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Abstract 16 

The objective of this paper is to quantify the magnitude of the major sources of variation which 17 

affect in-vitro digestibility (DMD) and concentrations of neutral detergent fiber (NDF), acid detergent fiber 18 

(ADF) and crude protein (CP) of annual pastures in Mediterranean climate zones. Four experiments were 19 

conducted in the south-west of Western Australia in 2006/07 and 2007/08 where the supply of nitrogen, 20 

phosphorous, potassium or sulphur and pasture types was varied. Effects of seasonality, fertilizer application, 21 

pasture type and site were analyzed with an auto-regression maximum likelihood procedure. Temperature 22 

sum was used to explain the seasonal differences in DMD, CP, NDF and ADF. Seasonality explained 82, 79, 23 

79, and 62 % of the total variation in DMD, NDF, ADF and CP, respectively, with only an additional 5, 5, 6 24 

and 24% being explained by the combined effects of site/management, fertilizer application and pasture type. 25 

The differences in DMD, NDF, ADF and CP, between sites were 2.3-6.0%, 4.6-18.7%, 5.8-8.6% and 1.5-26 

17.4%, respectively. Pasture types differed by 6.6-9.5%, 9.0-11.4%, 3.1-6.1%, 5.1-5.2% for DMD, NDF, 27 

ADF and CP, respectively. The differences between sites and pasture types were markedly larger for CP, 28 

NDF and ADF than for DMD. Fertilizer application did not affect nutritive characteristics, with the exception 29 

of N application rates on CP. It was concluded that the seasonality model captured nearly all of the temporal 30 

variation in DMD, NDF and ADF but not of CP. The spatial variation in DMD was mostly determined by 31 

pasture type.  By comparison, NDF and ADF were most strongly affected by grazing management and CP by 32 

the availability of N.  33 

 34 
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Introduction 39 

Optimising the conversion of available feed to saleable products (wool, milk or meat) is the key to 40 

profitable grazing. Setting stocking rate to annual pasture production and matching available feed to animal 41 

requirements are the key elements to ensure that this is achieved (Doyle et al. 1997). Optimizing grazing 42 

management requires knowledge about the amount and nutritive characteristics of the feed on offer. A good 43 

estimate of regional means for the most important nutritive characteristics for a region would, therefore, be a 44 

very useful as starting point. Comparisons of the nutritive value of feed on offer in paddocks with regional 45 

means also provides means to benchmark grazing management and pasture improvement and adjust rule-of-46 

thumb recommendations for supplementary feeding.  47 

Nutritive characteristics, the plant factors affecting the nutritive value, are governed by plant 48 

development, genotype, nutrient availability and grazing management. Annual pastures regenerate from seed 49 

and, therefore, go through their full life cycle from emergence and vegetative growth to flowering and 50 

senescence. The stage of development determines growth and decay of leaf, flower and stem material, 51 

components which have contrasting quality characteristics (Ru et al. 2000). Rates of development, and thus 52 

the duration of each development stage, are strongly linked to temperature and depend upon the genotype of 53 

the plant (Coleman et al. 2002). The in-vitro dry matter digestibility (DMD) and lignin content of grass is 54 

also directly reduced by high temperatures (Henry et al. 2000). Frequent defoliation may reduce plant 55 

development rates and increase the duration of the vegetative growth stage but once grazing pressure is 56 

reduced, the development rate increases and quality deteriorates quickly (Callow et al. 2000). However, 57 

Cayley et al. (2002) showed that the effect of moderate grazing pressure on DMD and crude protein (CP) 58 

was small and inconsistent for a range of plants at different growth stages. Ru and Fortune (2000; 2001) 59 

found that the DMD of subterranean clover genotypes grown in south-west WA differed by 7-20% in the 60 

growing season.  McIvor and Smith (1973) found differences in DMD and CP between broadleaf species, 61 

grasses and clover. The differences in DMD ranged from 7-10% and for CP from 6.3-11.3% in both winter 62 

(vegetative growth stage) and spring (generative growth stage). DMD and CP are also influenced by nutrient 63 

application rates, with increasing applications of nitrogen (N) and phosphorous (P) increasing CP and DMD 64 

values (Cayley et al. 2002). The nutritive characteristics and nutrient concentrations of plants are linked and 65 

correlated to each other due to growth and dry matter accumulation. N (and thus CP) and other nutrient 66 

contents are strongly diluted with increasing plant yields (Justes et al. 1994; Lemaire et al. 1989). However, 67 

nutrient application may accelerate plant growth and dilution by structural carbohydrates, resulting in a 68 



 4

significant decrease in concentrations of nutrients, protein and water soluble carbohydrates on a dry weight 69 

basis.  70 

Cumulative daily mean temperatures above 4.5 oC (temperature sum or cumulative temperature) can 71 

be used to describe the temporal change in DMD and CP typical for pastures dominated by annual species in 72 

the Mediterranean climate zones of Australia (Schut et al. 2006a). The change in plant composition and 73 

nutritive characteristics driven by climatic factors is also referred to as seasonality. They found that the 74 

differences in DMD between pastures dominated by subterranean clover, annual ryegrass or broadleaf 75 

species (mainly capeweed) in Victoria and Western Australia were small, in contrast to the large differences 76 

in CP. They hypothesised that intensive grazing would extend the period of vegetative growth and delay the 77 

typical decline in DMD and CP values. However, they highlighted that little is known about the within and 78 

between paddock variation in DMD and CP. There is even less information available about the temporal and 79 

spatial (i.e. within and between) paddock variation in neutral detergent fiber (NDF) and acid detergent fiber 80 

(ADF) values, important indicators of feed intake (an increase in fiber content decreases feed intake) and 81 

energy content (an increase in ADF decreases available energy).  82 

We hypothesize that the typical change of DMD (Schut et al. 2006a) and concentrations of NDF and 83 

ADF within a growing season is mainly governed by temperature and plant development stage and 1) can be 84 

quantified with temperature sum and 2) used to describe an average pasture and indicate the spatial variation 85 

to expect, in high and low quality pastures; 3) the relative level of DMD and concentrations of CP, NDF and 86 

ADF compared to this average pasture is determined by grazing pressure, nutrient application rates and the 87 

type of annual pasture, and that these are the major sources of variation within and between paddocks. So, 88 

knowledge about type of annual pasture, nutrient application rates and grazing management, can be used to 89 

characterise differences between pastures and to benchmark against the average pasture. The objective of this 90 

manuscript is to test this hypothesis and compare predictions of DMD and concentrations of CP, NDF and 91 

ADF based on cumulative temperature with experimental data collected from four experiments conducted in 92 

the south-west of Western Australia in 2006/07 and 2007/08. The effects of pasture type, nutrient application 93 

levels and site (including location and grazing management) on the nutritive characteristics of annual 94 

pastures were evaluated.  95 

Materials and methods 96 

Four experiments were conducted in the south-west of Western Australia to gather pasture samples. 97 

All sites were located in the Mediterranean climatic zone with hot, dry summers and mild, wet winters. On 98 
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average, the growing season starts after the arrival of the first rains in April-May. In these regions, pastures 99 

are dominated by annual species which senesce in late spring, normally between October and November.  100 

2006/07 Experiments 101 

The first experiment was located at the Badgingarra Research Station in WA at -30.34o latitude and 102 

115.54o longitude in a 30 ha paddock. Badgingarra receives an average annual rainfall of about 560 mm and 103 

has on average a growing season of about 185 days. Analysis of soil samples (CSBP laboratories, Bibra 104 

Lake, WA) taken in the summer of 2005/06 revealed that the fertility status of carbon (C), P, potassium (K) 105 

and sulphur (S) of this paddock was low to marginal (1.0% C, 9.9 mg P, 62 mg K, and 6.3 mg S per kg dry 106 

soil). During the experiment in 2006, hardly any legumes were present, probably due to the false break in 107 

April. Within this paddock, 18 plots were assigned to a Northern and a Southern block. The Northern block 108 

was dominated by Brome grass (Bromus diandrus) and Barley grass (Horleum leporium) (about 80% of 109 

plants present were grasses, and 20% broadleaves), the Southern block by capeweed (Arctotheca calendula) 110 

and Barley grass (about 75% broadleaves and 25% of plants were grasses). Each plot was 55 m long by 55 m 111 

wide. Treatments consisted of various rates of urea (0, 20, 40 and 60 N kg ha-1), muriate of potassium (0, 17 112 

and 34 kg K ha-1) or super-phosphate (0, 9.4 and 18.7 kg P ha-1). This resulted in 36 unique combinations of 113 

fertilizer inputs, one combination for each plot. Treatments were randomly assigned to plots within soil 114 

fertility classes (based on P and K levels) to assure that plots receiving low to moderate P and K applications 115 

were located on plots with a low P or K status. All fertilizers were applied in one application. Due to the 116 

extremely late first rains (end of June), the growing season started 6-8 weeks later than expected and the 117 

scheduled follow up application was cancelled. The paddock was grazed from late July to late November 118 

with wethers, at a stocking rate of 25 DSE ha-1, maintaining the pasture between 1,500-2,500 kg DM ha-1 119 

until mid spring.  120 

The second experiment was located on the Vasse Research Station WA in a 24 ha paddock at -121 

33.66o latitude and 115.34o longitude. Vasse receives an annual mean rainfall of about 790 mm and has a 122 

mean length of the growing season of about 215 days. Analysis of soil samples (CSBP laboratories, Bibra 123 

Lake, WA) taken in the summer of 2005/06 revealed that the fertility status of this paddock was high for P 124 

and S and low for K (26.8 mg P, 18.8 mg S and 17.3 mg K per kg of dry soil). Annual ryegrass (Lolium 125 

rigidum Gaud.) and capeweed were the dominant species with low amounts of subterraneum clover 126 

(Trifolium subterraneum), ranging from 0-10% subterraneum clover, 25-80% annual grasses and 15-70% 127 
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broadleaves. There were 36 plots within this paddock, each plot 60 m long by 60 m wide. Planned treatments 128 

consisted of various rates of urea (0, 45, 90 and 135 N kg ha-1), muriate of potassium (0, 50 and 100 kg K ha-129 

1) or gypsum (0, 25 and 50 kg S ha-1), resulting in 36 unique combinations of fertilizer input, one for each 130 

plot. S was chosen as a treatment because in previous years at Vasse, S was deficient in spring when high 131 

groundwater tables reach the surface and soil S becomes unavailable to plants. Under high N supply, S 132 

deficiency can limit yield and quality (crude protein content) of pastures (Gierus et al. 2005). For N and K, 133 

only 2 (of the 3 planned) split applications were administered due to the very late first rains on the 13th of 134 

June, reducing the planned treatment rates by one-third. Gypsum (S) was all applied only once. At Vasse, 135 

large amounts of S are stored in the subsoil, however, this becomes inaccessible to plant roots when 136 

groundwater levels approach the surface. In 2006, groundwater levels didn’t reach the surface due to low 137 

winter rainfall and as a consequence it was expected that an ample supply of S was available to the plants. 138 

Therefore, no second and third applications of Gypsum were administered. The paddock was grazed with 139 

steers or heifers, aimed at maintaining the above ground biomass between 2,500 - 3,500 kg DM ha-1.  140 

2007/08 Experiments 141 

Experiments conducted in 2007/08 were located at Vasse Research Station (see above) and 142 

Avondale Research Station in WA, at -32.12o latitude and 116.87o longitude. Pasture species [Wimmera 143 

Ryegrass (Lolium rigidum Gaud., cv Wimmera, early flowering), Italian Ryegrass (Lolium multiflorum Lam., 144 

cv Rocket), Subterraneum clover (Trifolium subterraneum, cv Dalkeith), Biserrula (Biserrula pelecinus, cv. 145 

Casbah) or Balansa clover (Trifolium michelianum, cv. Paradana) and Serradella (Ornithopus spp., cv. 146 

Santorini)] were sown onto the plots. The legume seeds were inoculated with Alosca® prior to sowing. Both 147 

experiments were a randomized block design consisting of 36 plots 10 m wide by 20 m long with 3 blocks of 148 

12 plots containing the replicates. N application rates (0, 35 and 70 kg/ha) were varied on 4 sub-blocks, 149 

consisting of 3 plots, within the block for each replicate. Sub-blocks contained sown grasses and volunteer 150 

pasture (3 sub-blocks per block) or legumes and volunteer pasture (1 sub-block per block). N application 151 

rates were varied across sub-blocks, but no N was applied to the sub-block with legumes.  152 

At Vasse, 3 weeks after the break-of-season (April), weeds were controlled with glyphosate prior to 153 

sowing. The plots were sown on 21 May with Wimmera Ryegrass, Italian Ryegrass, Subterranean clover, 154 

Balansa clover or Serradella. Following some light rains shortly after sowing, a long dry spell prevented plant 155 

emergence until the end of June. The sown legumes did not emerge and these plots were discarded from the 156 
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experiment. Volunteer pasture plots were dominated by capeweed. N was applied on 35 and 70 kg N/ha sub-157 

blocks on the 8 August and the 15 September. Plots were rotationally grazed with heifers. 158 

At Avondale, the first winter rains (break of season) arrived on the 26 June 2007. Due to this late 159 

break, glyphosate was applied at sowing. Plots were sown with Wimmera Ryegrass, Italian Ryegrass, 160 

Subterranean clover, Biserrula and Serradella. Insects on the legumes were controlled with Fusilade. On 7 161 

August and 13 September urea was applied on the 35 and 70 kg N/ha sub-blocks. After the first samples were 162 

collected (31 August) a total of 270 weathers were used to graze the plots. Following this initial grazing, a 163 

rotational grazing regime was used to maintain the level of biomass at around 2000 kg DM/ha. The volunteer 164 

pasture plots were dominated by Barley grass.  165 

Measurements 166 

For the experiments in 2006/07, the visual estimates of botanical composition were recorded in 167 

October 2006. The plots were subsequently categorized in two groups, either dominated by grasses or by 168 

broadleaf plant species. At Badgingarra, there were a total of 18 plots dominated by grasses and 18 by 169 

broadleaf species, whereas at Vasse 23 plots were dominated by grasses and 13 by broadleaf plants (mainly 170 

capeweed).  171 

All field data on each plot were collected in a narrow transect about 1 m wide by 45-50 m (2006) or 172 

20 m (2007) long. At each sampling event (sampling events can be derived from figures 1-3), this transect 173 

was moved to a new location within the plot to avoid re-sampling the same location. About every 5 m (2006) 174 

or 2 m (2007) along the length of each transect a visual estimate of the feed on offer (FOO, kg DM/ha), 175 

including green and dead material, was recorded. These visual assessments undertaken by an experienced 176 

pasture technician were calibrated for each day of assessment by collecting plant material from about 15 177 

samples covering the full range in FOO estimates in 15 quadrats (0.1 m2) cut to ground level using electric 178 

clippers. Samples collected from quadrats were rinsed in water to remove soil and dried at 60 oC to determine 179 

DM content.  Reflectance spectra were recorded with a hand-held spectrometer (ASD FieldSpec Jr, ASD, 180 

Boulder, Colorado, USA) and were used to estimate the fraction of green and dead material. Abundance of 181 

green and dead material and soil was estimated with fully constrained linear spectral un-mixing procedures 182 

based on continuum removed spectra (see Heinz and Chang (2001) and references therein).  Spectra were 183 

collected on the same transect as used for collection of samples at 5 m (2006/07) or 2 m (2007/08) sampling 184 

intervals. Afterwards, means for each plot were calculated. The amount of green FOO (gFOO) and dead FOO 185 
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(dFOO) was derived from the total amount of visually assessed FOO and the spectral data collected. Pasture 186 

quality samples were collected by pooling material from cuts undertaken every 5 m (2006/07) or 2 m 187 

(2007/08) in a 1 m long and 5 cm wide strip cut at 4-5 cm above the soil surface. Pasture quality samples 188 

were refrigerated directly after cutting. Samples were dried in an oven at 60 oC for about 48 hours and dry 189 

matter concentrations (DMc) were determined gravimetrically by weighing. After grinding through a 1 mm 190 

screen, a sub-sample was analyzed with a NIR spectrometer (NIRSystems 6500, FOSS NIRSsystems Inc., 191 

Denmark) for estimating DMD, NDF and ADF concentrations. A total 169 samples (20%) were analyzed 192 

with traditional wet chemistry to calibrate the NIRS equations, selected randomly or as extremes based on 193 

NIRS spectra. The DMD was adjusted for in-vivo digestibility using Australian Feed Industry Association 194 

and other feeding trial standards. The NDF and ADF concentrations were determined with an ANKOM200 195 

(ANKOM Technology, New York, USA) fibre analyser including sodium sulphite for NDF analysis. 196 

Concentrations were expressed on a dry basis without corrections for ash content.  197 

The standard errors of cross validation for NIRS were 2.8%, 3.3% and 2.7% for DMD, NDF and 198 

ADF respectively for the NIRS equation used. All 865 samples were analyzed with NIRS (CSIRO, Floreat 199 

Park, WA) and inductively coupled plasma optical emission-spectrometry (CSBP laboratories, Bibra Lake, 200 

WA) to determine concentrations of N, P, K and S. CP concentrations were calculated by multiplying N 201 

concentrations by 6.25. 202 

Analysis of the effects of treatments on nutritive characteristics 203 

Treatment effects were evaluated by a restricted maximum likelihood (REML) procedure with a 204 

first order auto-regression to account for correlation between harvests (Payne et al. 2007). Two models were 205 

developed, one for the experiments in 2006/07 (Vasse and Badgingarra) where N, P or S and K fertilizer 206 

levels varied and one for the experiments in 2007/08 (Vasse and Avondale) where N and pasture type varied.  207 

In both cases, the random model included plots per experiment. The fixed model included harvest day 208 

number counted from 1 June onwards, experiment number, pasture type, first and second order of the 209 

treatment levels of N, P, S and K application and all interactions. For the model, including experimental data 210 

from 2006/07, application of P and S were set to 0 for Vasse and Badgingarra, respectively. The significance 211 

of the terms included in the model was evaluated with the F statistic based on the Chi-squared distribution. 212 

After a number of iterations, non-significant terms were removed until only significant terms with a F 213 

probability <0.05 remained. When only interactions were significant, main effects were not removed.  214 
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It was important to account for the residual error, as it will contribute to the variation in any 215 

measurements taken. This error describes the variation between replicates when accounting for site, block 216 

and treatment effects (using REML) and may be due to measurement error and random variation. The 217 

random error was estimated for the experiments in 2007 at each harvest using a REML procedure with N, 218 

pasture type and the interaction modelled as fixed effect and plot number and block number modelled as 219 

random effect. The mean of these errors was calculated for each variable of interest. Genstat release 11 (VSN 220 

International) was used to undertake the statistical analysis. 221 

 222 

Seasonality model relating nutritive characteristics to temperature 223 

The data collected in the experiments were compared with a model relating cumulative temperatures 224 

to historical DMD and CP values (Schut et al. 2006a). For DMD, the model was based on data collected in 225 

WA for all annual pasture types, whereas, for CP, the model included data collected in WA from pastures 226 

dominated by broadleaf species. A total of 8 data-sets were included, combining 466 samples for DMD and 227 

297 for CP, analysed with traditional wet chemistry at various laboratories. In this work, a generalised 228 

logistic curve (often referred to as the Richards function) was used to describe the relationship between daily 229 

mean temperatures above 4.5 oC cumulated from 21 June onwards (temperature sum). Confidence intervals 230 

(P<0.05) for a new observation based on the normal distribution were determined to indicate the maximum 231 

(within or between field) variation to be expected at a specific moment in time. Variation within and between 232 

paddocks due to differences in management, and pasture type were estimated by determining the maximum 233 

differences in modelled effects (REML) for experiment and pasture type at a DMD of 75 and 50% 234 

representing mid-winter and late spring, respectively.  235 

Results 236 

In 2006 the growing season in the agricultural region of WA was extremely short, due to the late 237 

opening rains. The season started later at Badgingarra (end of June) than Vasse (mid June) and plants 238 

senesced earlier (Figure 1). The growing season in 2007/08 was even more extreme, with some early rain 239 

falling in April at Vasse, followed by a long dry period until 14 June. By comparison, no significant rains 240 

were recorded at Avondale until 23 June (Figure 2).  As a result, both seasons were very short in comparison 241 

to average years with opening rains around mid April to late April for the Southern part of SW-WA. At 242 

Vasse, winter rains in 2007 were above average and caused frequent flooding of the lower parts of the 243 
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experimental site between July and September of 2007. Water near or above the soil surface between July 244 

and September 2007 slowed plant growth and development considerably (Figure 3). 245 

  246 

INSERT FIGURE 1 ABOUT HERE 247 

 248 

Effects of treatments on plant nutrient concentration 249 

The concentration of K, P and S in plants at Vasse and Badgingarra increased as the application rate 250 

of K, P and S increased with the effects being more pronounced in winter than in spring (Table 1). Similarly, 251 

the concentration of N in plants at Vasse, Badgingarra and Avondale increased as the application rate of N 252 

increased with differences in concentration being more pronounced in spring than in winter (Table 2).  253 

 254 

INSERT TABLES 1, 2 and 3 ABOUT HERE 255 

The experiment at Badgingarra in 2006/07 was located on a very P deficient site and the application 256 

of P increased significantly (P<0.001) the concentrations of P in the first sampling/harvest (before flowering) 257 

of 2006. The concentration of P increased from 0.28 to 0.31 and 0.33 % for the zero, medium and high P 258 

application treatments, respectively (Table 1). However, the effect of P application diminished later in the 259 

growing season. The concentration of K at the first samplings at Badgingarra differed significantly (P<0.001) 260 

between treatments but the levels were much higher than in the Vasse experiment (Table 1). The N 261 

concentrations were not significantly affected by N treatments (Table 2) or by the application of P or K 262 

(Table 3).  263 

Concentrations of N, P and K differed significantly (P<0.001) for the two pasture types, with a 264 

lower concentration for plots dominated by Brome-grass than for plots dominated by broadleaf species and 265 

Barley grass (Table 3). The significant (P<0.001) interaction between harvest and pasture type was due to the 266 

later onset of the decline in concentration for the plots dominated by broadleaf species than for Brome-grass 267 

plots (Figure 1).   268 

For the experiment at Vasse in 2006/07, the concentrations of K were low and ranged from 1.64-269 

2.15 % in early August, 1.25-1.63% in early September and 1.36-1.75% in late September for zero, medium 270 

and high applications of K, respectively (Table 1). The plots without K appeared to suffer from severe K 271 

deficiency, resulting in very low K concentrations in August. The concentrations of N and K responded 272 

significantly (P<0.001) to the application of N and K respectively (Table 2 and 3).  273 
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The concentrations of N, K or S were not significantly affected by pasture type (Table 3). The 274 

concentration of N differed significantly (P<0.001) between harvests and there was a significant (P<0.001) 275 

interaction between the applications of S and N. High S supply increased N concentration but this was 276 

moderated when combined with medium N supply. For the concentration of S, only differences between 277 

harvests (P<0.001) and S supply (P<0.05) were significant. Both S treatments (25 and 50 kg of S/ha) 278 

significantly (P<0.001) increased the concentration of S at the August harvest (Table 1).  279 

For the experiments at Vasse and Avondale in 2007/08, N application significantly (P<0.001) 280 

affected the concentrations of N for the spring harvests in September and October respectively (Table 2).  281 

The high level of N concentration for the zero N treatment indicates that the soil-N availability was very high 282 

at Avondale.  This resulted in higher levels of N concentration for all N treatments at Avondale than in the 283 

other experiments. The concentration of N was affected by pasture types at both sites (Table 3). There were 284 

significant (P<0.05) interactions between harvest number and pasture type, and harvest number and N 285 

application rate. These interactions indicate that rates of change and thus change in pattern of the 286 

relationships between pasture types and N application levels significantly differed over time (Table 3 and 287 

Figure 2).   288 

 289 

INSERT FIGURES 2&3 ABOUT HERE 290 

 291 

Effects of treatments on nutritive characteristics 292 

For both 2006/07 and 2007/08 experimental years, harvest number, experiment and pasture type had 293 

a significant (P<0.001) effect on the DMD and concentrations of NDF and ADF levels of the pastures (Table 294 

4). There were significant (P<0.001) harvest by experiment (site) and harvest by pasture type interactions in 295 

2006/07 and harvest by experiment interactions in 2007/08.  Whilst the application of N had a significant 296 

(P<0.01) effect on DMD and concentration of NDF in 2007/08, the application of P and K did not have a 297 

significant effect on DMD, and concentrations of NDF and ADF for both of the experimental years. There 298 

was a significant (P<0.001) interaction of N and S on DMD in 2006/07.  299 

 300 

INSERT TABLE 4 ABOUT HERE 301 

 302 



 12

Pasture type had a significant effect on DMD and concentrations of NDF and ADF, both as a fixed 303 

effect and as an interaction with harvest number. This indicates that within each of the experiments, DMD 304 

and concentrations of NDF and ADF varied significantly (P<0.001) over the growing season for each of the 305 

pasture types (Figure 3).   306 

 307 

INSERT FIGURE 4 ABOUT HERE 308 

 309 

NDF and ADF values are strongly correlated with DMD (Figure 4). The intercepts of the fitted 310 

linear relationships were clearly different for the different experiments. Whilst the slope of the relationship 311 

between DMD and NDF for Avondale and Vasse were similar they differed from that for Badgingarra (-1.08, 312 

-1.06, -0.98 and -1.37 for Avondale, Vasse in 2006/07 and 2007/08 and Badgingarra respectively). This 313 

difference in slope at Badgingarra can be attributed to the slightly higher levels of DMD compared to the 314 

other experimental sites during the summer period.  315 

 316 

INSERT FIGURE 5 ABOUT HERE 317 

 318 

Effects of seasonality  319 

For DMD, the data collected in the four experiments fitted well within the confidence intervals of 320 

the seasonality model developed from historical data, with exception of the November harvest at Avondale in 321 

2007 (Figure 5). For some of the harvests, the full range of DMD values found in the historical datasets was 322 

recorded. At Vasse in 2007, the decline in DMD started slightly later than that for the other experiments and 323 

was at the upper end of the confidence interval range. The level of CP varied significantly between 324 

experiments. The temporal pattern in CP did fit within the confidence interval of the historical data, except 325 

for Avondale where it exceeded the upper level of the confidence interval. CP values were very high at 326 

Avondale in winter, presumably due to a very high level of soil N, as indicated by the very high N 327 

concentrations in plots that were not fertilized with N (Table 2).  328 

 329 

INSERT TABLE 5 ABOUT HERE 330 

 331 
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Seasonality explained 82, 79, 79, and 62 % of the variation in DMD and concentrations of NDF, 332 

ADF and CP respectively (Table 5). Experiments were a significant term for all pasture quality variables; 333 

experiment explained an additional 1.9, 3.6, 5.0 and 8.1 % of the variation in concentrations of DMD, NDF, 334 

ADF and CP, respectively. In addition to seasonality and experiments, pasture type was also a significant 335 

term. However, it only explained a very small amount of the additional variation. Of the total unexplained 336 

variation, 4.6% (DMD), 5.3% (NDF), 6.2% (ADF) and 23.8% (CP) was explained by the effects of 337 

experiments, pasture type and fertilizer application. Of the fertiliser applications, only the application of N 338 

significantly affected CP concentrations of the pastures.  339 

There were significant interactions between seasonality, and experiments, pasture type or N 340 

application for DMD and concentrations of NDF and ADF. This is highlighted in a difference in the slope of 341 

the relationships between seasonality and DMD and concentrations of NDF or ADF. The interactions only 342 

explained a very small amount of additional variation for DMD and concentrations of NDF and ADF. 343 

However, for CP the interaction between seasonality and experiment explained an additional 11.7% of the 344 

variation (Table 5).  As a consequence, there were large differences in the slope of the relationships between 345 

CP and seasonality for the different experiments (Figure 5).   346 

The estimated random component of variation, determined by the differences between replicates and 347 

not due to block effects, was 2.7% DMD, 3.3% NDF, 2.3% ADF and 2.2% CP. These random errors were 348 

just over half the error of the model which included seasonality only (Table 5).  349 

Predicted effects of experiment and pasture type on nutritive characteristics 350 

After accounting for the variation due to seasonality, the average range (the difference between the 351 

upper and lower confidence intervals for a new observation) in the values for DMD, NDF, ADF and CP over 352 

the course of a season was 18.8, 27.8, 18.4 and 15.7%, respectively (Figure 5).  The range in values can be 353 

attributed to differences within and between paddocks across experiments. The maximum differences that 354 

were modelled between experiments ranged from 2.3-6.0% for DMD, 4.6-18.7% for NDF and 5.8-8.6 for 355 

ADF and 1.5-17.4 for CP (Figure 6). 356 

 357 

INSERT Figure 6 ABOUT HERE 358 

 359 
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There were large differences in NDF and ADF between experiments in comparison to DMD 360 

(Figures 2 and 3). These large differences can be attributed to the lower NDF and ADF values at Vasse in 361 

2007/08, which were due to a higher net grazing pressure, resulting from lower pasture growth due to 362 

waterlogging. The effect of experimental site on CP was large (17.4% in winter and 1.5% in summer 363 

respectively), especially during the green phase of the season.   364 

In addition to the effect of experimental site, pasture type had a significant yet moderate effect on 365 

DMD, ADF and CP (differences of up to 4.4, 3.9 and 5.2%, respectively).  By comparison, the effect on NDF 366 

was large (differences of up to 11.4%). In general, the legumes had a higher DMD and CP and a lower ADF 367 

and NDF than the pasture types dominated by grasses or broadleaf species.  368 

Differences in the nutritive characteristics between pasture types changed during the season as 369 

demonstrated by the significant pasture type and seasonality × pasture type terms in Table 5. However, this 370 

was mainly due to a difference in the rate of change of DMD, NDF and ADF during the season. These rates 371 

of change were similar for the volunteer pasture types and the sown legumes, but Wimmera and Italian 372 

Ryegrass had a higher rate of change from winter to summer.  373 

Discussion and conclusions  374 

Seasonality, as described by the cumulative temperature, explained 82, 79, 79, and 62 % of the 375 

variation in DMD and concentrations of NDF, ADF and CP respectively. Differences due to site 376 

characteristics and grazing management were significant but small and explained additional variation on top 377 

of seasonality for all of the nutritive characteristics, (1.9, 3.6, 5.0 and 8.1% for DMD, NDF, ADF and CP 378 

respectively).   379 

 The relationship provides a simple means to describe the DMD and concentrations of NDF and 380 

ADF of an average pasture in Mediterranean climates of Australia. The DMD values from the four 381 

experiments fitted well within the confidence intervals of historical data and spanned the full range (Schut et 382 

al. 2006a). It demonstrates that the most important sources of variation were covered in our experiments, and 383 

that these confidence intervals can be used to identify the amount of spatial variation to be expected, 384 

providing values for high and low quality pastures. The differences between the extremes, i.e. very good and 385 

poor pastures, that can be expected at any time in the growing season is 18.8, 27.8, 18.4 and 15.7% for DMD 386 

and concentrations of NDF, ADF and CP respectively. About half of this spatial variability can be attributed 387 

to unexplained (random) variation, the other half can be explained by differences between pasture species, 388 
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site characteristics, nitrogen application rate (for CP only) and other management factors (such as grazing 389 

regime).  390 

Detailed knowledge about the botanical composition of pastures and grazing management can be 391 

used to approximate nutritive characteristics (Moore et al. 1997). Estimates of the average pasture and the 392 

spatial variation in nutritive characteristics can be used to quantify qualitative assessments of high and low 393 

quality pastures. That is, for paddocks with a high net grazing pressure, such as in Vasse in 2007/08, the 394 

DMD can be expected to be 0 to 5% above average from winter through to summer, for paddocks with a 395 

predominance of legumes the DMD can be expected to be 3 (subterranean clover) to 6% (Serradella) above 396 

the average throughout the growing season. However, concentrations of NDF and ADF were strongly 397 

affected by site and intensive grazing and this approach may only be applied at low to moderate grazing 398 

intensity. 399 

The animal’s feed intake and ability to select will depend on the availability of pools of forage with 400 

different nutritive characteristics. The availability of these pools is approximated from the height and feed-401 

on-offer or is modelled deterministically in decision support tools for grazing management such as GrazFeed 402 

or GrassGro (Freer 2002; Moore et al. 1997). Alternatively, the relative abundance of these pools of forage 403 

may also be directly derived from or constrained by the expected DMD of the feed-on-offer at a particular 404 

cumulative temperature. For poor, average or good quality pastures, the DMD value is expected within a 405 

fairly narrow range of values, constraining the possible abundances of the pools of forage present.  406 

Although lowest concentrations of P and K observed indicated severe deficiencies (Pinkerton et al. 407 

1997), the application of P and K fertilizer did not have an effect on DMD and concentrations of NDF, ADF 408 

or CP. By comparison, Cayley et al. (2002) found an increase in DMD for green clover and CP for perennial 409 

ryegrass, green clover and subterranean clover with increasing application of P and N. Levels of CP varied 410 

markedly between our experiments and strongly responded to N application (Schut et al. 2006a). After 411 

combining all experimental data, the effects of N application on DMD and concentrations of NDF and ADF 412 

were not significant after accounting for the effects of seasonality, pasture type and site, confirming findings 413 

of Elliot and Abbott (2003). Under high N supply, S deficiency can limit the growth and protein content of 414 

grassland (Gierus et al. 2005). However, at Vasse in 2006/07, this was not the case as the concentrations of S 415 

were well above critical values. There was also a significant N×S interaction which is inexplicable. 416 

Legumes have a higher DMD and protein concentration than grasses or broadleaf species (McIvor et 417 

al. 1973), but also a lower fibre content. Rossiter et al. (1985) found no major differences between Serradella 418 
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and subterranean clover, but in our study Serradella had a higher DMD and a lower concentration of NDF 419 

and ADF throughout the growing season. No major differences were found between Italian and Wimmera 420 

ryegrass in DMD or concentrations of NDF and ADF.  421 

The NDF and ADF values were strongly correlated with DMD but relationships differed between 422 

experiments, resulting in a shift in the level of NDF and ADF at a given DMD value. This was mainly due to 423 

a much stronger effect of site and management on NDF and ADF than on DMD. In the summer period of the 424 

2006/07 season, DMD values slightly increased, NDF was more or less constant but ADF levels slightly 425 

decreased. This was unexpected, and may be due to the effect of summer rainfall in January 2007.   426 

In conclusion, the sum of daily mean temperatures above 4.5 oC can be used to describe changes and 427 

estimate nutritive characteristics of an average pasture and the expected spatial variability in DMD, and 428 

concentrations of NDF and ADF in the dry matter over a growing season. This can then be used to compare 429 

and benchmark growing seasons and experiments in various years, providing a means to better understand 430 

and predict animal performance across years, to quantify expert assessments of pasture quality and to 431 

quantify differences within and between paddocks in an area measured with remote sensing (Schut et al. 432 

2006b; Vickery et al. 1997). 433 

434 
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FIGURE captions 512 

 513 

Figure 1. Temporal changes in pasture yield (green and dead feed-on-offer, gFOO and dFOO) and 514 

concentrations of dry matter content (DMc), in-vitro digestibility (DMD), neutral detergent fiber (NDF), acid 515 

detergent fiber (ADF), nitrogen (N), phosphorus (P) and potassium (K) for Badgingarra (BRS06) and Vasse 516 

(VRS06) in 2006 (BG: Brome grass, BL broadleaf dominated plots, VG  Barley and Ryegrass dominated 517 

plots). 518 

 519 

Figure 2. Temporal changes in pasture yield (green and dead feed-on-offer, gFOO and dFOO) and 520 

concentrations of dry matter content (DMc), in-vitro digestibility (DMD), neutral detergent fiber (NDF), acid 521 

detergent fiber (ADF), nitrogen (N), phosphorus (P) and potassium (K) for Avondale in 2007. Pasture types 522 

include volunteer annual grasses (VG), broadleaves (BL) and the sown pasture species Wimmera ryegrass 523 

(WR), Italian ryegrass (IR), subterranean clover (SC), Biserrula (BI) and Serradella (SD). 524 

 525 

Figure 3. Temporal changes in pasture yield (green and dead feed-on-offer, gFOO and dFOO) and 526 

concentrations of dry matter content (DMc), in-vitro digestibility (DMD), neutral detergent fiber (NDF), acid 527 

detergent fiber (ADF), nitrogen (N), phosphorus (P) and potassium (K) for Vasse in 2007. Pasture types 528 

include broadleaf species (BL), sown Wimmera ryegrass (WR) and Italian ryegrass (IR). 529 

 530 

Figure 4. Relationships between in-vitro digestibility (DMD) and neutral detergent fiber (NDF) and acid 531 

detergent fiber (ADF). Fitted equations and root mean squared errors (RMSE): for Badgingarra (BRS06): 532 

NDF=146.1-1.37×DMD (R2=0.90, RMSE=4.6) and ADF=90.0-0.84×DMD (R2=0.81, RMSE=4.0); for 533 

Avondale (ARS07): NDF=125.5-1.08×DMD (R2=0.95, RMSE=3.2) and ADF=68.3-0.58×DMD (R2=0.91, 534 

RMSE=2.3); for Vasse in 2006 (VRS06) NDF=122.4-1.06×DMD (R2=0.90, RMSE=3.9) and ADF=78.0-535 

0.70×DMD (R2=0.87, RMSE=3.1); and for VRS in 2007 (VRS07): NDF=115.1-0.98×DMD (R2=0.89, 536 

RMSE=4.4) and ADF=65.6-0.55×DMD (R2=0.93, RMSE=2.0). 537 

 538 

Figure 5. Experimental data compared with seasonality model relating cumulative temperature to historical 539 

in-vitro dry-matter digestibility (DMD) and crude protein (CP) values. Upper and lower lines indicate 95% 540 

confidence intervals for a new observation as determined by historical data from Western Australia. 541 
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 542 

Figure 6. Estimated effects of experiment and pasture type in addition to seasonality for in-vitro dry matter 543 

digestibility (DMD), neutral detergent fiber (NDF), acid detergent fiber (ADF) and crude protein (CP) for  544 

experiments conducted at Avondale (ARS), Badgingarra (BRS), and Vasse (VRS, in 2006 and 2007). The 545 

pasture types include volunteer annual grasses (VG), broadleaf species (BL), Brome grass (BG) and the sown 546 

species Wimmera ryegrass (WR), Italian ryegrass (IR), subterranean clover (SC), Biserrula (BI) and 547 

Serradella (SD) in winter and summer. Based on REML estimates of site and pasture type effects, 548 

comparisons between sites were calculated for broadleaves, and comparisons between pasture types for 549 

Avondale including all significant terms as listed in Table 5.  550 
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Figure 1.  552 
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Figure 2.  556 
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 560 

Figure 3.  561 
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Figure 4.  565 

566 
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 567 

Figure 5.  568 
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Figure 6.  576 
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Table 1. Mean concentrations of potassium (K), sulphur (S) and phosphorous (P) in plant material in winter (10 or 17 August) and spring (25 or 28 September) for 578 

different application levels of K and S or P fertilizer. P values indicate significance of main effects in analysis of variance.  579 

K, S or P 

supply 

Vasse, 2006  Badgingarra, 2006 

 10 Aug 28 Sep  17 Aug 25 Sep 

 ---------------------------------K, %----------------------------- 

None 1.64 1.36  2.80 2.13 

Medium 1.97 1.67  2.88 2.21 

High 2.15 1.75  3.06 2.24 

P value <0.05 NS  <0.001 NS 

 -------------S, %---------  -----------P, %---------- 

None 0.27 0.17  0.28 0.17 

Medium 0.29 0.17  0.31 0.18 

High 0.30 0.18  0.33 0.18 

P value <0.001 NS  <0.001 <0.05 

 580 

581 
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Table 2. Mean concentrations of nitrogen (N) (%) in winter (10 or 17 August) and spring (25 or 28 September) for different application levels of N. P values indicate 582 

significance of main effects in an analysis of variance.  583 

N supply Vasse, 2006  Badgingarra, 2006  Avondale, 2007  Vasse, 2007 

 N,  kg/ha/yr 10 Aug 28 Sep  N,  kg/ha/yr 17 Aug 25 Sep  N,  kg/ha/yr 31 Aug 21 Sep  N,  kg/ha/yr 2 Sep 4 Oct 

None 0 2.49 1.60  0 2.93 1.94  0 4.42 4.10  0 2.70 1.58 

Low 45 2.65 2.05  20 2.94 2.00  35 4.03 3.95  35 2.87 1.94 

Medium 90 2.82 2.17  40 3.26 2.08  70 4.22 4.38  70 2.97 2.18 

High 135 3.15 2.14  60 3.10 2.10         

P value  <0.001 0.001   NS NS   NS <0.01   NS <0.05 

584 
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Table 3. Effects of treatments on concentrations of nitrogen (N), phosphorus (P), potassium (K) and sulphur (S) in 2006/07. Statistics of auto-regression REML analysis of 585 

the concentration of P, S, K and N (Pc, Sc, Kc and Nc) with a constant (a), fertilizer supply (N, K, P or S), pasture type (T), harvest number (H), experiment and all 586 

interactions as potential model terms. Only significant terms (F test, P<0.05) were included in the final model.  587 

Experiments 

Included 

Treatments Model N F probabilities for model terms 

    H T N P, K or S H×T H×N, H×K, H×P or H×S N×S 

Badgingarra, 2006 N, P, K application Nc = a + H + T + N + H×T 252 <0.001 <0.001 0.208  <0.001   

  Pc = a + H  + T + P + H×T + H×P 252 <0.001 <0.001  <0.001 <0.001 0.005  

  Kc= A + H + T + K + H×T 252 <0.001 <0.001  0.012 <0.001   

           

Vasse, 2006 N, S, K application Nc = a + H +  N  +  S + H×N + N×S  273 <0.001  <0.001 0.156  0.002 <0.001 

  Kc= A + H + K +  H×K 273 <0.001   <0.001  0.029  

  Sc= a + H + S  273 <0.001   0.024    

           

Avondale, 2007 Pasture type,  

N application 

Nc = a + H + T + N + H×T + H×N 216 <0.001 <0.001 0.021  <0.001 0.040  

Vasse, 2007 Pasture type,  

N application 

Nc = a + H + T  + N + H×T + H×N 135 <0.001 <0.001 0.976  <0.001 0.026  

 588 

589 
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Table 4. Significance of the effects of harvest number (H), experiment (E), pasture type (T) and nutrient applications (nitrogen (N), sulphur (S), phosphorus (P) or 590 

potassium (K)) on the nutritive characteristics of pastures. Final REML model and F probabilities for in-vitro dry matter digestibility (DMD), neutral detergent fiber 591 

(NDF) and acid detergent fiber (ADF) in 2006/07 and 2007/08 seasons. 592 

Model Number of samples F probabilities for model terms 

  H E T H×E H×T N S N×S 

2006/07          

DMD=a + H +        T + H×E + H×T + N + S + N×S 525 <0.001 <0.001 <0.001 <0.001 <0.001 0.224 0.983 <0.001 

NDF =a + H + E + T + H×E + H×T + N + S + N×S 525 <0.001 <0.001 <0.001 <0.001 <0.001 - - - 

ADF =a + H + E + T + H×E + H×T 525 <0.001 <0.001 <0.001 <0.001 <0.001 - - - 

          

2007/08  H E T N H×E H×T H×N N×T 

DMD= a + H + E + T + H×E  310 <0.001 <0.001 <0.001 - <0.001 - - - 

NDF = a + H + E + T + N+ H×E 310 <0.001 <0.001 <0.001 0.002 <0.001 - - <0.001 

ADF = a + H + E + T + H×E  310 <0.001 <0.001 <0.001 - <0.001 - -  

593 
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Table 5. Percentage of variation explained and the root mean squares error (RMSE) of the models after sequentially adding significant components (P<0.05 based on F-594 

test) of variation to describe in-vitro dry matter digestibility (DMD), neutral detergent fiber (NDF), acid detergent fiber (ADF) and crude protein (CP) with fitted REML 595 

models. Components of variation included were seasonality (Se, temporal variation determined by estimates of CPs and DMDs), experiment (E), pasture type (T), nitrogen 596 

application rate (N) and their interactions. The random component of the RMSE describes the residual error which originates from differences between replicates after 597 

accounting for block and all significant and insignificant treatment effects. The means of these errors were estimated from the harvest in experiments in 2007 (Avondale 598 

and Vasse).  599 

Variation type Temporal  Within or between field  Random 

Model component Fixed  Fixed  Residual 

Terms Se   E T N Se×E Se×T Se×N  E×T   

 -------------------------------------------Variation explained, %----------------------------------------------   

DMD 82.0  83.9 84.8 NS 86.6 87.5 NS NS   

NDF 79.0  82.6 84.0 NS 84.3 84.9 NS NS   

ADF 79.2  84.2 84.8 NS 85.1 85.4 NS NS   

CP 61.8  69.9 72.5 73.4 85.1 85.3 85.6 NS   

 ---------------------------------------------------------------RMSE------------------------------------------------------------------ 

DMD, % 5.0  4.7 4.6 NS 4.3 4.14 NS NS  2.7 

NDF, % 6.4  5.8 5.6 NS 5.5 5.4 NS NS  3.3 

ADF, % 3.9  3.4 3.4 NS 3.3 3.3 NS NS  2.3 

CP, % 4.0  3.6 3.4 3.3 2.5 2.5 2.5 NS  2.2 
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