 5, 50, 250, 500 and 1000 represent barley 1112 

grass seedling thresholds (seedlings/m2). Strategy values 1 to 8 represent application of 1113 

individual or combined control strategies (1=No control, 2= Early herbicide, 3=Late 1114 

herbicide, 4=Mowing only, 5=Early herbicide +Late herbicide, 6=Early herbicide + Mowing, 1115 
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7= Mowing +Late herbicide, 8 = Early herbicide + Late herbicide+ Mowing). Percentages 1116 

represent the proportion of the total number of data points contributing to each node. 1117 

Fig. 6a. Mean present value (NPV), and b. control cost results per hectare of 1000 iterations 1118 

(+ 95% confidence interval) as obtained from stochastic simulations of eight control 1119 

strategies applied to a grazed barley grass-infested lucerne pasture across at five barley 1120 

grass density thresholds (seedlings/m2) in Wagga Wagga, NSW. Early = early herbicide, late 1121 

= late herbicide, mow = repeated mow at post-inflorescence stage of growth, ha = hectare. 1122 

Fig 7. Risk efficiency of different combinations of barley grass density thresholds (5, 50, 250, 1123 

500 and 1000 seedlings/m2) and eight control strategies within a barley grass infested 1124 

lucerne pasture grazed by lambs at Wagga Wagga, NSW. E = early herbicide, L = late 1125 

herbicide, M = repeated mow at post inflorescence stage of growth. Conceptual risk-efficient 1126 

frontier shown (------). 1127 

Fig. 8a. Mean carcass price (cents per kg CWT) and b. skin price (cents/skin), of 1000 1128 

iterations (+ 95% confidence intervals) as obtained from stochastic simulations of eight 1129 

control strategies applied to a grazed barley grass-infested lucerne paddock at various 1130 

barley grass seedling thresholds in Wagga Wagga, NSW. 1131 

Fig. 9.  Mean live weight gain results (total kg per ha gain between 1st September and 1st 1132 

December each year) of 1000 iterations (+ 95% confidence intervals) as obtained from 1133 

stochastic simulations of eight control strategies applied across randomly selected years 1134 

(between 1990 and 2017 inclusive) to a grazed barley grass-infested lucerne pasture at 1135 

various barley grass seedling thresholds in Wagga Wagga, NSW. 1136 
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Fig 10. Example of GrassGro™ data used in the BGSC model, depicting daily biomass values 1137 

(Kg DM/ha) for each year type and control strategy simulated 1138 

 1139 

 1140 
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