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ABSTRACT 

In southern Western Australia the replacement of deep-rooted native vegetation 

with annual species has resulted in rising water tables and increased salinity 

due to insufficient water use.  The area has a Mediterranean-type climate where 

rainfall during summer is generally low but variable resulting in limited plant 

growth.  However, if rainfall does occur it potentially can contribute to to the 

increased water excess or drainage by increasing the soil water content before 

the main drainage period in winter.  The first study investigated factors 

controlling soil water content changes during the fallow (December to May) in 

annual farming systems.  This was achieved by examining variation in available 

soil water storage to a depth of 1.0-1.5 m at three sites within 13 seasons.  

Reasons for the variation were examined using the Agricultural Production 

Systems Simulator (APSIM).  This study also investigated the relationship 

between soil water content at the end of the fallow period (1 May) and the 

amount of drainage below 2.5 m by using APSIM coupled to historical weather 

records at three locations.  At the end of the fallow a mean of 24 mm (or 25%) 

of rainfall during the fallow was retained in the soil.  Losses of soil water during 

the fallow were due to evaporation (mean of 60 mm), transpiration from plant 

cover (mean of 12 mm) and drainage below the root zone and run off 

(combined mean of 13 mm).  Soil water accumulation during the fallow period 

had a significant impact on simulated drainage under wheat in the following 

growing season.  Every 1 mm increase in soil wetness at the end of the fallow 

resulted in a 0.7-1 mm increase in simulated drainage during the growing 

season. 

The introduction of perennials such as lucerne (alfafa, Medicago sativa) is seen 

as a priority to reduce the problems associated with excess water as they can 

use more soil water.  However, adoption of lucerne by farmers will depend on 

its water use and its productivity.  In the second study data from nine dryland 

experimental sites were analysed to determine the factors involved in lucerne 

reducing the water excess and influencing lucerne biomass production and 

water extraction.  The factors investigated as part of the water extraction 

analysis included the rate of advance of the extraction front or extraction front 

velocity (EFV, mm/day), the soil plant available water holding capacity (PAWC, 
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mm/m soil) and the temporal change in soil water deficit (drainage buffer, mm).  

The EFV was reduced by the higher clay content and sodicity in the B horizon 

of the duplex soils.  The highest drainage buffer measurements occurred in a 

deep sand site and the better structured duplex soils and therefore these soils 

will reduce the risk of water excess.  Variation in biomass production of lucerne-

based pastures was positively related to rainfall and water use (taking into 

account soil water storage and drainage losses) across sites, explaining 

approximately 50 per cent of the biomass variation.  Water use efficiency was 

highest in spring (15 kg dry matter/ha.mm) and least during autumn (4.5 kg dry 

matter/ha.mm). 

Field experiments are useful to gather knowledge about lucerne productivity 

and water use.  However, they can be limited in time and space.  Mathematical 

models can complement the field studies and allow lucerne to be examined 

more broadly.  In the third study the performance of the APSIM-Lucerne model 

was assessed by comparing calculations from APSIM to measured (or 

observed) data from nine sites in Western Australia.  APSIM accounted 

adequately for the temporal change in above ground biomass production and 

the plant available water (PAW) for most of the sites.  The root mean square 

deviation (RMSD) for biomass was 1.3 t/ha for the mean observed biomass of 

4.17 t/ha.  The RMSD for PAW was 16 mm to a depth of 1.6-2.1 m with the 

mean observed plant available water of 50 mm.  APSIM also adequately (within 

the standard error) estimated evapotranspiration and drainage below the root 

zone, which was measured at two of the sites. 

In Western Australia lucerne is likely to be grown in phases of lucerne followed 

by phases of annual crops. This is because crops are an important contributor 

to profits and the environment does not support long phases of lucerne. In the 

fourth study the long-term mean water excess was examined in different phase 

lengths of lucerne and wheat grown in typical sequences.  The long-term data 

were obtained using APSIM-Lucerne coupled to historical weather data from 

1957-2001.  The simulation experiments consisted of varying the number of 

years of lucerne and wheat for a fixed rotation length and the rotations were 

repeated in time.  Simulations were performed for two locations (high and low 

rainfall) and two soil types (high and low lucerne plant water holding capacity).  
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The results show that lucerne significantly (> 23% reduction) and rapidly 

reduces the long-term mean water excess in rotations consisting of 2-4 years of 

lucerne followed by 1-4 years of wheat compared to continuous wheat.  For 

every 10 per cent increase in the percentage of lucerne years in the total 

rotation length, the mean water excess decreased by 17-20 mm (7-9%) at 

Kojonup (high rainfall site) and 7-8 mm (8-9%) at Buntine (low rainfall site) 

compared to the water excess after continuous wheat at each location.  

Variation in the water excess due to variation in rainfall was greater than the 

reduction in water excess due to lucerne.  This makes the decisions about when 

to grow lucerne to reduce water excess difficult if livestock enterprises are less 

profitable than cropping enterprises. 

The findings of this PhD indicate that lucerne does have a place in 

Mediterranean-type environments because of its greater water use than current 

farming practices. However, its use needs to be strategic and the strategy will 

vary from region to region.  For example, in the low rainfall region lucerne 

sowings need to be matched with high soil water contents and phase length will 

generally be short (2-3 years).  In comparison at high rainfall regions lucerne 

will need to be grown for longer or combined with other strategies to increase 

water use. 
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CHAPTER 1 

General introduction 

Farming systems in southern Australia are productive but it comes at the 

expense of the environment.  The environmental cost occurs mainly because 

annual farming systems do not use all of the annual rainfall.  The excess water 

contributes to a rising groundwater and this combines with salinity to reduce the 

productivity of farming land (George et al. 1997).  The introduction of perennials 

into the annual farming systems is likely to address this problem.  Increased 

knowledge about the productivity and water use of perennials is required to 

increase farmers’ confidence in using them. 

The Literature Review suggests that rainfall during the summer-autumn period 

in a Mediterranean-type climate can contribute to excess water in annual 

farming systems.  The experiments outlined in Chapter 3 examine the fate of 

rainfall during the summer-autumn period and its contribution to drainage of 

water below the root zone in the following winter period. 

This thesis concentrated on lucerne (Medicago sativa) because this perennial 

has shown the most potential in Western Australia in terms of productivity and 

increased water use compared to annual species.  In addition, it can fit easily 

into the farming system because it is a legume therefore it can provide nitrogen 

via fixation and it is drought tolerant which is important because rainfall is low 

but variable and occurs mainly during winter.  The ability of lucerne to use water 

depends on the how rapidly roots develop in the soil, the maximum depth of 

water extraction and the degree of water extraction down the soil profile.  The 

experiments outlined in Chapter 4 examine if the amount of water extraction 

over time by lucerne can be related to soil properties.  Chapter 4 also examines 

the biomass productivity of lucerne in Western Australian and determines if the 

biomass can be related to rainfall and soil water use. 

Modelling was used to assist in the understanding of the adaptation of lucerne 

to the Western Australian Mediterranean-type environment.  Therefore in 

Chapter 5, measured data on the water use and biomass productivity of lucerne 
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were compared to data determined by computer simulation.  Computer models 

which have been validated for the environment in which they are being used 

can provide valuable insights into the long-term impacts of lucerne.  These 

impacts include the water balance as well as the long-term productivity of 

lucerne and this was examined in Chapter 6. 

My general hypothesis was that lucerne can reduce the water excess because it 

creates a soil water deficit before the onset of winter rains and productivity of 

lucerne is strongly related to rainfall and the soil water content. 
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CHAPTER 2 

Review of the literature 

This review will describe the climatic and environmental setting in which lucerne 

is being grown in Western Australia.  It will discuss the main reasons for rising 

groundwater levels under farming systems in Western Australia and it will 

explore if lucerne is able to stop the impact of rising groundwater.  The review 

will discuss the value of simulation using mathematical models to provide 

detailed estimates of likely future lucerne productivity and water use.  As well as 

the value of models in providing an insight into the processes involved in 

biomass production and water use when measurements are not available from 

field experiments. 

2.1 Climatic conditions in southern Western Australian 

The average annual rainfall varies from 300 mm to 800 mm in the broad acre 

agricultural area of Western Australia (latitude 28-35°).  The area has a 

Mediterranean-type climate with the majority of rainfall (60-80%) occurring from 

May to October.  Rainfall peaks sharply in mid-winter especially in the northern 

agricultural area.  In comparison, the summer and autumn period (November to 

April) typically receives low but variable rainfall.  The average rainfall during 

November to April (Clewett et al. 1999) doubles and the variation around the 

mean halves from the northern to the southern agricultural area (Table 2.1).  In 

the northern agricultural area the average amount of rainfall during November to 

April was 70-90 mm with a coefficient of variation (CV) of 70-80 per cent.  The 

central and eastern agricultural area, which covers most of the total agricultural 

area, the amount of rain between November-April varies from 90-110 mm with a 

CV of 50-60 per cent.  The southern agricultural and south coast agricultural 

area has rainfall during the November-April period of 120-170 mm and a CV of 

35-50 per cent (Table 2.1). 

Solar radiation is the next most important climatic variable after rainfall.  It 

determines the temperature and evaporation regimes, which are important for 

plant growth (Cramb et al. 1991).  Radiation varies from 23-27 MJ/m2.day in  
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December and January to 8-11 MJ/m2.day in June (Figure 2.1a).  In taking a 

transect from the northern agricultural areas (Mullewa) to the southern 

agricultural areas (Mt Barker) the radiation decreases with a maximum 

difference for each month of 4-5 MJ/m2.day (Figure 2.1a).  The minimum and 

maximum temperatures follow the trends of radiation, except in winter, where 

the Indian and Southern Oceans moderate temperatures close to the coast.  

The temperatures for the inland areas varies from 6-7°C minimum and 15-18°C 

maximum in July to 13-19°C minimum and 26-36°C maximum in January 

(Figure 2.1b, c).  From the northern agricultural areas to the southern 

agricultural areas the temperatures decrease with the differences being greater 

in summer than winter (Figure 2b, c). 

Table 2.1. The long-term (90-115 years) average rainfall (mm) and coefficient of variation (%) in 
parenthesis for selected towns and for the year, active growing season (May-October) 
and less-active growing season (November-April) 

Town Longitude, latitude (◦) Annual rainfall Rainfall May-Oct. Rainfall 
Nov.-Apr. 

Northern agricultural area 

Geraldton 114.70, 28.80 465 398 (27) 68 (72) 

Tenindewa 115.22, 28.37 331 248 (30) 82 (73) 

Mullewa 115.51, 28.54 337 254 (28) 85 (76) 

Moora 116.01, 30.64 461 368 (24) 93 (55) 

Central and eastern agricultural area 

Wongan Hills 116.72, 30.89 390 298 (25) 92 (58) 

Southern Cross 119.33, 31.23 290 181 (30) 109 (61) 

Cunderdin 117.25, 31.66 370 275 (27) 95 (55) 

Wundowie 116.31, 31.80 622 518 (23) 104 (57) 

Hyden 118.90, 32.44 341 229 (24) 113 (59) 

Narrogin 117.18, 32.94 503 393 (23) 110 (53) 

Lake Grace 118.46, 33.10 356 243 (22) 113 (53) 

Southern agricultural area 

Salmon Gums 121.64, 32.98 344 204 (24) 140 (49) 

Kojonup 117.15, 33.84 535 414 (23) 121 (47) 

Jerramungup 118.92, 33.94 410 273 (22) 138 (44) 

Ongerup 118.49, 33.97 385 262 (21) 123 (51) 

South coast agricultural area 

Ravensthorpe 120.04, 33.58 425 262 (23) 162 (45) 

Esperance 121.89, 33.83 660 496 (19) 164 (42) 

Mt Barker 117.63, 34.63 740 531 (18) 208 (37) 
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Figure 2.1. Radiation (a) and maximum (b) and minimum (c) temperature at selected towns in 

Western Australia. 

2.2 The suitability of the southern Western Australian climate for 

lucerne 

The autumn to spring period (approximately May to October) is the most 

favourable period for plant growth.  Annual crops and pastures are generally 

grown during this period.  In comparison the climatic conditions during the 

summer to autumn period preclude the growth of annual crops or pastures 

during summer from approximately early December to mid May. 

One of the main advantages of lucerne in comparison to an annual pasture 

system is an extended period of active growth.  As lucerne growth responds to 

rain over summer the greater the amount of rain which falls outside of the 

annual growing season (April/May to October/November) the greater the 

potential advantage of the lucerne production in comparison to annual pastures.  

Based on this climatic information Hill (1996) suggested that lucerne is adapted 

to an area south of a direct line between Perth (longitude 116.04°, 

latitude 31.58°) and Salmon Gums (longitude 121.64°, latitude 32.98°).  The 
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adaptation was mainly based on rainfall and evaporation ratio in each season.  

If the ratio fell below the critical values 0.2 in summer or 0.8 in spring and 

autumn and 0.3 in winter then lucerne was not selected.  Although Hill (1996) 

did not expand on why lucerne was not selected in the northern and eastern 

areas of Western Australia it was likely due to the lack of spring and autumn 

rain relative to evaporation.  The deficiency in this analysis is that no account 

was taken of soil water storage and adaptation is not defined in the paper.  

Therefore if the lucerne is sown into profiles with sufficient water storage it could 

potentially be adapted for 3-4 years before there is significant density decline in 

these areas.  Lucerne growth would be more favourable in the northern 

agricultural area over the May-October period because of the higher radiation 

and temperature compared to the southern agricultural area.  However, growth 

would be less in the northern agricultural area over the November-April period 

under rain-fed conditions as the rainfall is low and variable and the higher 

radiation and temperature result in greater loss of water via soil evaporation. 

The suitability of southern agricultural areas for lucerne production has been 

recognised for over 40 years (Chambers 1963; Halse and Francis 1974) but 

lucerne has never been grown over an extensive area.  Australian Bureau of 

Statistics data (1971–80) indicates that the area of lucerne in Western Australia 

peaked in 1972 and 1973 at 16,500 ha.  The main areas where it was grown 

were Esperance (51% of the total), Gnowangerup (12%) and Ravensthorpe 

(10%).  The area decreased to 6,500 ha in 1980; after 1980 statistics on lucerne 

were not kept separate from other pastures.  The decline in lucerne areas after 

the early 1970s was due to increased use of subterranean clover and set 

stocking followed by increased cropping and the increased population of 

lucerne aphids (Halse and Francis 1974, Roy Latta pers. comm.). 

From 1980 until approximately 2001 the lucerne area expanded including the 

drier areas of Western Australia.  The expansion was because of aphid 

resistant cultivars (Auricht 1991), an improved strain of rhizobia with greater 

acid tolerance (Evans and Howieson 1992), winter active lucerne cultivars 

(Oram 1990) and the evidence that lucerne is well adapted to a high water-use 

phase farming system (several years of pasture followed by several years of 

crop) (Latta et al. 2001).  In a phase farming system there is less emphasis on 
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lucerne persistence and production because lucerne is only grown for a short 

time and it can improve crop yields.  

2.3 Rising groundwater levels and salinity 

The replacement of deep-rooted native vegetation with annual species has 

resulted in increased run off and recharge or drainage (Allison et al. 1990; 

George et al. 1997).  Increased drainage is a consequence of heavy rainfall, low 

atmospheric demand during the winter period of the growing season, low water 

holding capacity of the soil and short lived annual species that have shallow 

roots (Asseng et al. 2001b; Tennant and Hall 2001).  Under native vegetation in 

the Mediterranean-type climatic zone recharge of water into groundwater was 

low, varying from 0.05-3.7 mm/yr under 750-1,250 mm rainfall/yr 

(Peck and Hurle 1973; Williamson et al. 1987) to < 0.01-0.1 mm/yr under 

350 mm rainfall/yr (George 1992) in Western Australia.  Low recharge        

(0.04-0.09 mm/yr) also occurs under Eucalyptus shrub (mallee) of 

South Australia and Victoria (250-450 mm/yr rainfall) (Allison et al. 1990).  In 

comparison, under annual agricultural species the recharge has increased to 

23-65 mm/yr in the 750-1,250 mm/yr rainfall area (Peck and Hurle 1973; 

Williamson et al. 1987) and 6-10 mm/yr in the 350 mm rainfall zone of Western 

Australia (George 1992).  In the mallee of South Australia and Victoria the 

amount of recharge under annual farming systems varies from < 3 to 

> 50 mm/yr (Allison et al. 1990).  Smettem (1998) found the average drainage 

under agricultural and native systems increases exponentially with rainfall 

(Table 2.2).  The direct relationship between the amount of annual rainfall and 

recharge has also been shown by other authors (Asseng et al. 2001a; 

Keating et al. 2002; Petheram et al. 2002).  Although agricultural systems have 

increased the average drainage, the year to year variability is high 

(Anderson et al. 1998b; Asseng et al. 2001a).  Variability in the amount of 

rainfall during the early part of the growing season when evapotranspiration is 

low contributes to the large temporal variability in the amount of drainage 

(Asseng et al. 2001a). 
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Table 2.2. Summary of Western Australian data relating deep drainage (mm/yr) to rainfall under 
agriculture (R2 = 0.55, 25 sites) and native systems (R2 = 0.87, 13 sites) (adapted from 
Smettem 1998) 

Rainfall (mm) Agriculture Native 

300 17 0 

400 21 0 

500 27 1 

600 35 1 

700 45 2 

800 58 4 

900 75 7 

1000 96 12 

1100 123 22 

1200 158 40 

1300 203 72 

The increased recharge has resulted in groundwater levels increasing in 

non-discharge areas in Western Australia from 0.02-0.3 m/yr in low rainfall 

areas (< 350 mm/yr), 0.1-0.5 m/yr in the medium rainfall areas (350-500 mm/yr) 

and from 0.15-1.0 m/yr in the higher rainfall areas (> 500 mm/yr) 

(Ferdowsian et al. 1996).  Salt originating from the ocean has been deposited 

by rain and dust in the soil over many thousands of years varying from 100 kg 

sodium chloride/ha near the coast to 20 kg/ha inland (George et al. 1997).  The 

rising groundwater levels have mobilised this salt, which had been stored deep 

in the profile (Allison et al. 1990; George et al. 1997; Hatton and Nulsen 1999).  

Once the salt was brought to the surface it has caused salinisation of land and 

loss of productivity (George et al. 1997).  Salinity has been estimated to have 

reduced crop and pasture yields by > 50 per cent on 1.8 million ha of 

agricultural land (10% of the total) in 1994 and has increased rapidly over the 

last 20 years (Ferdowsian et al. 1996).  The area affected by salinity is 

predicted to double over the next 15-25 years (Ferdowsian et al. 1996).  

Other consequences of the salt mobilisation include increased salt levels of 

10-90 mg/L.yr in West Australian streams in which the water is being used for 

irrigation and domestic water (George et al. 1997).  This has resulted in less 

than 50 per cent of the divertible water being fresh (George et al. 1997).  

Salinisation is not only degrading rivers and wetlands but also many upland  
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native bush remnants are being threatened (George et al. 1997).  Some rural 

towns of Western Australia are also affected by salinisation with salt seeps 

effecting water supplies, vegetation and buildings (George et al. 1997). 

2.4 How rainfall during summer-autumn fallow contributes to the 

rising groundwater 

As indicated previously the climatic conditions during the summer and autumn 

period leads to an enforced fallow period in annual farming systems of southern 

Western Australia from approximately early December to mid May.  However, 

fallow rainfall can be significant and conservation of this rainfall in the soil can 

increase crop productivity in the following growing season (Schultz 1971). 

Annual farming systems establish a soil water deficit by the end of the growing 

season in early December due to increased evapotranspiration compared to 

winter and declining rainfall patterns.  Soil water deficits at the end of the 

growing season prevent drainage until rainfall increases the soil water content 

above field capacity.  Fallow rainfall decreases the soil water deficit and 

increases the risk of water draining below the rooting depth of annual species in 

the following growing season (Tennant and Hall 2001).  

Under annual based cropping systems efficiency of soil water storage from 

rainfall is generally low (3-30%) during the fallow period especially in coarse 

textured surface soils (Schultz 1971).  These soils make up approximately 

60 per cent of the soils in southern Western Australia (Schoknecht 2001).  

Losses of soil water during the fallow period are mostly due to evaporation 

(Fischer and Armstrong 1990).  However, plants (for example weeds) can 

germinate as a consequence of rainfall (> 25 mm) during the fallow period 

(Fischer et al. 1990).  Transpiration losses from weed plant cover can account 

for nearly 50 per cent of available water during the fallow (Fischer and 

Armstrong 1990). 

Storage of fallow rainfall can therefore have a positive impact on crop 

productivity in the following growing season by adding to crop water use and, 

potentially, a negative impact on the environment by increasing drainage in  
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annual farming systems.  It is therefore important to understand the reasons for 

changes in soil water content during the fallow and the consequences of those 

changes on drainage during the growing season, neither of which has been fully 

examined in southern Western Australia. 

2.5 Can lucerne use more water than annual systems? 

Introduction of deep-rooted perennials into the Australian farming system is one 

of the options proposed to reverse the hydrological imbalance caused by 

widespread adoption of annual crops and pastures (Cocks 2001; 

George et al. 1997).  Lucerne is one of the most promising deep-rooted 

perennials for inclusion into the current farming system.  Lucerne uses more soil 

water than annual species (Holford and Doyle 1978; Whitfield et al. 1992; 

Crawford and Macfarlane 1995).  This is because it is active in summer and 

autumn, a period which typically receives low but variable rainfall and where 

there is limited growth by annual species (Dunin et al. 1999).  In Western 

Australia the extra soil water use by lucerne in comparison to annual pasture 

per year varied from 32 mm (Scott and Sudmeyer 1993) to 200 mm 

(Nulsen and Baxter 1987).  Lucerne also has a greater depth of water extraction 

compared to annual species.  For example, Ward et al. (2001) and 

Latta et al. (2001) found that lucerne could access soil water to a depth of 

1.5-1.6 m and more water was used below 0.4-0.5 m compared to the annual 

pastures over three years. 

The greater soil water use by lucerne has resulted in reduced drainage below 

the root zone compared to annual species.  For example, Ward et al. (2001) 

determined that over three years at Katanning in southern Western Australia, 

lucerne reduced recharge to a mean of 17 mm/yr (0-27 mm/yr) compared to a 

mean of 37 mm/yr (9-79 mm/yr) under annual pasture.  Carbon et al. (1982) 

determined drainage over the non-growing season (October-March) to be 

42 mm under lucerne and 70 mm under annual grass on the Swan Coastal 

Plain near Perth.  During the growing season (April-September) drainage was 

24 mm under lucerne and 126 mm under annual pasture with lucerne depleting 

soil water to at least 6 m (Carbon et al. 1982).  
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The greater water use of lucerne relative to annual species can reduce the rise 

of groundwater.  This can occur even though the water use of lucerne is not as 

high as under the native vegetation because each hydrological system has the 

ability to discharge groundwater without significantly raising groundwater 

(Hatton et al. 2003).  In the Great Plains area of North America lucerne sown on 

more than 80 per cent of the recharge area has been able to reduce the height 

of the groundwater and discharge areas have declined in the region (Halvorson 

and Reule 1980; Miller et al. 1981).  In the Fitzgerald area of Western Australia 

Cransberg and McFarlane (1994) found that lucerne reduced the groundwater 

level by 1 m after six months compared to annual crops and pastures and the 

difference of 1-2 m was maintained for at least six years.  In Victoria at Burkes 

Flat a catchment covering 900 ha establishment of lucerne on recharge areas 

and trees on high recharge areas resulted in ground water levels decreasing 5 

m after five years (Nulsen 1993).  Bee and Bee (2000), farmers at Jerramungup 

in Western Australia, have found ground water levels have decreased 2.5-3 m 

after six years after the introduction of lucerne.  Lucerne has also been shown 

to reduce groundwater levels even when the groundwater is high (0.5-2.0 m 

from the surface) and saline (Ferdowsian et al. 2002).  However, it is unlikely 

that lucerne will be able to use groundwater when the salt concentrations are 

generally greater than 5,000 mg/L.  Zhang et al. (1999) found that saline 

groundwater reduces lucerne growth and water use.  The upper salt limit for 

irrigation water for lucerne is 1,500 mg/L (Nulsen 2000).  

2.6 How effective is lucerne in drying out the soil – the drainage 

buffer 

When lucerne is first established it will use in-crop rainfall and stored soil water.  

Over time the stored soil water will be used and there will be a physiological 

limit to the lowest soil water storage possible.  Once this point is reached the 

lucerne plants will rely on in-crop rainfall only.  The time taken to develop the 

lowest soil water storage in a Mediterranean-type environment can vary from 

1-3 years after the lucerne is sown (Holford and Doyle 1978; Lolicato 2000).  
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The amount of soil water between the maximum soil water storage and the soil 

water storage at any point in time can be called the soil water deficit and it can 

act as a buffer to prevent drainage, or drainage buffer (Dunin et al. 1999).  Once 

the maximum water storage occurs any additional rain can cause drainage 

below the root zone.  In the Mediterranean-type environment the drainage 

buffer during autumn (March-April) is an important factor influencing water 

excess (Ward et al. 2006a).  Ward et al. (2001) found at Katanning that over 

three years most of the drainage buffer developed in the first year under lucerne 

with small increases in the following two years.  The buffer was 116 mm after 

the first year, 129 mm after the second year and 140 mm in the third year.  

Factors influencing the drainage buffer include rainfall, soil type, stage of 

lucerne development and rooting depth and soil water extraction of lucerne 

(Dunin et al. 1999; Dunin et al. 2001; McCallum et al. 2001).  There is a large 

variation in the size of the drainage buffer created by lucerne between sites in 

Western Australia (Latta et al. 2001; Ward et al. 2001; Latta et al. 2002).  The 

larger the drainage buffer the greater the potential to store excess rainfall and 

reduce the amount of drainage below the root zone of lucerne.  Rainfall 

sufficient to cause drainage mainly occurs during winter when 

evapotranspiration rates are low, but can occur at any time in response to large 

rainfall events (Anderson et al. 1998b; Asseng et al. 2001a). 

The size of the drainage buffer at any given time will depend on the rate of 

downward movement of the extraction front through the soil profile, summarised 

by the extraction front velocity (EFV, mm/day).  It also will depend on the plant 

available water capacity (PAWC), which is the amount of water between field 

capacity (or drained upper limit) and the lowest soil water content after water 

extraction by lucerne roots under supply-limited conditions (or lower limit) 

(Moore et al. 1998).  EFV is related to the rate of root extension with potential 

rates for lucerne varying from 11 to 14 mm/day (Meyers et al. 1996).  However, 

the rate of root extension can be reduced by poor soil structure (Moore 1998a), 

acidity (Fenton and Helyar 2000), compaction (Mapfumo et al. 1998) and 

waterlogging (Cocks 2001).  These factors may also restrict root development 

at a particular depth resulting in reduced water extraction by lucerne.  Soil 

structure or arrangement of soil particles (aggregates or peds) and the pore  
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space between them is mainly applicable to the B horizon of duplex soils (clay 

content > 15-20 per cent) because of the wide spread occurrence of sandy 

surfaced soils in Western Australia (Schoknecht 2001).  In the B horizon, roots 

are restricted to pore spaces or cracks between peds.  Many soils in Western 

Australia have poorly structured clay B horizons partly because of the type and 

size of peds and partly because of exchangeable sodium percentage (ESP) or 

sodicity (Tennant et al. 1992).  If the ESP is > 6 per cent the soils are more 

likely to swell and disperse, reducing pore space (Moore 1998b).  The reduced 

permeability in the B horizon can cause waterlogging and therefore restrict root 

development (Rovira 1992).  Most surface soils in Western Australia are acidic 

with 25% of total agricultural land with a pH (calcium chloride) < 4.8 (Dolling et 

al. 2001b).  Rhizobia survival and aluminium toxicity are likely to be problems at 

these pH levels. Compaction may also reduce EFV because of increased root 

penetration resistance (Rengasamy 2002) and occurs when bulk densities are 

greater than 1.4-1.6 Mg/m3 (Saini and Chow 1982).  Analysis of the drainage 

buffer in relation to soil properties in combination with rainfall information will 

assist in determining on which soils lucerne is able to have the greatest impact 

on reducing drainage below the root zone.  There is a lack of knowledge in 

Western Australia about how well lucerne is adapted to a range of soils in 

relation to drainage buffer.  In addition factors that influence the drainage buffer 

need to be analysed to assist in developing practical guidelines on the length of 

lucerne and cropping phases in rotation for different rainfall zones, to minimise 

drainage. 

The maximum soil water buffer developed by lucerne along with the interaction 

with rainfall during the cropping phase is important in determining the length of 

crop phase before the soil profile fills with water and drainage occurs (Holford 

and Doyle 1978).  The drainage buffer at the start of the cropping phase will 

also be influenced by the interaction between the timing of lucerne removal and 

rainfall after removal.  Holford and Doyle (1978) found for two contrasting soils 

and environments that it took one and half years and five years after the lucerne 

was removed and sown with wheat before the soil water content was the same 

as the water content in the continuous wheat treatment.  Latta et al. (2001) has 
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also shown under annual crops that it can take more than two years after 

lucerne removal before the drainage buffer fills. 

There is a large amount of soil-landscape information available for the 

southwest agricultural zone of Western Australia, which has been mapped on 

1:100,000 or 1:250,000 scales.  There is also detailed information on soil 

physical and chemical characteristics for the major soils in the agricultural zone 

(Peluso et al. 1993; Nicholas and Schoknecht 2000).  If lucerne root growth can 

be related to soil type then the soil-landscape information along with 

environmental information (rainfall, temperature and radiation) could be used 

spatially to indicate soil water use and drainage on various scales (from a 

catchment level to the south-west of Western Australia).  This information is 

urgently required to obtain a better understanding of the place of lucerne in the 

farming system for areas currently under the threat of salinity.  

2.7 Seasonal biomass production in Mediterranean-type 

environments 

Productivity of lucerne is another driver for increased adoption of lucerne in 

farming systems of southern Western Australia.  In southern Western Australia 

the Mediterranean-type climate is characterised by variable annual rainfall and 

long, hot and often dry summers.  Despite these unfavourable conditions results 

indicate that established lucerne could be at least as productive as annual 

pastures especially when rainfall occurs during summer and autumn 

(Crawford and Macfarlane 1995; Hirth et al. 2001; Latta et al. 2001; 

Latta et al. 2002; Latta and Lyons 2006).  However, there are differences in 

seasonal growth.  Lucerne generally produces more biomass in late spring, 

summer and early autumn and similar or less biomass in late autumn, winter 

and early spring than annual pasture (Hirth et al. 2001; Latta et al. 2001).  Often 

lucerne stands contain an annual species component and therefore this makes 

direct comparisons with annual pastures difficult.  The lower biomass production 

by lucerne during winter can often be seen when compared with phalaris 

(Donnelly et al. 1983; Whitfield et al. 1992; Lolicato 2000).  Increased winter 

activity of lucerne cultivars appears to have no effect or only a small effect on 

production (Lodge 1991; Lolicato 2000). 
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Seasonal lucerne production varies from < 20 kg/ha.day in winter to 

30-150 kg/ha.day in spring and early summer (Reeve and Sharkey 1980; 

Crawford and Macfarlane 1995; Lolicato 2000; Hirth et al. 2001; 

Latta et al. 2001).  Growth over late summer and autumn is also variable 

depending on the amount of rain, from < 10 kg/ha.day with low rainfall to 

150 kg/ha.day with high rainfall (Crawford and Macfarlane 1995; Lolicato 2000; 

Hirth et al. 2001; Latta et al. 2001). 

The age of the lucerne stand can influence biomass production because 

lucerne is generally sown in soil containing stored water.  Lucerne is generally 

established after annual crops and pastures and therefore the soil can contain 

plant available soil water below the root zone of annual crops and pastures.  

Once the lucerne develops this soil water will be used and eventually the 

lucerne will rely on in-crop rainfall only and production can decline 

(Melton et al. 1988; Dunin et al. 1999).  

In a water-limited environment such as southern Western Australia it is likely 

that rainfall and use of stored soil water are the major drivers of production.  

Simple relationships between rainfall and water use and biomass along with 

historical weather records could assist in determining lucerne production values 

for different parts of Western Australia.  In addition, although some limited 

experimental results are promising a more detailed analysis of lucerne’s 

productivity would assist in its adoption in Western Australia. 

2.8 Use of crop models 

Simulation using mathematical models can be used to interpret experimental 

results, as research tools and to assist farmers in making management 

decisions (Whisler et al. 1986).  Models can also indicate areas where current 

knowledge about a system or crop is lacking.  When model outputs are 

compared to actual data, deficiencies in knowledge can be exposed if the actual 

data consistently deviates from the model data.  Another powerful use of 

models is in association with long-term historical weather data.  The combined 

information can then provide detailed estimates of likely future productivity and 

drainage (Keating et al. 1995).  
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Other uses of simulation models include adding value to field experimentation 

as models allow additional treatments to be studied and their impact to be 

assessed.  In comparison to field experimentation simulations can be repeated 

over many more seasons and a greater range of soil types and environments.  

Although models will not replace field experimentation they can help focus more 

accurately on the important aspects of a system and these can then be 

measured in the field.  Models can also be used to support extension messages 

which have arisen from field experiments.  They can also provide an insight into 

the processes involved in biomass production and water use when 

measurements are not available from field experiments (Ritchie 1991). 

There are currently a number of models, which simulate lucerne including a 

University of California based model (ALFALFA).  ALFALFA is a stand alone 

model, not linked into rotations.  Rotations are a main component of farming 

systems in Western Australia.  Therefore a model developed by the Agricultural 

Production Systems Research Unit (Agricultural Production Systems Simulator 

or APSIM v 3) was examined.  The key concept of APSIM is that ‘crops come 

and go, each finding the soil in a particular state and leaving it in an altered 

state’ (McCown et al. 1996).  On a daily time step, soil state variables are 

continuously simulated in response to weather (minimum and maximum 

temperature, radiation and rainfall) and management (sowing date, nitrogen 

fertiliser, cultivation, harvest date).  The APSIM structure allows ready 

simulation of one crop on another via its effect on the soil in rotations and in 

mixtures of species (Keating et al. 2003).  

The advantage of APSIM is that it is a modelling framework that offers the 

functionalities required to explore the benefits of lucerne in terms of productivity 

and drainage reduction in Western Australia.  APSIM has been used to examine 

the introduction of a new cropping option (mungbeans) into the current farming 

system (Robertson et al. 2000).  APSIM has been used to simulate the impact 

of lucerne in reducing water draining below the root zone in dryland farming 

systems elsewhere in Australia (Dunin et al. 1999; Keating et al. 2002; 

Verburg and Bond 2003).  Components of APSIM, including the soil water 

balance and soil nitrogen modules have already been tested in Western  
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Australia and improvements to APSIM have been made as a consequence 

(Asseng et al. 1998b; Farre et al. 2002).  However, both of these studies were 

based on annual species.  In addition, the parameters for the initial version of 

the lucerne module within APSIM (APSIM-Lucerne) were derived from limited 

Australian data (Robertson et al. 2002).  In order to evaluate whether 

APSIM-Lucerne gives meaningful results it needs to be tested in the 

environment in which it is being used.  

APSIM simulations of the long-term impact of lucerne on the water excess have 

been conducted previously. However, the simulations have been limited in 

scope and have not applied to Western Australia.  For example, the long-term 

impact of 3-4 years of lucerne followed by 3-4 years of wheat has indicated that 

lucerne can reduce drainage below the root zone based on historical rainfall 

data (Dunin et al. 1999; Keating et al. 2002; Ward et al. 2006a).  Further 

analysis is required on the effect of different lengths of the lucerne phase in 

combination with different lengths of the wheat phase following lucerne removal 

on the water excess.  This information is necessary to develop farming systems 

which minimise water excess where it is contributing to the development of 

salinity.  This analysis has not been conducted for Western Australia against a 

background of climatic records based on their historical sequence.  Past 

research has highlighted the potential of phase systems to reduce water excess 

(Ward et al. 2006b) but has not provided the detail required for farming system 

design. 

2.9 Conclusions and hypotheses 

One of the reasons annual farming systems contribute to rising groundwater is 

that there is limited or no growth during the fallow period (December to April).  

Therefore the first hypothesis is that rainfall during this period can contribute to 

a decreased drainage buffer and the decreased drainage buffer at the end of 

the fallow (in autumn) results in increased water loss (drainage below the root 

zone and run off). 
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Research into lucerne has shown that it uses more soil water than annual 

species.  The increased water use is related to greater rooting depth and 

greater water extraction.  This can be combined into one parameter – the size 

of the drainage buffer.  However, there is a large variation in the drainage 

buffer.  The second hypothesis is that the variation in the lucerne drainage 

buffer is related to soil properties. 

The Mediterranean-type environment in Western Australia creates challenges in 

terms of production for perennials such as lucerne.  Rainfall excess occurs at 

certain times of the year but deficits occur at other times.  The period with a 

greater probability of rainfall (May-October) generally has a lower radiation and 

temperature.  In comparison, the period with a lower probability of rainfall has 

high radiation and high temperature resulting in higher evaporation.  Therefore 

all three factors (rainfall, radiation and temperature) will influence productivity.  

The third hypothesis is that in southern Western Australia lucerne productivity 

will be related to rainfall and water use in different seasons.  In addition a fourth 

hypothesis is that the water use and productivity of lucerne in southern Western 

Australia can be described using mathematical models. 

Short-term field experiments have indicated that lucerne can reduce water 

excess.  However, its long-term impact using short-term phases of lucerne is 

unknown.  The fifth hypothesis is that the long-term mean water excess will be 

related to rainfall, the length of the lucerne phase relative to the wheat phase 

and the size of the drainage buffer under both lucerne and wheat. 
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CHAPTER 3 

Consequences of rainfall during summer-autumn fallow on 

available soil water and subsequent drainage in annual 

based cropping systems 

3.1 Abstract 

This chapter investigates factors controlling soil water content changes during 

the non-growing summer-autumn season or fallow (December to May) in annual 

farming systems in southern Western Australia.  This was achieved by 

examining variation in available soil water storage to a depth of 1.0-1.5 m at 

three sites within 13 seasons.  Reasons for the variation were examined using 

the Agricultural Production Systems Simulator (APSIM).  This chapter also 

investigates whether water accumulation during the summer-autumn period 

(fallow) contributed to drainage during the following growing season (May to 

November).  This was achieved by determining the relationship between soil 

water content at the end of the fallow period (1 May) and the amount of 

drainage below 2.5 m by using APSIM coupled to historical weather records at 

three locations. 

At the end of the fallow a mean of 24 mm (or 25%) of rainfall during the fallow 

was retained in the soil.  Evaporation was the main loss of soil water during 

fallow periods (mean of 60 mm).  Other losses included transpiration from plant 

cover (mean of 12 mm) and drainage below the root zone and run off 

(combined mean of 13 mm).  Evaporation and transpiration losses of soil water 

were concentrated in the surface 0.3 m.  The use of APSIM to determine 

changes in the soil water content during the fallow indicated the potential for 

higher evaporation than previously reported and the possibility of an extended 

period (4-6 weeks) of drainage in sandy soils after large rainfall events (> 50 

mm). 
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Soil water accumulation during the fallow period had a significant impact on 

simulated drainage under wheat in the following growing season.  By the end of 

fallow there was limited ability of the soil to store water before drainage 

occurred due to rainfall during the fallow and the small soil water deficit under 

annual farming systems (1-67 mm).  Every 1 mm increase in soil wetness at the 

end of the fallow resulted in a 0.7-1 mm increase in simulated drainage during 

the growing season. 

3.2 Introduction 

The summer and autumn period in southern Western Australia is generally 

warm to hot (mean temperature 20ºC), has high solar radiation (approximately 

20 MJ/m2) and typically receives low (approximately 100 mm) but variable 

rainfall (Clewett et al. 1999).  These climatic conditions preclude the growth of 

annual crops or pastures during summer, leading to an enforced fallow period in 

annual farming systems of southern Western Australia from approximately early 

December to mid May.  However, fallow rainfall can be significant and 

conservation of this rainfall in the soil can increase crop productivity in the 

following growing season (Schultz 1971).  The growing season of annual crops 

or pastures occurs from May to November (late autumn to late spring). 

Efficiency of soil water storage from rainfall is generally low (3-30%) during the 

fallow period especially in coarse textured surface soils (Schultz 1971), which 

make up approximately 60 per cent of the soils in southern Western Australia 

(Schoknecht 2001).  Losses of soil water during the fallow period are mostly 

due to evaporation (Fischer and Armstrong 1990).  However, plants (for 

example weeds) can germinate as a consequence of rainfall (> 25 mm) during 

the fallow period (Fischer et al. 1990).  Transpiration losses from weed plant 

cover can account for nearly 50 per cent of available water during the fallow 

(Fischer and Armstrong 1990). 
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Soils under the annual farming systems of southern Western Australia drain 

more water than the same soil under the original native perennial vegetation.  

The increase in vertical drainage is contributing to rising groundwater and 

secondary salinity (George 1992).  Drainage is a consequence of heavy rainfall, 

low atmospheric demand during the winter period of the growing season, low 

water holding capacity of the soil and short lived annual species that have 

shallow roots (Asseng et al. 2001b; Tennant and Hall 2001).  The amount of 

drainage under annual agricultural species ranges from 0 to 215 mm/year in 

southern Western Australia (Peck and Hurle 1973; Williamson et al. 1987; 

George 1992; Anderson et al. 1998b).  Variability in the amount of rainfall during 

the early part of the growing season when evapotranspiration is low results in a 

large temporal variability in the amount of drainage (Anderson et al. 1998b; 

Asseng et al. 2001a). 

Annual farming systems establish a soil water deficit by the end of the growing 

season in early December due to increased evapotranspiration compared to 

winter and declining rainfall patterns.  Soil water deficits at the end of the 

growing season prevent drainage until rainfall increases the soil water content 

above field capacity.  Fallow rainfall decreases the soil water deficit and 

increases the risk of water draining below the rooting depth of annual species in 

the following growing season (Tennant and Hall 2001).  Therefore soil water 

deficits can be considered as a buffer against drainage (or drainage buffer). 

Storage of fallow rainfall can have a positive impact on crop productivity in the 

following growing season by adding to crop water use and, potentially, a 

negative impact on the environment by increasing drainage in annual farming 

systems.  It is therefore important to understand the reasons for changes in soil 

water content during the fallow and the consequences of those changes on 

drainage during the growing season, neither of which has been fully examined 

in southern Western Australia.  The variability in the size of the drainage buffer 

at the end of the fallow period may also explain some of the temporal variability 

in growing season drainage. 
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Computer simulation in association with long-term historical weather information 

can assist in understanding the reason for changes in soil water content during 

the fallow and can help identify the main drivers of drainage 

(Keating et al. 1995).  One such computer model is the Agricultural Production 

Systems Simulator (APSIM), which allows simulation on a daily time step of soil 

and plant variables in response to weather (temperature, radiation and rainfall) 

and management (sowing date, nitrogen fertiliser, cultivation) 

(Keating et al. 2003). 

The aims of this study were:  (i) to determine the reasons for changes in soil 

water during the fallow period; (ii) to determine the size of the drainage buffer at 

the end of the fallow; and (iii) to determine whether variations in the drainage 

buffer at the end of the fallow are related to variation in drainage in the 

subsequent growing season. 

3.3 Materials and Methods 

3.3.1 Soil water changes during the fallow 

The soil water content during the fallow was examined at three experimental 

sites and three to six fallow periods at each site.  The sites and fallow periods 

were selected to examine variability in the soil water content changes as a 

result of differences in soil type, season and the environment.  Variability within 

sites was not examined in this study.  APSIM was used to determine the 

reasons for changes in soil water during the fallow. 

Measurement of soil water  

The three sites were located in the 400-500 mm annual rainfall zone of Western 

Australia, including Moora (six fallow periods), Wongan Hills (three fallow 

periods) and Katanning (four fallow periods).  Rainfall was recorded at all sites 

using an automatic weather station.  The recorded rainfall was compared to the 

long-term mean rainfall (90-100 years), which was obtained from the closest 

Australian Bureau of Meteorology recording station, through the SILO database 

(www.bom.gov.au/silo) for the fallow period, 1 December to 30 April. 

http://www.bom.gov.au/silo
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Table 3.1. Summary of the parameters and variables used in the soil water module (SOILWAT2) 
(Probert et al. 1995; Asseng et al. 1998a; Probert et al. 1998) and analysis of the 
experimental data 

Parameter/variable Units Description 

Drained upper limit (DUL) m3/m3 Water retained in the soil after gravitational flow in each layer. 

Lower limit (LL) m3/m3 Driest soil water content achieved by the plant in each layer. 

Air-dry soil water content m3/m3 Driest soil water content as a consequence of atmospheric drying.

Available soil water 
content (ASWC) 

m3/m3 Soil water content above the lowest recorded soil water content in 
each layer at each site ASWC = (soil water content – air dry or 
LL). 

Available soil water 
(ASW) 

mm ASW = ASWC x soil layer thickness (in mm).  Adding the ASW for 
each layer gives the total for the profile. 

Maximum available soil 
water (MASW) 

mm Quantity of water between the DUL and the minimum soil water 
content maximum MASW = (DUL – air dry or LL) x soil layer 
thickness (in mm). 

Fallow efficiency % The ASW at the end of the fallow as a percentage of the ASW at 
the start of the fallow plus rainfall during the fallow. 

Drainage buffer (DB) mm Quantity of water that can be stored before drainage occurs, DB = 
(DUL – soil water content) x soil layer thickness (in mm). 

U mm Amount of cumulative evaporation (6 mm) since soil wetting, 
before soil supply decreases below atmospheric demand (first 
stage evaporation). 

Second stage cumulative 
evaporation (CE 2nd) 

mm Once the water content of the soil falls below U the rate of water 
supply will be less than potential and is source dependent CE 2nd 
= cona x t0.5, where t = time in the second stage. 

cona mm Upper limit of water flux to the surface for soil evaporation loss, 
the original value was 2. 

Flow mm Amount of water that moves from one layer to the adjacent layer 
below, Flow = diffusivity x soil water gradient between adjacent 
soil layers. 

Diffusivity mm Diffusivity = diffus_const x exp(diffus_slope x thet_av), where 
thet_av is the average of SW-wilting point across 2 adjacent 
layers. 

Diffus_const, diffus slope No units Constants required for diffusivity dependent on soil type, the 
original values used were diffus_const = 88 and diffus slope = 35.

The volumetric soil water fraction (θv) was measured using time domain 

reflectometry (TDR) at one location at Moora to a depth of 1.5 m 

(Anderson et al. 1998a) and at Katanning to a depth of 0.45 m 

(Ward et al. 2001).  A neutron moisture meter (NMM) was used to measure the 

θv below 0.45 m at Katanning and an average of 10 locations was presented 

(Ward et al. 2001).  Frequency domain reflectometry (FDR, Campbell Scientific, 

Logan, Utah, USA) was used to measure the θv at Wongan Hills at one location 

(Fillery 2000).  The daily readings by the TDR and FDR at midnight were used 

in the study (the soil water content was measured every 15-30 minutes).  There 

were periods of no data due to breakdowns but these only reduced the capacity 
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of understanding soil water storage changes at Moora in 1998/99.  This fallow 

period was still included because measurements of the soil water content were 

available at the end of the fallow.  Soil water content was measured with the 

NMM every 4-6 weeks.  Soil water measurements were made at 7-8 depths per 

profile to a depth of 1.0 m (Katanning) or 1.4-1.5 m (Moora and Wongan Hills).  

The data for each depth were reported as available soil water content (see 

Table 3.1 for definitions).  To determine the available soil water for the profile 

(Table 3.1) each measurement was allocated to layers with the layer thickness 

depending on distance between measurements.  The available soil water at the 

end of the fallow was related to the available soil water at the start of the fallow 

and rainfall during the fallow via a fallow efficiency calculation (Table 3.1). 

APSIM parameters  

The APSIM soil water (SOILWAT2) parameters for each soil layer for Moora 

were determined from Asseng et al. (1998a).  For the Wongan Hills and 

Katanning sites the SOILWAT2 parameters were based on observed data or 

assumed to be the same as the Moora site as discussed under Site 

information. 

For the Wongan Hills and Katanning sites SAT (saturation) and SWCON 

(Probert et al. 1995; Probert et al. 1998) were derived from the bulk density 

(Ritchie et al. 1986; Dalgliesh and Cawthray 1998) for each soil layer.  The 

drained upper limit (DUL, Table 3.1) was determined when plants were not 

present, there had been sufficient rainfall to cause drainage and there was a 

period of time (3-7 days) for the soil water content to reach a plateau indicating 

drainage had stopped.  In the first soil layer DUL was difficult to determine by 

this method as the soil water content is subject to soil evaporation losses.  

Therefore, it was estimated during the night when evaporation was minimal. 

The lower limit (LL) and air-dry θv (surface soil only) were determined from the 

lowest observed θv over the study at each site for each depth.  The θv at the 

start of the simulations was the same as the observed θv at the start of the 

fallow period.  The plant residue at the start of the simulation was based either 

on measured crop residues or estimated from the measured grain yield using a 

harvested index of 40%. 
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Growing plants were observed at all sites as a consequence of significant fallow 

rainfall (at least 20-25 mm over three days) but observations were infrequent 

and their impact on the soil water content was not measured.  Generally, the 

plants did not grow for long either because they died due to drought or they 

were sprayed with herbicides when biomass (dry matter, DM) was 

approximately 0.5 t/ha.  To determine their impact on the soil water content, 

simulations were performed without and with plant growth during the fallow 

period.  A rainfall-based rule was used to initiate plant germination 

(Fischer et al. 1990).  The simulated plant was a late maturing winter dicot at a 

density of 50 plants/m2.  Uptake of water by these plants was influenced by the 

rate of root development parameter (xf) and the rate of water uptake parameter 

(kl).  The rate of root development and water uptake were assumed to be the 

same as determined for wheat at Moora by Asseng et al. (1998a).  The plants 

were removed from the simulation based on observations made at the sites. 

To account for soil water changes during the fallow, APSIM was run with either 

the standard evaporation parameters in SOILWAT2 or revised evaporation 

parameters that increased evaporation.  The evaporation parameters have not 

been tested during the fallow on sandy soils where evaporation is greater in 

comparison to the growing season (Asseng et al. 1998b).  However, there is 

some evidence to indicate that the evaporation parameters should be adjusted 

to allow greater evaporation during the fallow on sandy soils (Dimes 1996).  

Changes made to the evaporation parameters included an increase in cona 

(Table 3.1) from the original setting of 2 mm to 4 mm, which allowed more water 

to be lost by the second stage evaporation coefficient.  A cona of 2-4 mm 

covered the range that applies for most soils (Ritchie and Crum 1989).  The 

diffusivity coefficients (diffus_const, diffus_slope, Table 3.1) were also 

increased so that the rate at which water diffuses to the surface via the Flow 

parameter was higher (Table 3.1).  The increased flow results in increased 

evaporation from the soil.  The higher value for diffusivity used (diffus_const = 

250, diffus_slope = 45) was similar to the value found by Dimes (1996) on 

sands. 
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Losses of soil water during the fallow period were estimated by APSIM.  Losses 

included evaporation, transpiration, drainage below the root zone (1.4-1.5 m at 

Moora and Wongan Hills and 1.0 m at Katanning) and run off.  Drainage and 

run off were combined as water excess because of the uncertainty about the 

amount of run off. 

Site information 

The Moora experiment was located 14 km west of the town of Moora (30°39′ S, 

116°00′ E).  One plot in a wheat-lupin rotation was selected from this 

experiment to examine soil water content during the fallow.  Data from the first 

two years of this experiment (1995 and 1996) are from Anderson et al. (1998b), 

and years 1997-1999 are from IRP Fillery (unpublished data).  The soil type 

was Acidic Arenic Orthic Tenosol (Australian Soil Classification after 

Isbell 1996). 

The APSIM parameters for Moora and the other two sites are outlined in 

Table 3.2 for each soil layer.  At Moora the LL used by Asseng et al. (1998a) 

was adjusted using data from lupins and additional data for wheat (Table 3.2).  

This resulted in a decrease in the LL below 0.2 m varying from 0.01 to 0.04 θv.  

This increased the maximum available soil water (Table 3.1) from 55 to 79 mm 

to a depth of 1.5 m.  The simulation involved soil restrictions to root 

development and rate of water uptake (Table 3.2) such as acidity and soil 

compaction (Asseng et al. 1998a).  MWCON was 1 (no waterlogging) for all 

layers (Asseng et al. 1998a).  The crop residues at harvest (all were measured 

except in 2000 were it was estimated from the grain yield) were as follows:  

4.6-5.1 t dry matter (DM)/ha of lupin stubble in 1995, 1997 and 1999 and 

3.5-6.8 t DM/ha of wheat stubble in 1996, 1998 and 2000. 
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Table 3.2. Soil and plant information required to simulate the data from three sites including 
drained upper limit (DUL), lower limit (LL), bulk density (BD), root development (xf) and 
rate of water uptake (kl) 

Depth (m) DUL θv LL θv SAT θv SWCON BD (Mg/m3) xf kl 

MooraA

0   -0.1 0.11 0.030B 0.32 0.7 1.63 0.1 0.10 

0.1-0.2 0.10 0.030 0.32 0.6 1.67 0.1 0.09 

0.2-0.3 0.11 0.040 0.31 0.7 1.78 0.2 0.08 

0.3-0.5 0.10 0.050 0.30 0.7 1.85 0.5 0.07 

0.5-0.7 0.10 0.060 0.31 0.5 1.80 0.5 0.06 

0.7-0.9 0.10 0.060 0.31 0.5 1.80 0.5 0.05 

0.9-1.2 0.11 0.060 0.31 0.5 1.80 0.5 0.04 

1.2-1.5 0.12 0.070 0.31 0.4 1.80 0.3 0.03 

Wongan HillsC

0   -0.1 0.14 0.060B 0.38 0.7 1.48 0.1 0.10 

0.1-0.2 0.12 0.060 0.31 0.7 1.71 0.1 0.09 

0.2-0.4 0.14 0.075 0.35 0.7 1.65 0.4 0.07 

0.4-0.6 0.14 0.080 0.35 0.7 1.57 0.5 0.06 

0.6-0.8 0.14 0.080 0.35 0.7 1.59 0.5 0.05 

0.8-1.0 0.14 0.080 0.35 0.7 1.59 0.5 0.04 

1.0-1.4 0.14 0.080 0.35 0.7 1.59 0.3 0.03 

KatanningC

0   -0.1 0.14 0.020B 0.42 0.7 1.40 0.1 0.10 

0.1-0.2 0.12 0.035 0.38 0.7 1.50 0.1 0.09 

0.2-0.3 0.13 0.055 0.35 0.6 1.60 0.2 0.08 

0.3-0.4 0.18 0.090 0.35 0.6 1.60 0.5 0.07 

0.4-0.6 0.20 0.155 0.31 0.4 1.70 0.4 0.05 

0.6-0.8 0.20 0.170 0.38 0.5 1.50 0.3 0.03 

0.8-1.0 0.17 0.160 0.35 0.6 1.60 0.2 0.01 
A Modified after (Asseng et al. 1998a). 
B Air-dry θv for the surface soil (0-0.1 m) for the Moora site = 0.02, for the Wongan Hills site = 0.05 and 

for the Katanning site = 0.01. 
C BD for the Wongan Hills site from Mark Whitten (pers. comm.) and for the Katanning site from (Ward 

et al. 2001). 

Plant growth was not recorded at Moora in 1995/96 although there was 

sufficient rain to germinate plants.  Plant growth was therefore simulated in 

1995/96 but the plants were removed when the biomass reached 0.5 t DM/ha.  

Plant growth was recorded in all other years following rainfall during the fallow 

except in 2000/01 when there was no germination of plants due to insufficient 

rainfall.  Plants were removed in the simulations on the date they were removed  
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by herbicides:  9 May 1997, 28 April 1998 and 14 April 1999.  Plants were 

recorded in 1999/00 but were not removed.  Plants observed at the site 

included capeweed (Arctotheca calendula), wild radish (Raphanus 

raphanistrum) and self-sown wheat (Triticum aestivum) and lupins (Lupinus 

angustifolius). 

The Wongan Hills experiment is described in Fillery (2000) and was located 

20 km south of Wongan Hills (30°54′ S, 116°43′ E).  One plot of the cereal-lupin 

rotation was selected from this experiment for analysis, from 1998 until 2001 

(IRP Fillery, unpublished data).  The soil type was the same as at the Moora 

site. 

At Wongan Hills the maximum available soil water was 87 mm to a depth of 

1.4 m.  The type and amount of crop residue remaining after harvest were 

wheat in 1998 (4.9 t DM/ha), lupin in 1999 (2.8 t DM/ha) and barley in 2000 

(2.6 t DM/ha).  Plant growth was recorded in the first two years following rainfall 

during the fallow but not in 2000/01 due to insufficient rainfall.  Plants were 

removed in the simulations on the date they were removed by herbicides:  

11 May 1999 and 4 February 2000 (first weed germination) and 1 May 2000 

(second weed germination).  The xf and kl values (Table 3.2) and MWCON 

were the same as at the Moora site (adjusted for differences in depths between 

the two sites) as the soil type was the same. 

The Katanning experiment is described in Ward et al. (2001) and 

Ward et al. (2002) and was located 15 km west of Katanning (33°45′ S, 

117°27′ E).  One plot of the three year annual pasture-one year wheat rotation 

over the period 1995 to 1999 was selected from this experiment for analysis.  

The 1998/99 fallow was only reported to 14 April 1999 due to insufficient 

measurements after this date.  The soil type was Eutrophic Mottled-Subnatric 

Grey Sodosol (Australian Soil Classification after Isbell 1996) consisting of 

0.45 m of sand overlying clay subsoil. 

At Katanning the maximum available soil water to a depth of 1 m was 57 mm.  

The subterranean clover (Trifolium subterraneum)-based pasture residues at 

Katanning were estimated to be 3 t DM/ha in each year from 1995–1997, and  
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6 t DM/ha wheat in 1998.  There was insufficient rain to germinate plants in all 

fallow periods except in 1997/98.  Germination of the pasture from seed 

reserves occurred in March 1998 and was grazed by sheep from late March 

onwards (Phil Ward, unpublished data).  To simulate grazing, pasture biomass 

was removed once it reached 1.0 t DM/ha but growth was permitted to continue 

after removal from a base of 0.2 t DM/ha.  The xf and kl values used at Moora 

were used in the 0-0.4 m layers, adjusted for differences in depths, but were 

reduced in the clay layer as root growth is often impeded in clay layers 

(Dracup et al. 1992) (Table 3.2).  MWCON was 1 for all layers as no 

waterlogging had been observed at the site (Phil Ward, unpublished data). 

Column experiment 

An experiment was established in June 2002 to further investigate factors 

controlling changes in the soil water content during the fallow, at a field site 

adjacent to the CSIRO Floreat Park laboratories.  In this experiment 

evapotranspiration was minimised so that any soil water content change could 

be attributed to drainage.  The soil water content was measured in three 

columns (each 0.8 m diameter, 2 m long PVC) packed with soil with similar soil 

properties to the Moora site and placed in the ground.  A 12 month settling 

period occurred before the experiment commenced.  The lower end of each soil 

column was open to allow the bottom soil to be in contact with the in situ soil 

(which had similar properties to the soil in the column).  A tube was placed in 

the centre of each column to enable a portable TRIME TM probe to be inserted 

to a depth of 1.6 m.  To insure that the soil water content after early winter 

rainfall was above DUL, an additional 25 L of water was applied to each 

column.  Two sheets of plastic were placed over the columns after the 

application of water to prevent evaporation.  There were no plants in the 

columns.  Soil water measurements were recorded every 7-14 days from 

28 June to 29 November 2002. 
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3.3.2 The size and impact of the drainage buffer at the end of the fallow 

on subsequent drainage 

The size of the drainage buffer (Table 3.1) at the end of each fallow period was 

determined at the Moora, Wongan Hills and Katanning experimental sites.  To 

determine if variation in the drainage buffer at the end of the fallow has any 

impact on subsequent drainage an analysis with a simplified soil (with an 

incremental change in drainage buffer) was conducted.   

The analysis simulated the sensitivity of drainage below the root zone under 

wheat to six levels of drainage buffer on the 1 May each year at three locations 

with varying average rainfall using APSIM.  The drainage buffer treatments 

were 25, 50, 100, 150, 200 and 250 mm with the buffers reset each year.  A 

drainage buffer of 250 mm represents the maximum drainage buffer or no 

available water for plants in the profile at the start of the growing season.  The 

other drainage buffer treatments were created by filling the profile with water 

starting from the bottom of the profile.  This is in order to simulate water 

retained in the soil from the previous growing season or summer rainfall events 

with a period of surface soil drying.  The soil had a constant maximum available 

soil water of 10 mm per 100 mm soil layer to a depth of 2.5 m.  This maximum 

available soil water has been recorded under annual species in the surface 

layers and under perennial species for deeper layers (Asseng et al. 1998b; 

Ward et al. 2001).  The SOILWAT2 parameters for this soil (loamy sand) were 

determined by Asseng et al. (2001a) except the LL was adjusted for most of the 

soil layers to achieve the required maximum available soil water. 

Each simulation covered the period from 1 May to 31 December for 90 years 

using historical daily weather data (1907-1996) from three locations, Moora 

(30°64′ S, 116°01′ E), Wongan Hills (30°89′ S, 116°72′ E) and Merredin 

(31°30′ S, 118°13′ E).  These locations were chosen to represent a range in 

long-term mean May-October rainfall, Moora 366 mm, Wongan Hills 298 mm 

and Merredin 214 mm.  Katanning was not included in this analysis because the 

long-term rainfall is similar to Moora.  In the simulations wheat was sown 

between 5 May and 31 July with 90 kg N/ha of urea using the late maturing 

cv. Spear for sowing before 5 June or the early maturing cv. Amery after the  
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5 June.  Sowing did not occur before 5 June without at least 25 mm of rainfall 

over 10 days or 10 mm thereafter.  The simulation used the same xf and kl as 

used by Asseng et al. (2001a) for this soil.  The output of the model was the 

amount of annual drainage below the potential rooting depth of 2.5 m.  Drainage 

estimated by APSIM under wheat when compared to drainage estimated at 

observed sites in Western Australia has been within the experimental error 

(Asseng et al. 1998b, 2001a). 

3.3.3 Statistics 

The TDR and FDR measurements had no error term because there was no 

replication.  However, as a guide the error using this equipment can be up to 

10 per cent (Gregory et al. 1995; Dunin et al. 2001). 

The root mean square deviation (RMSD) was used to represent an absolute 

magnitude of the error between observed and simulated soil water storage after 

Wallach and Goffinet (1989).  The RMSD represents the mean weighted 

difference between simulated (S) and observed (O) data pairs.  The RMSD was 

calculated via the following equation, with n representing the number of 

observations: 

RMSD = [{Σ(O-S)2/n}]0.5

GENSTAT (GENSTAT 1993) was used to determine the exponential regression 

coefficients for the relationship between time and the soil water content in the 

column experiment and the drainage buffer on 1 May and drainage below the 

wheat root zone in the simulation experiment. 

3.4 Results 

3.4.1 Soil water changes during the fallow 

Observed soil water inputs 

Total rainfall during the fallow was variable between years and sites, ranging 

from a low of 20 mm to a high of 240 mm.  At Moora, rainfall during the fallow 

was within 20 mm of the long-term mean in one experimental period, 40-50 mm 

lower in two periods and 30-50 mm higher in three periods (Figure 3.1).  At  



Perry Dolling 
 

32 

Wongan Hills in two experimental periods the rainfall was 80-150 mm above the 

long-term mean and 50 mm lower in the third period (Figure 3.1).  At Katanning, 

rainfall during the fallow was 40 mm higher than the long-term mean in one 

period and in the other three periods it was 30-50 mm lower than the long-term 

mean (Figure 3.1). 

Available soil water (defined in Table 3.1) was present at the start of fallow in all 

years at all sites with amounts ranging from 3 mm to 35 mm (Figures 3.2, 3.3, 

3.4).  The mean available soil water at the start of the fallow was 22 mm to a 

depth of 1.5 m at Moora, a mean of 10 mm to a depth of 1.4 m at Wongan Hills, 

and a mean of 7 mm to a depth of 0.45 m at Katanning.  There was a minor 

amount of available soil water at the start of the fallow below a depth of 0.45 m 

at Katanning (mean of 3 mm to a depth of 1.0 m).  Available soil water to a 

depth of 1.0 m at Katanning was not shown in Figure 3.4 because the θv for the 

0.45-1.0 m soil layer was measured infrequently. 

Observed soil water at the end of the fallow 

In four of the six fallow periods studied at Moora observed available soil water 

at the end of the fallow was either the same or lower (within 10 mm) than at the 

start (Figure 3.2).  Only in 1996/97 and 1998/99 was available soil water higher 

(> 20 mm) at the end compared to the start of the fallow at Moora 

(Figure 3.2b, d).  In contrast, at Wongan Hills available soil water at the end of 

the fallow exceeded the amounts at the start by > 30 mm in two out of three 

seasons studied while it was the same at the start and the end in the third 

season (Figure 3.3).  A small but consistent increase in available soil water was 

observed over the fallow in all periods studied at Katanning with a mean of 

18 mm available soil water to a depth of 0.45 m (Figure 3.4).  There was only a 

small amount of additional available soil water at the end of the fallow below a 

depth of 0.45 m at Katanning.  The available soil water to a depth of 1.0 m at 

Katanning was a mean of 23 mm (20 mm in 1995, 14 mm in 1996, 29 mm in 

1997 and 30 mm in 1998). 
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The fallow efficiency indicated that a mean of 25 per cent (mean of all seasons 

and sites) of water inputs (rainfall and the soil water at the start of the fallow) 

into the soil were stored in the soil profile by the end of the fallow period 

(Table 3.4).  However, the fallow efficiency varied from 7 to 40 per cent 

(Table 3.4). 

Available water at the end of the fallow was generally low in the 0-0.4 m soil 

layer at Moora and Wongan Hills, except where rainfall occurred within 

2-3 weeks of the end of the fallow, for example in 1999/00 (Figure 3.5a, b).  

Accumulation of available soil water below a depth of 0.5 m at the end of the 

fallow (Figure 3.5) appeared to be dependent on the input of at least 40-50 mm 

of rain over three days at Moora and Wongan Hills (Figure 3.1).  Rainfall events 

of at least 40-50 mm occurring once in 1996/97 at Moora, once in 1998/99 at 

both sites and twice in 1999/00 at Wongan Hills. 
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Figure 3.1. Cumulative rain during the fallow period at three sites, day 1 = November 24 and day 

200 = June 3.  The legend for (c) is shown in (b) and the legend for (d) is shown in (a) 
and part of (b).  The mean is the long term mean, 1901-2001 (based on SILO data). 
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Figure 3.2. Temporal changes at Moora in the observed (Obs) and simulated available soil water to 

a depth of 1.5 m from November 24 (day 1) until May 12.  Simulated soil water included 
plant growth (Plants) and plant growth with revised DUL and increased evaporation 
parameters (Plants, revised DUL, increased E).  No plants germinated in 2000/01 due to 
insufficient rain. 

Accumulation and distribution of soil water at the end of the fallow in the 

Katanning duplex soil was not as strongly related to the size of the large rainfall 

events, compared to the deep sands at Moora and Wongan Hills (Figure 3.5c).  

For example, available soil water in the 0.3-0.45 m layer was higher in 1998/99 

with one large event of 29 mm compared to 1997/98 which had a rainfall event 

of 77 mm over 12 days.  It is also notable that there was limited accumulation of 

soil water below a depth of 0.6 m at Katanning (Figure 3.5c).  Available soil 

water was low in the 0-0.2 m soil layer in all years at Katanning (Figure 3.5c). 
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Figure 3.3. Temporal changes at Wongan Hills in the observed (Obs) and simulated 

available soil water to a depth of 1.4 m from November 24 (day 1) until May 
12.  Simulated soil water included plant growth (Plants) and plant growth with 
revised DUL and increased evaporation parameters (Plants, revised DUL, 
increased E).  No plants germinated in 2000/01 due to insufficient rain. 

Using APSIM to account for changes in soil water 

APSIM accounted for changes in soil water during the fallow better when plant 

growth was simulated at sites which had sufficient rainfall to allow plant 

germination, compared to when no plants were simulated at all sites.  This was 

confirmed by the decrease in the soil water RMSD by up to 10 mm when the 

plants were included in APSIM (Table 3.3) and the improvement in the 

prediction of available soil water storage at the end of the fallow.  For example, 

in the 1999/00 fallow period at Moora inclusion of plants in APSIM resulted in a 

41 mm improvement to a depth of 1.5 m in the prediction of the available soil 

water at the end of the fallow compared to the simulation with no plants 

(Table 3.3).  Inclusion of plants in the simulation generally improved the fit 

between predicted and observed available soil water at the end of the fallow in 

the 0-0.3 m soil layer at Moora (Figure 3.6c, d) and Katanning (Figure 3.8b),  
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and the 0-0.6 m soil layer at Wongan Hills (Figure 3.7b).  This is in comparison 

to the over-estimation of available soil water in the 0.2-0.5 m soil layer by 

APSIM with no plant simulation (Figures 3.6a, b, 3.7a, 3.8a). 
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Figure 3.4. Temporal changes at Katanning in the observed (symbols) and simulated (lines) 

available soil water to a depth of 0.45 m from 18 November (day 1) until 3 June.  
Simulated soil water included plant growth (Plants) and plant growth with increased 
evaporation parameters (Plants, increased E).  Plants only germinated in 1997/98, there 
was insufficient rain in the other years. 

The use of revised evaporation parameters that increased evaporation in 

APSIM, in the absence of plant simulation, improved the prediction of soil water 

changes and reduced the over-prediction of available soil water at the end of 

the fallow at Moora and Wongan Hills (labelled as ‘Plants, increased E’ in 

Table 3.3).  For example, the soil water RMSD decreased by up to 10 mm and 

the over-prediction of available soil water at the end of the fallow decreased by 

up to 17 mm in comparison to simulations with standard evaporation 

parameters and no plants (labelled as ‘No plants’ in Table 3.3).  This 

improvement in the prediction of the available soil water at the end of the fallow 

mainly occurred in the 0.1-0.3 m soil layer at Moora and the 0.1-0.4 m soil layer  
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at Wongan Hills (Figures 3.6e, f, 3.7c).  At Katanning the use of revised 

evaporation parameters in APSIM without plant simulation increased the soil 

water RMSD by up to 5 mm compared to simulations with the standard 

evaporation parameters, also without plants (Table 3.3, Figure 3.4).  Under-

prediction of available soil water in the 0.2-0.45 m soil layer (Figure 3.8) was the 
main reason why APSIM under-predicted the available soil water by up to 

19 mm at the end of the fallow at Katanning compared to the observed data 

(Table 3.3).  It is notable that after some of the rainfall events, the simulated soil 

water content did not reach the peak of the observed data to a depth of 0.45 m 

(Figure 3.4). 
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Figure 3.5. The available volumetric soil water fraction at different depths at the end of the fallow 
period at (a) Moora, (b) Wongan Hills and (c) Katanning. 
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Table 3.3. Root mean square deviation (RMSD) between observed and simulated soil water at 
three sites during the fallow period, in simulations without (no plants) and with plant 
simulation (plants), with increased evaporation parameters (increased E) and with 
revised DUL.  Difference between simulated and observed soil water (mm) at the end of the 
fallow period in parenthesis.  Soil water was to a depth of 1.5 m at Moora, 1.4 m at Wongan 
Hills and 0.45 m (RMSD) and 1 m (soil water at the end of the fallow) at Katanning.  Revised 
DUL involved reducing the DUL θv at Moora in the 0.2-0.3 m and the 0.9-1.2 m soil layers 
from 0.11 to 0.10 and the 1.2-1.5 m soil layer from 0.12 to 0.11.  Revised DUL at Wongan 
Hills involved reducing the θv in all soil layers below 0.2 m from 0.14 to 0.12.  Negative values 
indicate the model under-estimated the soil water content 

Fallow period No plants Plants No plants, 
increased E 

Plants, 
increased E 

Plants, 
revised DUL 

Plants, revised 
DUL, increased E

Moora 

1995/96 14 (23) 7 (12) 8 (7) 8 (-2) 7 (12) 7 (0) 

1996/97 9 (20) 7 (11) 5 (12) 4 (8) 5 (3) 3 (0) 

1997/98 7 (15) 7 (14) 3 (4) 3 (5) 7 (14) 3 (5) 

1998/99 11 (21) 9 (18) 8 (15) 7 (14) 5 (11) 3 (7) 

1999/00 19 (41) 9 (0) 9 (24) 6 (-7) 5 (-4) 4 (-4) 

2000/01 3 (4) 3A (4) 3 (3) 3A (3) 3A (4) 3A (3) 

Mean 11 (21) 7 (10) 6 (11) 5 (3) 7 (5) 4 (2) 

Wongan Hills 

1998/99 10 (27) 7 (11) 6 (18) 4 (7) 6 (-2) 7 (-3) 

1999/00 13 (19) 9 (7) 8 (6) 10 (0) 14 (-8) 16 (-12) 

2000/01 1 (-1) 1A (-1) 2 (-2) 2A (-3) 2A (-3) 2A (-3) 

Mean 8 (15) 6 (6) 5 (7) 5 (1) 7 (-4) 8 (-6) 

Katanning 

1995/96 8 (-16) 8A (-16) 13 (-19) 13A (-19) -B -B

1996/97 5 (-4) 5A (-4) 5 (-10) 5A (-10) -B -B

1997/98 10 (14) 7 (1) 11 (3) 6 (-20) -B -B

1998/99 4 (-6) 4A (-6) 8 (-17) 8A (-17) -B -B

Mean 7 (-3) 6 (-6) 9 (-11) 8 (-16) -B -B

A No plants germinated due to insufficient rain. 
B Not applicable. 
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Figure 3.6. The difference between simulated (treatment details are given in Table 3.3) and 

observed soil water content at the end of the fallow at different depths at Moora for 
fallow periods with below average rainfall (a, c, e and g, legend is shown in a) and with 
above average rainfall (b, d, f and h, legend is shown in b).  No plants germinated in 
2000/01 and therefore the data for this period are not included in (b) as they are the 
same data as in (a). 
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Figure 3.7. The difference between simulated (treatment details are given in Table 3.3) and 

observed soil water content at the end of the fallow at different depths at Wongan Hills.  
No plants germinated in 2000/01 and therefore the data for this period is not included in 
(b) as it is the same data as in (a). 

The use of revised evaporation parameters, in this case with plant simulation, in 

APSIM (labelled as ‘Plants, increased E’ in Table 3.3) slightly improved the 

prediction of soil water changes during the fallow with the RMSD decreasing by 

up to 3 mm at Moora and Wongan Hills.  This is comparison to the use of the 

standard evaporation potential with plants (labelled as ‘Plants’ in Table 3.3).  In 

addition, the available soil water at the end of the fallow was also improved 

compared with the observed data at Moora and Wongan Hills (Table 3.3).  At 

Katanning the use of increased evaporation potential in APSIM with weed 

simulation resulted in a poorer prediction of the available soil water compared to 

simulations with the standard evaporation potential, also with plants (Table 3.3).  

There was also an under-prediction of the available soil water at the end of the 

fallow by up to 20 mm compared with the observed data (Figure 3.4), mainly in 

the 0-0.6 m soil layer (Figure 3.8). 
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Comparisons of observed and simulated changes in soil water at Moora and 

Wongan Hills after rainfall events sufficient to cause drainage indicated that 

APSIM was not reproducing the slow decreases in soil water content evident 

over several weeks at both sites after initial drainage.  The reason for the slow 

soil water content decrease was further investigated in the column study where 

surface soil was covered to minimise evaporation after the application of water.  

In this case, the soil water content declined throughout the study after water 

was added indicating drainage (Figure 3.9). 
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Figure 3.8. The difference between simulated (treatment details are given in Table 3.3) and 
observed soil water content at the end of the fallow at different depths at Katanning.  
Plants only germinated in 1997/98 and therefore only this data is included in (b) and (d). 
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Table 3.4. Fallow efficiency, losses of soil water during the fallow estimated by APSIM and 
drainage buffer at the end of the fallow for 3 experimental sites. Losses of soil water 
was determined for two simulation treatments (1) simulated weed growth and (2) 
simulated weed growth, increased evaporation potential and revised DUL in 
parenthesis.  Soil profile depths were 1.4-1.5 m at Moora and Wongan Hills and 1.0 m at 
Katanning 

Fallow 
periodA

Fallow 
efficiency 

(%) 
Evaporation (mm) Transpiration 

(mm) 
Drainage and 
run off (mm) 

Drainage 
buffer (mm) 

Moora 

1995/96 22 45 (58) 22 (21) 0 (0) 48 

1996/97 33 57 (68) 11 (8) 14 (16) 23 

1997/98 23 27 (37) 1 (1) 0 (0) 56 

1998/99 31 28 (33) 6 (5) 37 (46) 28 

1999/00 15 80 (98) 63 (50) 0 (0) 43 

2000/01 7 20 (21) 0 (0) 0 (0) 67 

Mean 22 42 (52) 17 (14) 8 (10) 51 

Wongan Hills 

1998/99 25 41 (47) 20 (12) 52 (68) 21 

1999/00 26 118 (141) 37 (24) 17 (27) 1 

2000/01 22 35 (37) 0 (0) 0 (0) 53 

Mean 24 65 (75) 19 (12) 23 (32) 25 

Katanning 

1995/96 34 56 (60) 0 (0) 0 (0) 37 

1996/97 21 56 (64) 0 (0) 1 (0) 43 

1997/98 20 79 (115) 30 (24) 10 (0) 28 

1998/99 40 51 (63) 0 (0) 1 (0) 27 

Mean 29 60 (75) 8 (6) 3 (0) 31 
A Late November to early May except at Katanning where the fallow end was late May/early June except 

the 1998/99 season when it was mid April. 

Re-assessments of DUL based on the assumption of cessation of drainage 

after 4-6 weeks produced values of DUL θv of 0.10 in the 0.2-0.3 m and 

0.9-1.2 m soil layers at Moora, a DUL θv of 0.11 in the 1.2-1.5 m soil layer, also 

at Moora, and a DUL θv of 0.12 for soil layers below 0.2 m at Wongan Hills.  

Use of revised DUL θv in APSIM reduced maximum available soil water from 

79 mm to 69 mm at Moora and from 87 mm to 63 mm at Wongan Hills. 
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Figure 3.9. The change in the soil water content (SWC) in covered columns to a depth of 1.6 m over 
time (day 1 = 28 June).  The lines represent a quadratic regression (P < 0.001).  All 
columns had the same soil type but column 2 had a higher bulk density resulting in 
higher soil water contents compared to the other columns. 

Use of revised DUL in APSIM along with plant simulation but without revised 

evaporation parameters, improved the prediction of soil water changes during 

the wetter fallow periods at Moora.  This is indicated by the improvements in soil 

water RMSD by 2-4 mm in 1996/97, 1998/99 and 1999/00 (labelled as ‘Plants, 

revised DUL’ in Table 3.3) in comparison to the original DUL (labelled as 

‘Plants’ in Table 3.3). 

Use of revised DUL in APSIM with plant simulation but this time with revised 

evaporation parameters resulted in predictions of available soil water during the 

fallow at Moora being within ± 5 mm of the observed values.  In comparison 

simulated available soil water differed by up to 10 mm compared with observed 

values when original DUL, plant growth and standard evaporation parameters 

were included in APSIM (Figure 3.2).  The much better comparison between 

simulated and observed available soil water was confirmed by the improved 

RMSD values (0-4 mm) when revised DUL was used (labelled as ‘Plants, 

revised DUL, increased E’ in Table 3.3) in comparison to the original DUL at 

Moora (labelled as ‘Plants, increased E’ in Table 3.3).  For each soil layer,  
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APSIM predicted soil water contents generally within ± 0.02 of the observed 

θv to a depth of 1.5 m except in the surface soil in 1999/00 at Moora 

(Figure 3.6g, h). 

In contrast, the use of revised DUL in APSIM did not significantly improve the 

comparison between simulated and observed available soil water for 

Wongan Hills either with or without increased evaporation parameters 

(Table 3.3).  When revised DUL, was used in APSIM at Wongan Hills there was 

an under-prediction of the soil water immediately after rain but good predictions 

later.  Differences between observed and predicted available soil water after 

rainfall events ranged up to 22 mm (Figure 3.3).  This resulted in predicted soil 

water content in each soil layer being within ± 0.01 of the observed θv to a depth 

of 1.4 m at the end of the fallow except in the surface soil in 1999/2000 

(Figure 3.7d).  In comparison without revised DUL, APSIM predicted the soil 

water content immediately after rain but the soil water content was 

over-predicted later (Figure 3.3). 

Soil water losses 

Since a mean of only 25 per cent of water inputs were stored in the soil (fallow 

efficiency, Table 3.4), by difference 75 per cent of water inputs during the fallow 

were assumed to be lost by the end of the fallow.  Losses of soil water during 

the fallow, as estimated by APSIM, were mainly due to evaporation, which 

accounted for 60-63 per cent of the total water loss with plant simulation, 

standard evaporation parameters, original DUL at Moora and Wongan Hills 

(Table 3.4).  Compared to 63-68 per cent evaporation loss as a percentage of 

the total with plant simulation, increased evaporation parameters and revised 

DUL (Table 3.4).  At Katanning, evaporation accounted for on average 

85 per cent of the total water loss with plant simulation and standard 

evaporation parameters and 93 per cent with plant simulation and the use of the 

increased evaporation parameters (Table 3.4).  Transpiration and water excess 

(drainage and run off) losses were variable as estimated by APSIM.  

Transpiration losses ranged from 0 to 44 per cent and water excess from 0 to 

55 per cent of the total water lost during the fallow (Table 3.4). 
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3.4.2 The size and impact of drainage buffer variation on drainage 

The drainage buffer was a mean of 25-51 mm (for each site) but was variable 

between fallow periods and sites, ranging from 1 to 67 mm (Table 3.4).  At 

Wongan Hills it was likely the mean experimental drainage buffer was lower 

than the long-term mean because two out of the three years had well above 

average rainfall (Table 3.4). 
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Figure 3.10. The relationships between drainage buffer (DB) at 1 May in each year and total long-

term simulated drainage (mean ± standard error of the mean) of water below 2.5 m 
under wheat at 3 locations using 90 years of historical weather data.  The regression 
equations (r2 =1.00) were for Moora, drainage = -11.4+168.6*0.99DB, for Wongan Hills, 
drainage = -2.7+117.7*0.98DB and for Merredin, drainage = 0.1+69.7*0.97DB. 

The long-term simulation showed that as the drainage buffer on 1 May 

increased, the amount of water draining below the potential rooting depth 

(2.5 m) declined exponentially at three locations using the same soil at each 

location (P < 0.001, Figure 3.10).  For every 1 mm decrease in the amount of 

water in the soil on 1 May there was a decrease in drainage of 0.7-1.0 mm at a 

drainage buffer of 25-50 mm (Figure 3.10).  The amount of drainage was 

highest at Moora and lowest at Merredin reflecting the higher long-term mean 

May-October rainfall at Moora. 



Perry Dolling 
 

46 

3.5 Discussion 

3.5.1 Soil water changes during the fallow 

At the end of the fallow the average retention of 22-29 per cent of water inputs 

(rain and soil water left by the crop) was within the range reported by Schultz 

(1971) for coarse textured soils.  Loss of soil water during the fallow period, as 

estimated by APSIM, was mainly by evaporation, which agrees with findings by 

Fischer and Armstrong (1990).  Transpiration (estimated by APSIM) from plants 

(in eight of the 13 fallow periods examined) was up to 44 per cent of the total 

water loss.  The highest water loss via transpiration occurred during a fallow 

when plants were not controlled and rainfall was sufficient for growth to be 

maintained.  The APSIM simulations also show that water excess (drainage 

plus run off) can also be significant during the fallow (George et al. 1997), in 

response to large rainfall events, which occurred one year in three.  Water 

excess was minimal at the Katanning site during the fallow period, which 

supports the finding of Ward et al. (2001). 

The low available soil water in the surface 0.3 m at the end of the fallow period 

indicated that evaporation and transpiration were dominant processes in this 

layer.  Water in the 0.3-0.5 m layer is less accessible to evaporation losses 

(Alizai and Hulbert 1970; Jalota and Prihar 1986).  Only in fallow periods with 

uncontrolled plant growth (at the Moora site in 1999/00) was water accessed by 

plants at or below 0.3-0.5 m (as indicated by APSIM). 

Plants were observed at all sites and in most years and this justifies the 

inclusion of plants in the APSIM simulation.  Not surprisingly, inclusion of plants 

in APSIM improved the simulation of soil water but did not remove all of the 

over-prediction.  Error in the TDR or FDR measurements can be up to 

10 per cent (Gregory et al. 1995; Dunin et al. 2001).  Therefore, in the wetter 

fallow periods, average available soil water measurement error may be up to 

6 mm and 1 mm for the drier periods.  When plants were included in APSIM the 

estimated soil water content was higher than the error term with the soil water  
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RMSD varying from 3 to 9 mm.  Part of this over-prediction could be because 

soil water uptake by plants could not be verified.  Observations and 

measurements on plant growth were minimal and their impact on the soil water 

content was not measured.  To improve the accuracy of APSIM requires 

measurements of weed density, leaf area patterns and characteristics of the 

root system. 

Alternatively the over-prediction may have been because evaporation was 

higher than the values being simulated by APSIM.  Increasing evaporation for 

sandy soils improved the simulations and is supported by the work of 

Reichardt et al. (1972), Ritchie (1972) and Dimes (1996).  However, further 

investigation is required into evaporation losses during the fallow after rainfall.  

For example, an experiment examining soil water change during the fallow 

period using soil covered (to limit evaporation loss) and not covered treatments 

would assist in determining the correct evaporation parameters or modification 

of the code in APSIM. 

Another possible reason for the over-prediction of the soil water content is that 

drainage was under-estimated.  The DUL is defined as the soil water content 

when there is reduced rate of drainage associated with slowly changing water 

content (Williams 1983).  Determination of DUL based on observed changes in 

soil water content, however, can be very subjective.  Although fine textured soils 

can continually drain (Greacen 1983) the results from Moora and Wongan Hills 

and supported by the column experiment indicate that it can also occur in 

coarse textured soils.  This finding also supports the work of Carbon (1975) who 

found that the DUL of previously dry sandy soil varies depending on the amount 

of rain.  Use of the revised DUL improved the soil water content estimation at 

the end of the fallow in comparison to observed data.  In addition, drainage was 

likely to be better estimated by APSIM although there were no measurements to 

verify this conclusion.  However, the dynamics of soil water changes after 

rainfall, sufficient to cause drainage, were not well simulated especially at 

Wongan Hills.  The observed data appear to show two types of drainage, rapid  
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drainage shortly after rainfall and then slow drainage from approximately one 

week after rainfall.  Drainage from each layer in APSIM can be changed via the 

SWCON parameter.  However, SWCON cannot simulate the two types of 

drainage (data not shown).  Further research is required to determine a more 

accurate and independent method of determining drainage from one layer to the 

next. 

At Katanning the higher soil water content measured after rainfall (within 

two days) in three of the four fallow periods compared to the water content 

estimated by APSIM was difficult to explain.  One possible explanation was the 

SWCON was too high in the 0-0.45 m layer and the water was redistributed to 

the 0.45-1.0 m layer (there was no drainage below 1.0 m).  However, this could 

not be confirmed because of infrequent measurements of soil water content 

below 0.45 m and it does not explain why in one of the fallow periods this 

redistribution did not occur.  Other possible explanations may be run on and 

bypass flow possibly caused by water repellence.  If run on occurred, then the 

area where the water content was measured could have received more water 

than just rainfall, increasing the observed soil water content (Dunin 2002).  

SOILWAT2 is unable to simulate run on and bypass flow and therefore the 

estimated soil water content would not reflect the extra water.  In 1997/98 at 

Katanning, the measured and simulated soil water content was similar after 

rainfall.  The impact of water repellence may have been less during this fallow 

period possibly because rainfall was greater during the period in comparison to 

the other fallow periods. 

3.5.2 The size and impact of drainage buffer variation on drainage 

Soil water accumulation during the fallow period contributes to drainage during 

the following growing season.  This conclusion is based on the following 

observations.  Firstly, soil water inputs during the fallow reduce observed 

drainage buffer at the end of the fallow (range 1 to 67 mm).  Secondly, there 

was a strong relationship between the size of the drainage buffer on 1 May and 

simulated drainage under wheat and drainage is very responsive to changes in 

soil dryness or wetness when the drainage buffer is small (< 60 mm).  The small 

(mean of 36 mm) observed drainage buffer at the end of the fallow was due  
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mainly to small plant available water capacity under annual farming systems.  

The observed drainage buffer variability and strong relationship between 

drainage buffer and drainage can also explain some of the temporal variation in 

drainage found by other authors (Anderson et al. 1998b; Asseng et al. 2001a). 

The contribution of water accumulation during the fallow period to growing 

season drainage indicates greater emphasis should be placed on removing 

water during the fallow period in situations where drainage and salinity are 

likely.  Prior to clearing of native vegetation drainage into the groundwater was 

generally small (1-2 mm/year) but has increased 10-100 fold under annual 

agricultural crops and pastures (Farrington and Salama 1996).  The increase in 

drainage has led to rising salt containing groundwater, resulting in increased 

areas affect by salinity (Hatton et al. 2003).  Introduction of herbaceous 

perennials which are active all year round particularly in summer can reduce 

drainage to pre-clearing levels depending on achievement of sufficient rooting 

depth (Hatton and Nulsen 1999). 

If annual crops follow a phase (3-5 years) of perennial pasture, then the water 

removed by the perennials can reduce crops yields (Schultz 1971).  The trade 

off between drainage and crop yields increases in importance as the growing 

season rainfall decreases and it is more important for the fine textured soils 

(Asseng et al. 2001c).  A compromise may be to remove the perennial in the 

spring before the year of crop.  This would allow the soil profile to fill with water 

if there is rainfall before sowing and benefit the crop.  The filling need not fill to 

its full depth but just to the annual rooting zone proportion. Drainage is less 

likely after a lengthy phase of perennials because of the development of a large 

drainage buffer (> 100 mm), in the low rainfall areas (Ward et al. 2001). 

3.6 Conclusions 

At the end of the fallow an average 25 per cent of the water inputs during the 

fallow were retained in the soil.  Evaporation was the main loss of available soil 

water although transpiration and water excess can be important losses.  

Evaporation and transpiration losses of soil water were concentrated in the 

surface 0.3 m.  Once water moved below this depth it was less accessible to 
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losses via evaporation and transpiration unless fall plant growth was 

uncontrolled. 

The use of APSIM indicated the potential for higher evaporation than previously 

thought and the possibility of an extended period (4-6 weeks) of drainage during 

the fallow in sandy soils after large rainfall events (> 50 mm).  Soil water 

accumulation during the fallow period increased the drainage under wheat in 

the following growing season.  At the end of fallow there is limited ability (1-67 

mm) of the soil to store water before drainage occurs due to rainfall during the 

fallow and the small plant available water capacity of the soils.  This highlights 

that the annual farming system is vulnerable to drainage in winter as indicated 

by the close relationship between drainage buffer size and drainage. 

In the next chapter I examine the extent to which lucerne can reduce the soil 

water content during the summer-autumn period.  In addition I also relate the 

reduction in soil water content during this period to soil properties.  Biomass 

production of lucerne was also examined in relation to soil water use and 

rainfall. 
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CHAPTER 4 

Soil water extraction and biomass production by lucerne in 

the south of Western Australia 

4.1 Abstract 

To understand the factors involved in lucerne reducing drainage below the root 

zone and influencing lucerne biomass production and water extraction nine 

dryland experimental sites were analysed in the south of Western Australia.  

The lucerne was grown for three years before removal.  The factors 

investigated as part of the water extraction analysis included the rate of 

advance of the extraction front or extraction front velocity (EFV, mm/day), the 

soil plant available water holding capacity (PAWC, mm/m soil) and the temporal 

change in soil water deficit (drainage buffer, mm).  The drainage buffer is 

related to the EFV and PAWC. 

A site with deep sand had the highest EFV (mean of 9.2 mm/day) but the lowest 

PAWC (mean of 32 mm/m soil) to a depth of 4 m.  In the duplex soils the EFV 

was 18-34 per cent of the deep sand EFV and the PAWC was 60-222 per cent 

higher than the deep sand PAWC to a depth of 1.6-2.1 m.  The EFV was 

reduced by the higher clay content and sodicity in the B horizon of the duplex 

soils.  The highest drainage buffer measurements occurred in the deep sand 

site and the better structured duplex soils and therefore these soils will have the 

greater impact on reducing drainage below the root zone.  However, lucerne 

was able to create a drainage buffer to at least a depth of 1.5 m over 

three years and therefore contribute to a reduced drainage even on the most 

sodic and saline sites.  Low soil pH did not impact on the drainage buffer as 

much as soil texture and structure. 

Variation in biomass production of lucerne-based pastures was positively 

related to rainfall and water use (taking into account soil water storage and 

drainage losses) across sites, explaining approximately 50 per cent of the 

biomass variation.  Rainfall and water use could therefore be used for predicting  
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lucerne biomass production in Western Australia.  Biomass water use efficiency 

was highest in spring (15 kg/ha.mm) and least during autumn (4.5 kg/ha.mm). 

4.2 Introduction 

Introduction of deep-rooted perennials into the Australian farming system is one 

of the options proposed to reverse the hydrological imbalance caused by 

widespread adoption of annual crops and pastures (Cocks 2001).  The 

hydrological imbalance is caused by the increased amount of water draining 

below the root zone of annual agricultural species compared with native 

species.  Recharge can be up to 214 mm/year in the 350-600 mm annual 

rainfall region in Western Australia (Peck and Hurle 1973; 

Williamson et al. 1987; George et al. 1997; Anderson et al. 1998b).  Increased 

drainage has resulted in groundwaters rising, the mobilisation of salts stored in 

the soil and consequently the increasing spread of secondary salinity 

(Hatton and Nulsen 1999). 

Lucerne (Medicago sativa) is one of the most promising deep-rooted perennials 

for inclusion into the current farming system.  Lucerne is able to dry the soil out 

more than annual species as it is active in summer and autumn, a period which 

typically receives low (approximately 100 mm) but variable rainfall and where 

there is limited growth by annual species.  Lucerne also has a greater depth of 

water extraction compared to annual species (Latta et al. 2001; 

McCallum et al. 2001).  Greater soil dryness results in less water draining below 

the root zone of lucerne (Ward et al. 2001).  There is however, large variation in 

the size of the soil water deficit (or size of the drainage buffer) created by 

lucerne between sites in Western Australia (Latta et al. 2001; Ward et al. 2001; 

Latta et al. 2002).  The larger the drainage buffer the greater the potential to 

store excess rainfall and reduce the amount of drainage below the root zone of 

lucerne.  Rainfall sufficient to cause drainage mainly occurs during winter when 

evapotranspiration rates are low, but can occur at any time in response to large 

rainfall events (Anderson et al. 1998b; Asseng et al. 2001a). 
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The size of the drainage buffer at any given time will depend on the rate of 

downward movement of the extraction front through the soil profile, summarised 

by the extraction front velocity (EFV, mm/day).  It also will depend on the plant 

available water capacity (PAWC), which is the amount of water between field 

capacity (or drained upper limit) and the lowest soil water content after water 

extraction by lucerne roots under supply-limited conditions (or lower limit) 

(Moore et al. 1998).  EFV is related to the rate of root extension with potential 

rates for lucerne varying from 11 to 14 mm/day (Meyers et al. 1996).  However, 

the rate of root extension can be reduced by poor soil structure (Moore 1998a), 

acidity (Fenton and Helyar 2000), compaction (Mapfumo et al. 1998) and 

waterlogging (Cocks 2001).  These factors may also restrict root development 

at a particular depth resulting in reduced water extraction by lucerne.  Soil 

structure or arrangement of soil particles (aggregates or peds) and the pore 

space between them is mainly applicable to the B horizon of duplex soils (clay 

content > 15-20%) because of the wide spread occurrence of sandy surfaced 

soils in Western Australia (Schoknecht 2001).  In the B horizon, roots are 

restricted to pore spaces or cracks between peds.  Many soils in Western 

Australia have poorly structured clay B horizons partly because of the type and 

size of peds and partly because of exchangeable sodium percentage (ESP) or 

sodicity (Tennant et al. 1992).  If the ESP is > 6 per cent the soils are more 

likely to swell and disperse, reducing pore space (Moore 1998b).  The reduced 

permeability in the B horizon can cause waterlogging and therefore restrict root 

development (Rovira 1992).  Most surface soils in Western Australia are acidic 

(Dolling et al. 2001b), although soil pH is very variable across soil types 

(Schoknecht 2001).  Compaction may also reduce EFV because of increased 

root penetration resistance (Rengasamy 2002) and occurs when bulk densities 

> 1.4-1.6 Mg/m3 (Saini and Chow 1982).  Analysis of the drainage buffer in 

relation to soil properties in combination with rainfall information will assist in 

determining on which soils lucerne is able to have the greatest impact on 

reducing drainage below the lucerne root zone.  There is a lack of knowledge in 

Western Australia about how well lucerne is adapted to a range of soils in 

relation to drainage buffer.  Information about the EFV and PAWC will also 

assist in determining parameters for modelling. 
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Productivity of lucerne is another driver for increased adoption of lucerne in 

farming systems of southern Western Australia.   In southern Western Australia 

although the Mediterranean-type climate is characterised by variable annual 

rainfall (300-850 mm) and long, hot and often dry summers results indicate that 

established lucerne could be at least as productive as annual pastures 

(Latta et al. 2001; Latta et al. 2002).  In a water-limited environment such as 

southern Western Australia it is likely rainfall and use of stored soil water are 

the major drivers of production.  Simple relationships between rainfall and water 

use and biomass along with historical weather records could assist in 

determining lucerne production values for different parts of Western Australia. 

Aims of this study were (1) to determine the variation in EFV, PAWC and the 

development of the drainage buffer by lucerne across a range of soil types in 

southern Western Australia, (2) to determine relationships between soil water 

extraction by lucerne and soil characteristics, and (3) to determine the 

relationships between seasonal lucerne biomass production and rainfall and 

water use. 

4.3 Materials and methods 

The nine sites in this study were located in the medium rainfall zone (350-

500 mm per year) of southern Western Australia (Table 4.1).  The sites were 

established between 1995 and 1998. 

Table 4.1. Location (latitude S, longitude E) of each site and soil classification 

Site Location SE Soil classification 

Borden 34.3º 118.2º Mottled-sodic Eutrophic Yellow Chromosol 

Cascade 33.5º 121.2º Calcic Hypernatric Brown Sodosol 

Jerramungup 33.8º 119.2º Eutrophic Mottled-HypernatricYellow Sodosol 

KatanningA 33.8º 117.4º Eutrophic Mottled-Subnatric Grey Sodosol 

MooraA 30.6º 116.1º Acidic Arenic Orthic Tenosol 

NewdegateA 33.1º 118.9º Mesotrophic Mottled-Subnatric Yellow Sodosol 

Pingrup 33.4º 118.7º Mesotrophic Mottled-Subnatric Yellow Sodosol 

Quairading 32.0º 117.6º Vertic Subnatric Brown Sodosol 

Wittenoom Hills 33.5º 122.1º Calcic Mesonatric Yellow to Brown Sodosol 
A Soil type determined by Percy (2000) at Katanning, Anderson et al. (1998a) at Moora and Smolinski 

and Galloway (2002) at Newdegate. 
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4.3.1 Soil characteristics 

Published and unpublished soil information was obtained to infer the impact of 

soil characteristics on soil water extraction by lucerne.  The published 

information came from soil pits located within 5 km of the study sites at 

Katanning, Moora and Newdegate.  The pits were located on similar soils to the 

study sites.  The unpublished information came from 1-2 pits dug at the sites. 

Soil characteristics (depth of each horizon, texture, colour, peds) were 

determined at each site (McDonald and Isbell 1984).  Soil pH was determined 

after a one hour extraction in 1:5, soil to 0.01 M CaCl2 ratio (Dougan and 

Wilson 1974).  Saturated electrical conductivity (ECe) was determined from the 

1:5 soil to water extract (Rayment and Higginson 1992) using the technique 

described by George and Wren (1985).  Cations were determined by the 

method of Rayment and Higginson (1992) and ACL (1995).  The CaCO3 

content was determined using the technique described by Rayment and 

Higginson (1992).  The physical and chemical characteristics were then used to 

classify each site using the Australian Soil Classification (Isbell 1996) system. 

4.3.2 Experimental details 

Soil water extraction and biomass production by lucerne were determined from 

published studies (Table 4.2).  Data were available at all sites for the second 

and third year after sowing of lucerne and at some sites in the first year.  The 

plot sizes were 240-250 m2 and there were three or four replications except at 

Katanning where there was one 5 ha plot and Moora where there was one 4 ha 

plot. 
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Table 4.2. Summary of lucerne agronomy at each site 

Site Sowing date Removal date Plant density 
(plants/m2) Reference 

Borden 25 June 1995   3 April, 11 May 1998A 35, 25B Latta et al. (2001) 

Cascade   4 June 1998  12 Feb. 2001 54, 40, 12C Latta and Lyons (2006)

Jerramungup 30 May 1997 17 March 2000 15 Latta et al. (2002) 

Katanning   9 June 1995 26 April, 10 May 1998A 30 Ward et al. (2001) 

Moora 26 Aug. 1998 not removed 15 Ward et al. (2003) 

Newdegate 30 June 1997 17 March 2000 65, 46D Latta et al. (2002) 

Pingrup 16 June 1995   3 April, 11 May 1998A 56, 42B Latta et al. (2001) 

Quairading   8 June 1998   8 May 2001 38, 28E Latta and Lyons (2006)

Wittenoom Hills   3 June 1998   4 April 2001 68, 39, 16C Latta and Lyons (2006)
A  There were two removal dates because of the failure at the first date to kill all of the lucerne. 
B  23 May 1996 (first measurement), February 1998 (second measurement). 
C  24 September 1998, 3 February 1999 and 4 March 2001 (Cascade) and 19 April 2001 (Wittenoom 

Hills), respectively. 
D  22 January 1998, 9 March 2000. 
E  12 August 1998, 29 February 2000. 

Lucerne cv. Trifecta (Cascade, Quairading and Wittenoom Hills), Eureka 

(Jerramungup), or Sceptre (all other sites) was sown at each site.  The winter 

activity of these cultivars is similar with a rating of 7-9 (Dawson 2002).  At seven 

of the nine sites the plots had been mown to a height of 0.01-0.02 m every 

6-8 weeks with the shorter time period for active growth (such as during spring) 

and the longer time period during slow growth (such as a dry summer).  At 

Katanning the plot was grazed by sheep at a set rotation of one week grazing 

and then six weeks no grazing, from March 1996.  At Moora the experiment was 

grazed in April and August 1999 and continuously in 2000.  Plant density was 

generally above 25 plants/m2 except at Jerramungup and Moora where it was 

15 plants/m2 (Table 4.2).  Herbicide was applied during the winter period to 

control annual species and pesticides to control insects in some years and in 

some sites.  Fertiliser, 7-12 kg P and 12-18 kg K, was applied in most years.  

The lucerne was removed using herbicides in the third year of lucerne except at 

Moora, where the lucerne was not removed (Table 4.2). 
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Table 4.3. Summary of first biomass and first soil water measurements made at each site, days 
after sowing are shown in parenthesis 

Soil water measurement 
Site First biomass 

measurement First measurement Soil depth (m) 

Borden 10 July 1996 (381) 20 Sep. 1996 (453) 0.3-1.7 

Cascade 17 Nov. 1998 (166) 21 Oct. 1998 (139) 0.1-1.6 

Jerramungup 24 Apr. 1998 (329) 10 Feb. 1998 (256) 0.3-1.7 

Katanning No measurements 21 Jun. 1995 (12) 0.0-2.1 

Moora   8 Apr. 1999 (225) 18 Sep. 1998 (23) 0.0-4 0 

Newdegate 24 Apr. 1998 (298) 10 Feb. 1998 (225) 0.3-1.7 

Pingrup 22 Jul. 1996 (402) 20 Sep. 1996 (462) 0.3-1.7 

Quairading 11 Nov. 1998 (156) 24 Jun. 1998 (16) 0.1-1.6 

Wittenoom Hills 18 Nov. 1998 (168) 21 Oct. 1998 (140) 0.1-1.6 

4.3.3 Soil water analysis 

The EFV, PAWC and drainage buffer were based on soil water measurements 

made at each site.  Soil water measurements were made with a neutron 

moisture meter (NMM) every 4-8 weeks, except for sites at Katanning for the 

0-0.45 m layer (the NMM was used for depths deeper than 0.45 m) and at 

Moora where Time or Frequency Domain Reflectometer (TDR or FDR) was 

used.  Soil water measurements using the NMM were taken from one location 

in each plot at most sites except at Katanning where measurements were made 

at 10 locations along a transect of the plot.  Automatic soil water measurements 

using TDR or FDR were made at Katanning with one set of probes and at 

Moora with two sets of probes.  At Katanning and Moora only the midnight 

readings were used even though recordings were more frequent.  Maximum 

depth of soil water measurement was 1.6-2.1 m except at Moora, which went to 

a depth of 4 m.  There were no soil water measurements in the surface 0.3 m at 

four sites (Table 4.3). 

Extraction front velocity  

EFV for each replicate was determined by linear regression of the depth of the 

extraction front over time using the origin as a data point.  The mean EFV for 

each site was used to compare the EFV between sites.  The extraction front 

was determined for each replicate over time and then the average depth was 

plotted against time. 
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Extraction front determination differed between the NMM and TDR/FDR 

measurements.  From the NMM measurements the extraction front was 

deemed to have arrived in a soil layer on the date when the volumetric soil 

water content (θv), started to decrease by at least 0.02 (or 2%) below the 

drained upper limit (DUL).  In addition, the extraction had to have begun in the 

layer immediately above.  EFV could only be determined when demand for 

water by lucerne exceeded the supply (rainfall).  The depth of the extraction 

front was adjusted by adding one half of the distance between the next, lower in 

the profile, soil water content measurement (this was usually 0.1 m).  The 

adjustment was made on the basis that the NMM measures with a precision of 

± 0.05 m and because a decrease in the θv of > 0.02 indicated that water 

extraction was likely to have already begun for some time and hence further 

down the profile.  Due to the more frequent and greater accuracy of the TDR 

and FDR soil measurements the extraction front was determined when a 

decrease in θv below the DUL was first detected and the extraction had to have 

begun in the layer immediately above. 

At the sites where the NMM was used, the DUL was determined after sufficient 

rainfall to cause drainage below each depth (generally the maximum soil water 

content) in each year, and then averaged over 2-3 years.  Drainage was 

determined to occur if the water content increased in the depth below.  This 

technique was used for all depths except the deepest depth where the 

maximum soil water was used to estimate the DUL.  At the sites where 

automatic measurements were taken (Katanning surface layers and Moora) the 

DUL was estimated when the soil water content reached a plateau after 

sufficient rainfall to cause drainage (approximately 3–7 days).  In addition, 

measures of DUL were made where there were no plants and in the case of the 

first soil layer the DUL was measured during the night (to reduce the impact of 

evaporation).  The DUL for each depth at each site is shown in Table 4.4.  

Decreases in θv of < 0.02 relative to the DUL were generally within the 

experimental error (Table 4.4). 
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Plant available water capacity 

PAWC was defined as the difference between the drained upper limit (DUL) and 

the lowest soil water content achieved by the plant or lower limit (LL).  The 

PAWC was calculated over the measured soil depth (Table 4.3) and expressed 

in mm. 

Table 4.4. Drained upper limit (DUL) and lower limit (LL) at each site (standard error ≤ 0.01 θv 
unless indicated) 

Depth (m) Borden Cascade Jerramungup Katanning C MooraD Newdegate Pingrup Quairading Wittenoom 
Hills 

DUL θv

0.1 -E 0.14A -E 0.13 0.12 -E -E 0.12 0.16 

0.3 0.13A 0.17 0.13 0.12 0.09 0.18 0.11 0.18 0.23 

0.4 0.16A -E 0.14 0.16 -E 0.20 0.12 -E -E

0.5 0.16A 0.18 0.14 0.21 0.09 0.19 0.13 0.19 0.24 

0.7 0.16 0.20 0.14 0.21 0.09 0.18 0.14 0.20 0.24 

0.9 0.15 0.20 0.14 0.21 -E 0.19 0.14 0.20 0.24 

1.1 -E 0.21 -E 0.20 0.09 -E -E 0.21 0.24 

1.3 0.16 0.22 0.15 0.20 -E 0.19 0.18 0.20 0.25 

1.5 -E 0.24 -E 0.20 -E -E -E 0.19A 0.26 

1.7 0.16 -E 0.16 0.20 -E 0.19 0.19 -E -E

LL θv

0.1 -E 0.02 -E 0.03 0.05 -E -E 0.04 0.07 

0.3 0.06A 0.12 0.06 0.05 0.07 0.11 0.04 0.11 0.16 

0.4 0.10B -E 0.08 0.06 -E 0.14 0.06 -E -E

0.5 0.09A 0.13 0.09 0.14 0.07 0.12 0.06 0.13 0.17 

0.7 0.08 0.14 0.09 0.15--- 0.07 0.10 0.09 0.14 0.18 

0.9 0.08 0.15 0.10 0.15 -E 0.12 0.09 0.14 0.19 

1.1 -E 0.15 -E 0.15 0.05 -E -E 0.15 0.20A 

1.3 0.09 0.17 0.11 0.16 -E 0.13 0.13 0.16 0.21A 

1.5 -E 0.20 -E 0.18 -E -E -E 0.17 0.22A 

1.7 0.10 -E 0.14 0.18 -E 0.13 0.14 -E -E

A SE = 0.02. 
B SE = 0.03. 
C Depths were 0.05, 0.25, 0.35, 0.45, 0.7, 0.95, 1.15, 1.25, 1.55 and 1.75 m.  DUL at 2.0 m = 0.21 θv and 

LL = 0.18 θv. 
D Depths were 0.05, 0.25, 0.5, 0.8 and 1.2 m.  DUL at 2, 3 and 4 m = 0.09 θv and LL = 0.06 θv. 
E Not measured. 
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The LL for each layer was determined from the driest soil water content in each 

year if water extraction had occurred by lucerne.  For the surface layers the LL 

was averaged over 2-3 years but for the deeper layers but there was only one 

measurement because water extraction did not occur until the third year.  The 

LL for each depth at each site is shown in Table 4.4. 

Drainage buffer 

The drainage buffer estimated the amount of rain the profile could store before 

drainage.  It was calculated by subtracting from the DUL the lowest profile soil 

water content for the profile for the year (during each summer or autumn). 

4.3.4 Above-ground biomass analysis 

Total biomass production (lucerne plus volunteer annual species) for each 

6-8 week period was related to rainfall and water use during the period.  The 

biomass was divided by rainfall to determine the rainfall efficiency or water use 

to determine water use efficiency.  Regular biomass estimates (4 by 0.25 m2 

quadrats per plot, sampled to a height of 0.01-0.02 m) every 6-8 weeks (just 

before being mowed) were made at seven of the nine sites.  Biomass estimates 

at most sites started after the establishment year (Table 4.3).  Because data 

from the establishment year was limited (three sites) it was not included in the 

analysis.  Biomass estimates from Katanning and Moora were not included in 

the analysis because of limited measurements. 

Biomass estimation 

The biomass data were calculated on a seasonal and an annual basis.  When 

the 6-8 week period crossed seasons it was allocated to the season in which 

the majority of the time was spent.  Seasons were determined on the basis of 

distinct differences in mean temperature (mean of the minimum and maximum 

temperature) and radiation.  The temperature and radiation were obtained from 

the closest Australian Bureau of Meteorology recording station through the 

SILO database (www.bom.gov.au/silo).  The seasons were defined as winter 

(mid May to mid August) where the mean temperature (11ºC) and radiation 

(10 J/m2) were at their lowest (the values are a mean of all sites and years for 

the period).  Spring (mid August to mid November) where the mean  

http://www.bom.gov.au/silo
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temperature increased from 11 to 16ºC and radiation increased from 14 to 

23 J/m2.  Summer (mid November to mid February) where the mean 

temperature (22ºC) and radiation (25 MJ/m2) were at their highest.  Autumn (mid 

February to mid May) where the mean temperature decreased from 22 to 16ºC 

and radiation decreased from 21 to 12 MJ/m2.  

There were small differences in temperature and radiation between sites.  The 

lowest annual mean temperature, 16ºC and radiation, 17 MJ/m2 occurred at 

Borden, Jerramungup and Katanning, while the highest mean temperature, 

18ºC and radiation, 19 MJ/m2 occurred at Quairading and Moora. 

In some cases the biomass estimate did not occur at the same time as the soil 

water measurements (< 20% of the measurements at each site).  For these 

situations, the total biomass production from one soil water content 

measurement to the following soil water content measurement was estimated 

from the average biomass growth rates (kg/ha.day) applicable to the period.  

For some periods water use values were not determined (because the soil 

water content was not measured) but rainfall was available (< 10% of the 

measurements at each site).  Therefore the relationships between biomass and 

water use or rainfall were based on different datasets. 

Water use 

Water use by the lucerne-based pasture was determined by the following 

equation (all units mm): 

Water use = rainfall – soil water change – (run off and drainage) 

Daily rainfall was recorded manually at most of the sites.  At Katanning, Moora 

and Newdegate it was recorded by an automatic weather station. 

The soil water change was determined between consecutive soil water 

measurements.  At four sites, there were no soil water measurements in the 

0-0.3 m soil layer (Table 4.3).  For these sites the measurement at 0-0.3 m was 

assumed to be the same as that at 0.3 m.  This assumption may have caused 

errors particularly in spring (drying cycle) and winter (wetting cycle). Water 

excess (run off and drainage) was determined from rainfall plus soil water 

change minus the potential evapotranspiration (Priestley and Taylor 1972) for 
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the period between consecutive soil water measurements, as suggested by 

Ward and Dunin (2001).  The water excess calculation based on potential 

evapotranspiration was only determined between May and October and 

assumed that actual evapotranspiration was equal to potential 

evapotranspiration.  When potential evapotranspiration was greater than actual 

evapotranspiration the negative water excess values calculated were assumed 

to be zero.  During November to April, water excess was determined only if 

there was a large rainfall event (> 20 mm in 1 day).  Water excess was 

calculated from rainfall minus the soil water required to reach the DUL from the 

soil water content prior to the rainfall event.  If the soil water content 

measurement occurred > than 1-2 days before the rainfall event then the soil 

water content was decreased by the estimated evapotranspiration from the soil 

water measurement to the rainfall event.  This resulted in the soil water content 

being at the LL in all layers above the extraction front. 

4.3.4 Statistical analyses 

Means and standard errors were determined for the advance of the water 

extraction front, PAWC and biomass from the replications of each treatment at 

each site.  GENSTAT (GENSTAT Committee 1993) was used to determine the 

regression coefficients for the advance of the water extraction front for each rep 

and the relationship between biomass and rainfall and water use.  An analysis 

of variance was conducted to determine if EFV varies between each site (main 

treatment), the replications at each site was used to determine the residual. 

4.4 Results 

4.4.1 Soil characteristics 

Soils at eight of the nine sites were duplex soils (Table 4.1) showing an abrupt 

textural change from the A to the B horizon.  The soil at Moora had only weak 

pedologic organisation with a deep sandy texture (loamy sand – clayey sand).  

The depth of the A horizons varied from 0.06 m to 0.45 m (Table 4.5) with a 

sandy texture at all sites except at Pingrup and Quairading where the soil was a 

sandy loam.  The texture of the B horizon in the duplex soils varied from sandy 

clay loam to a medium clay with clay content between 20 per cent and 55 per 

cent (Table 4.5).  For most of the duplex soils in this study the peds were weak 
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to moderate and some sites had a columnar and/or angular blocky type of 

structure (Table 4.5).  The exchangeable sodium percentage values varied from 

5-9 per cent at Borden to nearly 50 per cent at Cascade, Jerramungup and 

Wittenoom Hills (Table 4.6).  Exchangeable Mg in the B horizon was > 20 per 

cent at all duplex sites (Table 4.6).  The soil colour was generally yellow or 

brown at the top of the B horizon and many sites were grey at the bottom of the 

profile (Table 4.5).  Mottling was present in five of the eight duplex soils (Table 

4.1). 

All of the duplex soils had low (< 1.5 Mg/m3) bulk densities in the A horizon 

except at Katanning and Newdegate (Table 4.6).  In contrast bulk density was 

high (1.5-1.7 Mg/m3) at Moora and in the B horizon at Cascade, Katanning and 

Quairading, although measurements were limited at some sites and depths 

(Table 4.6). 

Table 4.5. Soil characteristics of the A horizon and B horizon at each site 

Site Depth of 
A (m) 

B clay 
content B colour A B peds 

Borden 0.25 20-30% Yellow-grey Weak, 5-20 mm, subangular blocky. 

Cascade 0.06 30-40% Yellow-grey Moderate, 2-10 mm, subangular blockyB. 

Jerramungup 0.35 35-40% Yellow-grey Moderate, 10-20 mm, subangular blocky. 

KatanningC 0.45 45-55% Grey Moderate, polyhedral. 

MooraD 0.10 5-10% Yellow None. 

NewdegateE 0.25 20-30% Not available Not available. 

Pingrup 0.25 35-40% Yellow Weak, 10-20 mm, angular blocky. 

Quairading 0.20 20-30%F Brown-grey Weak, 5-20 mm, angular blocky. 

Wittenoom Hills 0.15 35-55% Brown-yellow Weak, 5-20 mm, angular blockyB. 
A Colour at the top and bottom of the B horizon, maximum depths are shown in Table 4.4. 
B Domed or columnar at the surface of B horizon. 
C Percy (2000). 
D Anderson et al. (1998a). 
E Smolinski and Galloway (2002). 
F Weathering granite was present below 1.0 m. 

All A horizons were acidic (pH 4.5-5.5) except at Pingrup, which had a neutral 

pH (Table 4.6).  The B horizon was neutral to alkaline (pH 6-8.5) at all sites 

except at Katanning and Moora where it was acidic (pH < 5).  The B horizon at 

Cascade and Wittenoom Hills contained limestone rocks and lime segregations 

with a CaCO3 content of 2-9 per cent.  All A horizons had a low (< 1.5 dS/m) 

saturated electrical conductivity concentrations (ECe), except at Pingrup, which 
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had ECe of 3.0 dS/m (Table 4.6).  ECe concentrations in the B horizon were low 

(< 2 dS/m) except at Cascade, Jerramungup and Wittenoom Hills, where they 

were moderate to high at 6-24 dS/m (Table 4.6). 

4.4.2 Rainfall 

Annual mean rainfall (mid May to mid May) was 430 mm for pooled sites and 

years which was 20 mm above the long-term mean (Table 4.7).  Annual mean 

rainfall was lowest at Katanning and Pingrup (398 mm) and highest at Cascade 

and Wittenoom Hills (488 mm).  Mean rainfall during winter and spring (mid May 

to mid November) was 22 mm lower compared to the long-term mean 

(279 mm), but 42 mm higher during the summer/autumn period compared with 

the long-term mean (131 mm).  The proportion of rainfall was lowest during the 

winter and spring (mid May to mid November) period at the Cascade and 

Wittenoom Hills sites (mean of 44% of the total rainfall) and highest at Borden, 

Moora and Katanning (mean of 75% of the total rainfall, Table 4.7). 

4.4.3 Soil water extraction by lucerne in relation to soil properties 

Extraction front velocity 

The EFV could only be determined when demand for water exceeded supply 

(rainfall).  For example at Cascade the extraction front was determined between 

200 and 600 days after sowing corresponding to spring, summer and autumn 

(Figure 4.1).  During late autumn to early spring (600-800 days after sowing) the 

extraction front could not be determined with rainfall being greater than water 

use (Figure 4.1).  The extraction front in the 1.3 and 1.5 m depths were 

determined once water use was greater than rainfall (Figure 4.1). 

The fastest EFV occurred in the deep sand at Moora.  The automatic soil water 

content measurements at Moora allowed a more accurate determination of the 

extraction front.  For example, the mean extraction front velocity was 

9.2 mm/day to a depth of 4 m but varied from 11 mm/day between 0-1.2 m, 

24 mm/day between 1.2 and 2 m to 7 mm/day between 2 and 4 m (Figure 4.2, 

Table 4.8). 



Lucerne (Medicago sativa) Productivity and its Effect on the 
Water Balance in Southern Western Australia 

 

65 

Table 4.6. Soil pH, saturated electrical conductivity (ECe), sum of exchangeable cations (Cations, 
cmol (+)/kg), exchangeable magnesium (Mg) and sodium (ESP) percentage (percentage 
of exchangeable cations) and bulk density (BD) at each site 

Depth (m) pHA ECe (dS/m) Cations Mg ESP BDA (Mg/m3) 
Borden 

0.00-0.25 4.7 1 n.d.B n.d. n.d. 1.3 
0.25-0.38 6.0 1 6 25 5 1.3 
0.38-0.60 7.0 7 8 40 8 n.d. 
0.60-1.35 7.0 1 7 57 9 n.d. 

Cascade 
0.00-0.06 5.5 2 5 35 8 1.3 
0.06-0.20 7.1 2 10 50 22 1.3 
0.20-0.60 8.4 9 22 39 38 1.6 
0.60-1.60 7.6 17 20 40 45 n.d. 

Jerramungup 
0.00-0.35 5.2 1 n.d. n.d. n.d. 1.3 
0.35-0.85 7.5 7 11 44 48 1.4 

Katanning (Percy 2000) 
0.00-0.25 4.4 (3)C 1 2 0 5 1.4 
0.25-0.45 4.9 (0)C 0 1 0 8 1.6 
0.45-1.00 3.9 (4)C 0 12 67 15 1.6 

Moora (Anderson et al. 1998a) 
0.00-0.10 5.0 1 2 0 1 1.6 
0.10-0.50 4.4 0 1 0 0 1.8 
0.50-1.60 5.5 0 1 0 0 1.8 

Newdegate (Smolinski and Galloway 2002) 
0.00-0.25 4.4 n.d. n.d. n.d. n.d. 1.3 
0.25-0.30 5.3 n.d. n.d. n.d. n.d. 1.5 
0.30-0.50 5.7 n.d. n.d. n.d. 6-15 1.6 

Pingrup 
0.00-0.25 7.4 3 n.d. n.d. n.d. 1.2 
0.25-0.30 8.1 1 n.d. n.d. n.d. 1.4 
0.30-0.60 7.6 1 4 66 14 n.d. 
0.60-0.80 7.4 1 8 52 36 n.d. 

Quairading 
0.00-0.20 5.4 1 16 36 5 1.4 
0.20-0.30 6.3 1 10 37 7 1.6 
0.30-0.70 7.1 1 9 45 16 1.7 
0.70-1.00 7.2 1 9 45 28 1.7 
1.00-1.40 6.9 1 12 50 40 n.d. 

Wittenoom Hills 
0.00-0.15 5.1 1 5 23 5 1.3 
0.15-0.30 8.1 2 20 42 16 1.4 
0.30-0.80 8.4 8 24 36 44 1.4 
0.80-1.40 7.8 23 20 38 45 n.d. 

A    R. Latta, P. Ward unpublished data.    B Not determined.    C Extractable aluminium (ppm) in 
parenthesis. 
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Table 4.7. Annual (mid May to mid May) rainfall (mm) in comparison to the long-term (LT) mean.  
Rainfall in the mid May-mid November period (% of total) is shown in parentheses 

1st Year 2nd Year 3rd Year 
Site 

1995/96 1996/97 1997/98 
LT mean 

Borden 304 (86) 412 (74) 538 (56) 388 (68) 

Katanning 359 (86) 452 (84) 389 (68) 488 (72) 

Pingrup 360 (80) 471 (52) 357 (68) 362 (67) 

 1997/98 1998/99 1999/00  

Jerramungup 420 (63) 428 (63) 534 (45) 429 (64) 

Newdegate 299 (74) 315 (55) 504 (54) 352 (66) 

 1998/99 1999/00 2000/01  

Cascade 592 (48) 686 (32) 212 (52) 396 (65) 

Moora 443 (66) 633 (76) 210 (78) 462 (76) 

Quairading 418 (66) 633 (53) 210 (79) 373 (72) 

Wittenoom Hills 502 (45) 689 (35) 243 (49) 387 (65) 

In the duplex soils the EFV was 18-34 per cent of the EFV in the deep sand at 

Moora (Figure 4.2, Table 4.8).  The highest EFV occurred at the Borden and 

Newdegate sites.  The soils at these two sites appear to have the best soil 

structure and least chemical limitations (Tables 4.4, 4.5).  The lowest EFV 

occurred at Cascade, Jerramungup, Katanning and Pingrup sites (Table 4.8).  

The soils at these four sites appear to have the poorest soil structure and 

greatest chemical limitations (Tables 4.4, 4.5). 
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Figure 4.1. The location of lucerne extraction front (EF) at each depth over time at Cascade as 
indicated by at least a 0.02 θv decrease compared to the maximum θv.  With each depth 
shown in the legend representing the middle of the soil water content measurement. 
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Table 4.8. The extraction front velocity (EFV) at each of the sites from the linear regression 
analysis between time and the water extraction front (data and maximum depth is 
shown in Figure 4.2).  Values followed by the same letter are not significantly different at 
P = 0.05 

Site EFV (mm/day) 

Borden 3.0 a 

Cascade 1.7 b 

Jerramungup 2.1 bc 

KatanningC 1.9 b 

Moora 9.2 d 

Newdegate 3.1 a 

Pingrup 1.7 b 

Quairading 2.1 bc 

Wittenoom Hills 2.6 ac 

Mean all sites 3.0 

Mean duplex sitesA 2.3 

LSD 5% 0.5 
A All sites except Moora. 
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Figure 4.2. Advance of the lucerne extraction front over time at all sites.  The solid line represents 

the linear regression (coefficients presented in Table 4.8) for each site.  Bars represent 
± standard error and the dotted line represents an advance of 5 mm/day of the water 
extraction front for comparative purposes. 
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Plant available water capacity 

The PAWC decreased with increasing depth at most sites (Figure 4.3).  The 

mean PAWC across sites (expressed as a concentration, mm of soil water per 

m of soil) for each depth interval was 90 mm/m for 0-0.2 m, 70 mm/m for 

0.2-0.4 m, 60 mm/m for 0.4-0.8 m, 50 mm/m for 0.8-1.6 m and 40 mm/m for 

1.6-2.0 m. 
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Figure 4.3. The plant available water capacity (PAWC) at each site.  The units are expressed as a 

concentration, mm of soil water per m of soil.  Bars represent ± standard error; the 
dotted line is for comparative purposes. 

The lowest PAWC, mean of 32 mm/m over a depth of 6 m, occurred at the deep 

sand site at Moora (Figure 4.3).  All of the duplex soils had a PAWC > 51 mm/m 

to a depth of 1.6-2.1 m (Figure 4.3).  The highest PAWC occurred at the 

Newdegate (68 mm/m) and Borden (71 mm/m) sites and these sites also had 

the smallest decline in PAWC with depth (Figure 4.3).  At Katanning, a high 

PAWC (74 mm/m) occurred in the 0-1 m layer and it was associated with one of 

the lowest levels of sodicity (< 16%) but the PAWC declined rapidly below 1 m 

(Figure 4.3).  However soil properties were not determined for this depth  
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interval.  PAWC in the other duplex soils varied from 51 mm/m at Jerramungup, 

57 mm/m at Pingrup and at Quairading and 59 mm/m at Cascade and 

Wittenoom Hills to a depth of 1.6-1.8 m (Figure 4.3). 

Drainage buffer 

The mean maximum drainage buffer of all sites was low in the first year 

(57 mm) but increased each year (Figure 4.4).  The drainage buffer increased 

by a mean of 61 per cent (35 mm) in the second year compared to the first year 

and 18 per cent (16 mm) in the third year compared to the second year.  The 

Borden, Katanning, Moora and Newdegate sites had the higher drainage buffer 

values, in the second and third year after sowing of lucerne (Figure 4.4). 

Days after sowing

200 400 600 800 1000

D
ra

in
ag

e 
bu

ffe
r (

m
m

)

0

20

40

60

80

100

120

140

Borden
Cascade
Jerramungup 
Katanning 
Moora 

200 400 600 800 1000

Newdegate
Pingrup
Quairading
Wittenoom Hills

(a) (b)

 
Figure 4.4. Maximum drainage buffer during each summer-autumn period at each site.  Bars 

represent ± standard error, the solid lines are drawn between points for clarification 
and the dotted lines are for comparative purposes. 

4.4.4 Above ground biomass in relation to rainfall and water use 

Soil water use components 

Winter rainfall (mean 122 mm) resulted in an increase in the soil water content 

(mean 26 mm).  For every 1 mm of rain in winter 0.45 mm was stored in the soil 

profile although variation was considerable (Figure 4.5a).  Water excess (run off 

and drainage below the root zone) was generally zero during winter indicating 

there was sufficient soil water storage for the amount of rainfall that occurred 

(Figure 4.5a). 
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Rainfall during spring (mean 82 mm) was generally lower than in winter and the 

soil water content decreased (mean 35 mm, Figure 4.5b).  Given the general 

decrease in the soil water content it is not surprising the water excess was zero 

for spring (Figure 4.5b).  Rainfall during summer was extremely variable; when 

the rainfall was large (> 150 mm) it was generally associated with an increase in 

the soil water and in some cases a large water excess (> 50 mm, Figure 4.5c).  

However, when the rainfall was low (< 100 mm) it was associated with either no 

change or a decrease in the soil water content and no water excess 

(Figure 4.5c).  Rainfall during autumn was generally low but variable.  Low 

rainfall was generally associated with a decrease in the soil water content 

(Figure 4.5d).  There was a mean decrease of 18 mm during autumn (all years), 

mean rainfall of 89 mm and generally zero water excess (Figure 4.5d). 
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Figure 4.5. Soil water change ( ) and water excess (run off plus drainage, ) under second and 

third year stands of lucerne in relation to rainfall for each season at seven sites.  The 
line in (a) represents a regression analysis where winter soil water content change 
(mm) = 0.45 x rain (mm) – 29 (R2 = 0.38, P < 0.05). 

Biomass in relation to rainfall and water use 

Seasonal mean biomass production of lucerne-based pastures was generally 

greatest during spring (1.7 t/ha or 21 kg/ha.day) and least in autumn (0.7 t/ha or 
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9 kg/ha.day).  There was only a small difference in mean biomass production of 

lucerne-based pastures in winter (1.1 t/ha or 12 kg/ha.day) and summer 

(1.2 t/ha or 12 kg/ha.day).  Spring and summer showed the greatest variation in 

lucerne biomass production and winter and autumn the least (Figure 4.6).  

Biomass production in the first year winter plus spring period after sowing was a 

mean of 0.4 t/ha for three sites.  Annual biomass production (10 sites, data not 

shown) of lucerne-based pastures was a mean of 4.9 t/ha (range 2.2-7.8 t/ha). 
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Figure 4.6. Above-ground biomass of lucerne in relation to either rainfall (closed symbols and 
solid line) or water use (open symbols and broken line).  The bars represent standard 
error and the lines represent significant linear regressions. 

The interaction between rainfall and season explained (P < 0.001) 54 per cent 

of the variation in lucerne biomass production in the second and third year.  In 

comparison the interaction between water use and season explained 47 per 

cent of the variation in lucerne biomass production.  Rainfall in each individual 

season could explain 43-56 per cent of the variation in lucerne biomass except 

in spring when there was no relationship between rainfall and biomass  
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(Table 4.9, Figure 4.6).  Biomass rainfall efficiency (as indicated by the slope of 

the biomass and rainfall regression, Table 4.9) was 61 per cent higher in 

summer compared to autumn and 22 per cent higher in summer compared to 

winter.  The relationship between rainfall and biomass was not significant in 

spring.  However, the mean (all values) rainfall efficiency in spring was 

22 kg/ha.mm, compared to 8-11 kg/ha.mm for the other seasons.  The 

relationship between annual biomass production and annual rainfall was not 

significant (data not shown).  The annual mean biomass rainfall efficiency was 

13 kg/ha.mm (range 7-16 kg/ha.mm). 

Water use in individual seasons explained 27-47 per cent of the variation in 

lucerne biomass except in winter when there was no relationship between water 

use and biomass (Table 4.9, Figure 4.6).  Biomass water use efficiency (as 

indicated by the slope of the biomass and water use regression, Table 4.9) was 

highest during spring and least in autumn with over a three fold difference.  In 

addition biomass water use efficiency was 33 per cent higher in spring 

compared to summer (Table 4.9, Figure 4.6).  The relationship between water 

use and biomass was not significant in winter.  However, the mean (all values) 

water use efficiency in winter was 12 kg/ha.mm, which was the same as in 

spring and summer but 50 per cent higher than in autumn (8 kg/ha.mm).  

Annual biomass production was related to water use with every mm of water 

used resulting in 9.2 kg/ha (Table 4.9).  Water use varied from 270-664 mm 

(data not shown). 

The lucerne-based pastures contained a component of annual species.  During 

winter and spring the annual biomass component was higher than in summer 

and autumn.  The lucerne component during winter was a mean of 72 per cent 

(standard error, SE 5%, range 30-93%), during spring it was 76 per cent 

(SE 3%, range 47-93%), during summer it was 95 per cent (SE 3%, range 

64-100%) and during autumn it was 93 per cent (SE 2%, range 76-100%). 
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Table 4.9. Above-ground biomass regression coefficients (standard errors are in parenthesis) in 
relation to rainfall and water use for different periodsA (seasonal data is shown in 
Figure 4.6).  Relationship between biomass and rainfall in spring and for the year and 
biomass and water use in winter were not significant and therefore the parameters of the 
linear regression were not included in the Table 

Period nA Intercept (kg/ha) Slope (kg/ha.mm) R2 and PB

Rainfall 

Winter 14   21   (364)   7.8 (2.4) 0.43**

Summer 16  -5   (242)   9.5 (1.6) 0.56***

Autumn 15 150   (187)   5.9 (1.6) 0.49**

Water use 

Spring 14 -376   (602) 15.0 (4.3) 0.47**

Summer 15   12   (433) 11.3 (3.7) 0.38**

Autumn 17 216   (209)   4.5 (1.7) 0.27*

Year 8 478 (1288)   9.2 (2.6) 0.63*

A n = number of points. 
B Probability indicated by stars  * P < 0.050, ** P < 0.010, *** P < 0.001. 

4.5 Discussion 

4.5.1 Soil water extraction by lucerne in relation to soil properties 

Extraction front velocity 

Soil texture had a major impact on the EFV with a rapid advance through the 

deep sand (Moora) compared to the clayey B horizons of duplex soils.  This 

was most likely because roots could easily push past the sand particles 

compared to clay particles which have greater resistance to root penetration 

(Tennant et al. 1992; Moore 1998b).  The EFV is directly correlated with the root 

front although there can be a lag between the water extraction and root front 

(Robertson et al. 1993a).  A possible contributing factor to the slower EFV in 

duplex soils was the poor soil structure in the B horizon (Moore 1998b).  This 

was indicated by the weak to moderate grade of peds identified at each site and 

at some sites the type of peds also indicated poor structure (columnar and 

angular blocky).  In addition, all subsoils were sodic and this would have 

reduced the stability of the peds.  The EFV measurements for the first year of 

lucerne were generally lower than measurements recorded for annual species, 

which range from 23 to 44 mm/day (Dardanelli et al. 1997; 

Robertson et al. 1993b).  The EFV measurements after the first year of lucerne 
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are not directly comparable with the EFV measurements for annual species 

because the extraction front is likely to be from an existing root system. 

In this study, the EFV in the deep sand was not only high, but also variable.  For 

example, the highest EFV on the deep sand was 24 mm/day (in the 1.2-2.0 m 

soil layer) compared to the lowest EFV of 7 mm/day (in the 2-4 m soil layer) and 

11 mm/day (in the 0-1.2 m soil layer).  The highest EFV in this study was higher 

than previous estimates of potential rates of root growth for lucerne 

(14 mm/day) (Meyers et al. 1996).  This variability could be related to soil 

acidity, compaction and seasonal conditions.  Soil acidity is known to reduce the 

productivity of lucerne due to aluminium and manganese toxicity 

(Fenton and Helyar 2000).  In addition rhizobium survival is reduced and 

molybdenum deficiency reduces effective symbioses in acidic soils 

(Lanyon and Griffith 1988).  At the Moora site the lowest pH recorded in the 

profile (pH < 5) occurred in the 0.1-0.5 m soil layer and was associated with a 

lower EFV.  Additionally, the 0.1-0.5 m soil layer in deep sands is susceptible to 

compaction and this hard pan reduces root growth (Needham et al. 1998). 

Differences in EFV between the duplex soils were not large (1.7-3.1 mm/day) 

relative to the EFV in the deep sand.  However, after three years these 

differences resulted in the extraction front differing by up to 1.5 m.  The 

difference could be attributed to four groups of soil factors – the texture, 

structure in the B horizon, salinity and acidity.  The influence of soil texture is 

related to the depth of the sandy A horizon, as shown at the Moora site EFV is 

more rapid through sand than clay.  The deepest sandy A horizon occurred at 

Katanning and the shallowest at Cascade.  However, the EFV would have been 

reduced at some sites because the A horizon was very acidic (pH < 5 at 

Borden, Jerramungup, Katanning and Newdegate) and some were compacted 

(Katanning and Newdegate).  Sites with better-structured B horizons (Borden 

and Newdegate) had a higher EFV compared to the poorest structured soils 

(Cascade, Jerramungup and Pingrup).  The Borden and Newdegate sites were 

likely to have better structured B horizons because sodicity levels were low and 

at Borden the peds were subangular (Moore 1998b).  The Cascade and 

Jerramungup sites were likely to have poorly structured B horizons because  
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sodicity levels were high; the impact of sodicity would have been exacerbated 

by the high (> 5%) percentage of magnesium (Mg) (Edwards 1998).  In addition 

at both sites the EFV may have also been reduced by salinity.  The Pingrup site 

was sodic and had a high percentage of Mg.  The Wittenoom Hills site had one 

of the higher EFV out of the duplex soils, however sodicity levels were similar to 

the Cascade site.  A possible reason for the difference is the presence of 

biopores at Wittenoom Hills, which improved root access into the clay 

(Moore 1998b).  Also the B horizon at Wittenoom Hills did not have mottles and 

the colour was brown to yellow indicating a permeable soil.  Mottling and grey 

colours indicate poor permeability and waterlogging (Moore 1998b).  Acidic B 

horizons may also reduce the EFV as indicated by the slow EFV at the 

Katanning site, which was very acidic to at least 1 m.  Even though the B 

horizon was likely to have similar structure to Borden and Newdegate as 

indicated by the low sodicity levels. 

EFV comparisons between sites was likely to be confounded because of 

advance of the extraction front depends on a drying cycle, as the upper soil 

dries the extraction front moves down the profile (Sheaffer et al. 1988).  

Therefore the timing of the drying cycle will influence the EFV within each soil 

layer.  Although impacts of the drying cycle would have been reduced because 

the EFV was determined over three years and in broad terms the rainfall was 

similar within each year between sites.  Other confounding factors between 

sites include cultivar differences and management differences such as harvest 

history.  To reduce these confounding factors would require experiments in the 

same location with soil types as the only variable. 

Plant available water capacity 

Soil properties, particularly soil texture, had an influence on PAWC.  The Moora 

deep sand generally had lower PAWC values per soil layer than the duplex 

soils.  Within the duplex soils, differences in soil structure and salinity resulted in 

differences in PAWC.  The better-structured non-saline soils (Newdegate and 

Borden sites and the Katanning site at the 0-1.0 m soil layer) had a higher 

PAWC.  It is likely that the better structure allowed the roots to arrive earlier in  
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each layer (and therefore more time for extraction) as well as allowing more root 

proliferation and therefore greater water extraction (Moore et al. 1998).  In 

comparison, the sites with poorly structured saline B horizons (Cascade and 

Jerramungup) and saline B horizon (Wittenoom Hills) had the lowest PAWC.  

Salinity has been found to reduce the PAWC for sensitive species 

(Purdie 1988). 

Acidity did not appear to have a major impact on the PAWC at the Katanning 

site.  This was indicated by the low pH but high PAWC in the B horizon at this 

site.  The impact of acidity on lucerne PAWC may be related to the 

concentration of toxic aluminium (Fenton and Helyar 2000) and levels were not 

high at Katanning.  The decreasing PAWC with increasing depth was probably 

due to decreased root length density (Robertson et al. 1993a), less uniform 

distribution of roots (Passioura 1983) and decreased water potential through the 

longer xylem pathway (Sheaffer et al. 1988). 

Drainage buffer 

The maximum drainage buffer in each summer-autumn was influenced by EFV 

and PAWC.  Generally, soils with better structure in the B horizon and no 

salinity (Borden and Newdegate sites) or rapid advance of the extraction front 

(Moora site) had the higher maximum drainage buffer within each year.  This 

was in comparison to sites with poor soil structure in the B horizon, low EFV 

and saline soils (Cascade and Jerramungup sites).  Low soil pH did not reduce 

the drainage buffer as much as soil texture and structure as indicated by the 

high drainage buffer at Katanning and Moora sites.  The maximum drainage 

buffer increased by a smaller amount each year due mainly to the lower PAWC 

as the extraction front extended further down the profile.  

The higher the drainage buffer, especially leading into winter, the smaller the 

risk of drainage (Chapter 3).  However, even on the most sodic and saline sites 

lucerne was able to create a drainage buffer to at least a depth of 1.5 m over 

three years and therefore contribute to a reduced drainage.  Differences in 

drainage buffer between sites will only be significant when there is sufficient 

rainfall to cause drainage.  In this study drainage did not occur frequently but it  
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was variable reflecting the variability in rainfall.  To gain an understanding of the 

long term impact of the size of the drainage buffer on drainage requires a 

systematic approach using historical weather information.  For example, 

Asseng  et al. (2001a) showed that drainage occurred in 68 per cent of 80 

historical years at Moora (461 mm average rain/year) on a heavy soil under 

annual crops compared to 14 per cent at Merredin (310 mm average rain/year) 

for the same soil.  It is likely at both these locations lucerne would decrease the 

frequency and severity of drainage as lucerne increases the drainage buffer 

compared to annual species (Latta et al. 2001; Ward et al. 2001; 

Latta et al. 2002).  On average a 1 mm increase in drainage buffer decreased 

drainage by 1 mm (Chapter 3) at both Moora and Merredin.  A 25 mm higher 

drainage buffer which can be achieved with two years of lucerne compared to 

the buffer under annual crops reduced the number of drainage events from 

68 per cent to 57 per cent of the past 80 years at Moora and from 14 per cent to 

7 per cent at Merredin.  If the drainage buffer was increased to 75 mm as a 

result of three years of lucerne, then drainage was reduced to 31 per cent of the 

years at Moora and 1 per cent at Merredin.  This information can be used to 

design guidelines about how long the lucerne needs to be present to maximise 

the development of the drainage buffer and minimise drainage. 

The maximum drainage buffer may be subject to error as it could be influenced 

by rainfall variability in relation to infrequent soil water measurements.  If the soil 

measurement occurred before the lucerne had fully dried the soil after a rainfall 

event, then the maximum drainage buffer would have been underestimated.  In 

addition, at the sites with the highest EFV (Borden, Moora and Newdegate) the 

maximum soil measurement depth was reached in the second year after sowing 

and therefore the maximum drainage buffer was likely to have been 

underestimated in the third year. 

The maximum drainage buffer in the third year was generally less than what 

has been recorded in eastern Australia; 215 mm (to a depth of 3 m) at 

Wagga Wagga  (Dunin et al. 2001), 306 mm (3.25 m) at Rutherglen 

(Ridley et al. 2001), 185 mm (1.6 m) at Tatura, Victoria (Whitfield 2001)  
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and > 400 mm (3 m) on the Darling Downs (Dalgliesh et al. 2001).  All of these 

soils had very few subsoil constraints.  In contrast, the maximum drainage 

buffer was 98 mm on a solodic soil on the north west slopes of New South 

Wales (Tow 1993). 

4.5.2 Lucerne above-ground biomass in relation to rainfall and water use 

Lucerne production can be predicted from rainfall and water use, with these 

variables explaining approximately 50 per cent of the variability in biomass 

within southern Western Australia.  These equations, especially between 

biomass and rainfall (as the latter is routinely measured) along with historical 

rainfall records can be used to determine the long-term seasonal lucerne 

productivity.  This information can then be used to design farming systems to 

best use the biomass.  However, the results from the seven field sites also 

showed that there was a large variation in production within and between years 

due to the large variation in rainfall and water use.  In addition production may 

have varied between sites particularly in winter because of differences in winter 

activity of the cultivars. 

The lowest production, rainfall efficiency and water use efficiency occurred in 

autumn even though radiation and temperature were favourable for growth.  

This was possibly because of infrequent rain and greater accumulation of 

carbohydrates in root reserves (McKenzie et al. 1988).  The storage of 

carbohydrates and nitrogen in root reserves occurs at the expense of shoot 

biomass and occurs in response to shortening daylight and declining 

temperature (Frame et al. 1998; McKenzie et al. 1988; Heichel et al. 1988, 

Cunninghan and Volenec 1998).  The amount of storage will depend on the 

cultivar and the climate (Frame et al. 1998).  However, further study is required 

into the storage of carbohydrates in root reserves in winter active cultivars 

within Australia to confirm that this is the reason for the lower production. 

The highest production, mean rainfall efficiency and water use efficiency 

occurred in spring.  This was due to favourable radiation and temperature 

conditions and possibly the use of the carbohydrates in root reserves 

(Heichel et al. 1988).  The rainfall efficiency would also have been higher 

because of the use of stored water from winter.  Production, rainfall efficiency 
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and mean water use efficiency during winter were mid-way between the autumn 

and spring values.  Radiation and temperature are at their lowest during winter 

and therefore conditions are less favourable for growth in comparison to spring.  

There is also less accumulation of carbohydrates in root reserves in comparison 

to autumn (Fick et al. 1988).  Production, rainfall efficiency and mean water use 

efficiency during summer were lower than the spring values.  This was possibly 

because of increased vapour pressure difference and low leaf area in summer, 

which results in greater evaporation of any rain and less transpiration 

(Smeal et al. 1991). 

Errors in calculating the water excess component of the water use may explain 

the lack of significant relationship between biomass production and water use in 

winter.  The calculation assumes that actual and potential evapotranspiration 

are equal.  However, if the actual evapotranspiration was less than potential 

due to insufficient leaf area, then water excess would be underestimated. 

Water use efficiency values found in our study were towards the lower end of 

the range reported for dryland lucerne in Australia.  For example, at Rutherglen, 

Victoria 16.0 kg/ha.mm in autumn-spring and 10.4 kg/ha.mm in spring-autumn 

(Hirth et al. 2001); at Canberra 12 kg/ha.mm in summer and 4 kg/ha.mm in 

early winter (Snaydon 1972) and at Wagga Wagga, New South Wales 

14-30 kg/ha.mm in May-October and 5 kg/ha.mm in summer-autumn 

(Dunin et al. 2001).  Differences in water use efficiency between studies were 

possibly due to differences in radiation, temperature and the pattern of rainfall 

events (Sheaffer et al. 1988).  These factors will influence the degree of soil 

evaporation relative to transpiration.  In addition differences in management 

between sites and soil properties will also cause differences in water use 

efficiency. 

In the Western Australian sites there is a high risk of severe water stress and 

this may have caused a further reduction in water use efficiency.  This is 

because there is some evidence to indicate that once lucerne becomes 

severely water stressed roots in the driest upper layers either die or become  
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non-functional and require time and energy to redevelop once the surface 

layers become re-hydrated (Sheaffer et al. 1988; Pietola and Smucker 1995).  

Salinity may have also reduced lucerne biomass production.  Lucerne is 

moderately susceptible with a threshold saturated electrical conductivity (ECe) 

of 2 dS/m, with a 7 per cent decrease in production per 1 dS/m increase in 

salinity (Maas and Hoffmann 1977).  At the Cascade, Jerramungup and 

Wittenoom Hills sites, soil salinity was high enough to reduce production.  The 

effect of salinity on production will be variable as the concentration can change 

temporally and spatially (Rengasamy 2002).  There are also cultivar differences 

in sensitivity to salinity, with Trifecta (grown at Cascade and Wittenoom Hills) 

being one of the most sensitive cultivars (Rogers 2001). 

4.5.3 Improving lucerne productivity in southern Western Australia 

The low productivity associated with long periods of minimal rainfall as 

determined by this study indicates that lucerne is likely to suffer from water 

stress.  Lucerne survives these periods of water stress by accessing water deep 

in the profile (Cocks 2001).  As indicated in our study soil limitations can limit 

the water available deep in the profile and therefore plant resilience may be 

reduced.  Improving resilience could be improved by breeding for greater water 

stress tolerance in lucerne and genetic variation in water stress tolerance does 

exist (Sheaffer et al. 1988; Ray et al. 1999; Humphries and Auricht 2001). 

The detrimental impact of soil limitations on water uptake and consequently 

increased drainage, productivity and resilience may also be reduced by 

application of ameliorants and nutrients as well as the use of tolerant cultivars 

and breeding/selection.  Gypsum has been used to reclaim sodic soils but 

higher rates or deep application of gypsum would be required for sodic subsoils 

and this may make the use of gypsum uneconomic.  Sodicity can also reduce 

nutrient availability and therefore strategies that need investigation include 

application of nutrients and breeding/selection of cultivars more efficient at 

extracting nutrients at depth.  Using less salt sensitive cultivars may improve 

productivity on sodic and saline soils (Humphries and Auricht 2001).  Nitrogen 

application can increase lucerne productivity when grown on saline soils  
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(Esechie et al. 2002) as salinity reduces the growth and survival of Rhizobium 

(Humphries and Auricht 2001).  There is variation in R. meliloti strains in their 

tolerance to salinity (Humphries and Auricht 2001).  Detrimental impacts of 

acidic soils can be overcome by the application of lime and nutrients.  Selecting 

and breeding less acid sensitive cultivars may also be possible (Humphries and 

Auricht 2001; Irwin et al. 2001). 

4.6 Conclusion 

Soil texture and soil structure had a major impact on the EFV and PAWC and 

consequently the drainage buffer with low soil pH having a lesser impact.  The 

higher the drainage buffer it is likely there is a smaller risk of drainage below the 

root zone.  The highest drainage buffer measurements occurred in the deep 

sand site and the better structured duplex soils (< 15% ESP) relative to the 

poorer structured duplex soils.  Although even on the poorer structured soils 

lucerne could extract water to a depth of at least 1.5 m.  This indicates that the 

length of lucerne phase in a lucerne-crop rotation in the poorer structured 

duplex soils may need to be longer to minimise drainage.  The study showed 

that over three years the longer lucerne was grown the greater the drainage 

buffer became. 

Variation in above-ground biomass production of lucerne-based pastures was 

strongly related to rainfall and water use and showed large variability due to the 

variability in rainfall and water use.  Farmers in the Western Australian 

Mediterranean-type environment can rely on spring production of lucerne 

especially if there is sufficient rainfall during winter for storage of water in the 

profile.  Summer production equivalent to quantities produced during spring was 

dependent on summer rainfall.  Autumn production was low even with high 

rainfall but could be significant for livestock production because of the low 

quality and quantity of annual based crops and pastures.  Winter production 

was also low but less variable in comparison to autumn. 

In the next chapter I determine if the water use and productivity of lucerne in 

southern Western Australia as outlined in Chapter 4 can be described using 

mathematical models. 
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CHAPTER 5 

Simulating lucerne growth and water use on diverse soil 

types in a Mediterranean-type environment 

5.1 Abstract 

The performance of the Agricultural Production Systems Simulator (APSIM) 

lucerne (Medicago sativa) model was assessed by comparing calculations from 

APSIM to measured (or observed) data from nine sites in Western Australia.  

This comparison was also to obtain new insights into lucerne production and the 

impact of lucerne on the water balance in this environment.  APSIM accounted 

adequately for the temporal change in above ground biomass production and 

the plant available water (PAW) for most of the sites.  The root mean square 

deviation (RMSD) for biomass was 1.3 t/ha for the mean observed biomass of 

4.2 t/ha.  The RMSD for PAW was 16 mm to a depth of 1.6-2.1 m with the mean 

observed plant available water of 50 mm.  The good prediction of PAW was 

partly because critical soil parameters used in APSIM were derived from the soil 

water content measurements.  APSIM also adequately (within the standard 

error) estimated evapotranspiration (Et) and drainage below the root zone, 

which was measured at two of the sites.  The analysis supports previous 

findings with lucerne that increased storage of carbohydrates in root reserves 

occurs in autumn and winter.  Given that APSIM performs adequately it was 

used to simulate Et and drainage for the seven sites in which measurements 

were not taken.  Et in all three years of lucerne and drainage in the first year 

were related to the amount of rainfall.  Fifty one per cent of rainfall above 

230 mm was lost as water excess in the first year (R2 = 0.68).  Drainage in the 

third year was less than drainage in the first year, confirming previous studies 

that established lucerne can reduce drainage. 



Lucerne (Medicago sativa) Productivity and its Effect on the 
Water Balance in Southern Western Australia 

 

83 

5.2 Introduction 

Lucerne is promoted in Western Australia as one of the best options to reverse 

the hydrological imbalance resulting from growing annual crops and pastures 

(George et al. 1997).  The hydrological imbalance results in an increased 

amount of water draining below the root zone of annual agricultural species 

relative to the previous native vegetation.  The increased drainage has resulted 

in water tables rising, the mobilisation of salts stored in the soil and 

consequently the spread of salinity (Hatton and Nulsen 1999).  Experimental 

results indicate that lucerne reduces the amount of water draining below the 

root zone relative to annual systems (Ward et al. 2001).  This is because 

lucerne uses more soil water due to its deeper root system and it can grow 

during summer and autumn, during which annuals generally do not grow 

(Latta et al. 2001).  Lucerne biomass production has been shown to be similar 

or greater than the biomass production of annual pastures especially when 

rainfall occurs during summer and autumn (Latta et al. 2001; Latta et al. 2002; 

Latta and Lyons 2006).  The results are promising but a more detailed analysis 

of lucerne’s productivity and its impact on drainage would assist in its adoption 

within Western Australia. 

Simulation using mathematical models in association with long-term historical 

weather data can provide detailed estimates of likely future productivity and 

drainage.  Models can also provide an insight into the processes involved in 

biomass production and water use when measurements are not available from 

field experiments (Ritchie 1991).  The Mediterranean-type environment of 

southern Western Australia can range from water sufficiency in the cool winter 

(June-August) to severe water deficits in the warm to hot, spring to autumn 

period (September to May).  However, water sufficiency and deficits can occur 

at any time of the year (Latta and Lyons 2006).  To allow an analysis of 

productivity and the water balance for southern Western Australia, a simulation 

model must represent interactions between lucerne, soils and the weather 

(rainfall, radiation and temperature). 
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APSIM (Keating et al. 2003) is a modelling framework that offers the 

functionalities required to explore the benefits of lucerne in terms of productivity 

and drainage reduction in Western Australia.  APSIM has been used to examine 

the introduction of a new cropping option (mungbeans) into the current farming 

system (Robertson et al. 2000).  APSIM has been used to simulate the impact 

of lucerne in reducing water draining below the root zone in dryland farming 

systems elsewhere in Australia (Dunin et al. 1999; Keating et al. 2002; 

Verburg and Bond 2003).  Components of APSIM, including the soil water 

balance and soil nitrogen modules have already been tested in Western 

Australia and improvements to APSIM have been made as a consequence 

(Asseng et al. 1998b; Farre et al. 2002).   However, both of these studies were 

based on annual species.  In addition, the parameters for the initial version of 

the lucerne module within APSIM (APSIM-Lucerne) were derived from limited 

Australian data (Robertson et al. 2002).  In order to evaluate whether APSIM-

Lucerne gives meaningful results it needs to be tested with data from the 

environment in which it is being used.  Comparisons between model and 

experimental (or observed) results can also give new insights into the growth 

and water use of lucerne.  Therefore the aim of this study was to evaluate the 

performance of APSIM-Lucerne and to use the model to gain new insights into 

lucerne growing in a Mediterranean-type environment.  The second aim, to 

assist in the adoption of lucerne within Western Australia, was to relate 

drainage and evapotranspiration to rainfall. 

5.3 Material and Methods 

5.3.1 Description of experimental sites and observed data 

The 9 sites in this study were located in the medium rainfall (350-490 mm/year) 

mixed farming (cropping and livestock production) zone of southern Western 

Australia.  The sites were located at Borden (34.3° S, 118.2° E), Cascade 

(33.5° S, 121.2° E), Jerramungup (33.8° S, 119.2° E), Katanning (33.8° S, 

117.4° E), Moora (30.6° S, 116.1° E), Newdegate (33.1° S, 118.9° E), Pingrup 

(33.4° S, 118.7° E), Quairading (32.0° S, 117.6° E) and Wittenoom Hills (33.5° 

S, 122.1° E).  A detailed summary of the sites, soil types, agronomy and  
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measurements are given in the publications on the experiments 

(Latta et al. 2001; Ward et al. 2001; Latta et al. 2002; Ward et al. 2003; 

Latta and Lyons 2006).  A brief description of the experiments is given below. 

All of the sites have duplex soils showing an abrupt textural change from the A 

to the B horizon except Moora, which is a deep sand (Chapter 4).  The depth of 

the A horizons varied from 0.06 m to 0.45 m with a sandy texture at all sites 

except at Pingrup and Quairading where surface soil was a sandy loam.  The 

texture of the B horizon in the duplex soils varied from sandy clay loam to a 

medium clay with a clay content of 20 per cent to 55 per cent (Chapter 4). 

Lucerne was established between 1995 and 1998 using cv. Sceptre at Borden, 

Katanning, Moora, Newdegate and Pingrup, Trifecta at Cascade, Quairading 

and Wittenoom Hills and Eureka at Jerramungup.  Lucerne was grown for 

approximately three years at all sites before being removed using herbicides 

except at Moora, where the lucerne was not removed.  Plant densities were 

generally between 25 to 70 plants/m2 for most of the experimental period except 

at Jerramungup and Moora where it was 15 plants/m2.  Fertiliser (7-12 kg P and 

12-18 kg K/ha) was applied to the lucerne in most years. 

Above ground biomass estimates (4 by 0.25 m2 quadrats per plot) were made 

every 6-8 weeks after the first sampling date (Chapter 4) at all sites except at 

Katanning and Moora.  Biomass estimates were not made at Katanning and 

were only made twice at Moora.  Biomass estimates included lucerne and any 

annual species such as broadleaf and grass weeds.  Once the biomass was 

sampled the plots were mown to a height of 0.01-0.02 m.  The plots were not 

grazed except at Katanning, where the plots were grazed every 6-7 weeks for 

approximately one week and at Moora, where the plots where grazed lightly 

from October 1999 until the end of 2000. 

Soil water measurements were made with a neutron moisture meter (NMM) 

every 4-8 weeks, except at Katanning for the 0-0.45 m layer (the NMM was  
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used for depths deeper than 0.45 m) and at Moora.  In the surface soil at 

Katanning and at Moora Time or Frequency Domain Reflectometry (TDR or 

FDR) was used to measured soil moisture.  Evapotranspiration (Et) was 

measured at Katanning and Moora using the Bowen ratio technique 

(Ward et al. 2001) from May until October.  Estimates were also made of the 

amount of water draining below 2.1 m at Katanning and 4.5 m at Moora.  

Drainage was not measured directly but was determined from the water balance 

equation: 

Drainage = rainfall – Et – lateral water flow – soil water change – 

run off – interception storage. 

Lateral water flow and run off were negligible at both sites (measured by V-

notch weirs at Katanning and assumed not to occur at Moora due to the soil 

texture).  Interception storage was assumed to be negligible. 

5.3.2 Model overview 

APSIM-Lucerne (version 3) simulates phenology, biomass, nitrogen content and 

soil water use on a daily time step driven by daily values of temperature, 

radiation and rainfall (Robertson et al. 2002).  APSIM-Lucerne is linked with 

three other modules; soil water (SOILWAT), soil nitrogen (SOILN) and soil 

residue (RESIDUE) in order to model lucerne based farming systems 

(Keating et al. 2003). 

Table 5.1 APSIM Lucerne parameters for different stages of growth for radiation use efficiency 
(rue, g/MJ) and transpiration efficiency coefficient (g/m2.mm Pa, trans_eff_coef).  A 
different rue was used for lucerne that develops from seed (seedling rue), regrowth (which 
occurs after grain or biomass harvesting) and regrowth during autumn and winter that used 
reduced rue 

Stage of growth Seedling rue Regrowth rue Regrowth reduced 
rue trans_eff_coef 

Emergence 0.65 n.a. A n.a.A 0.0050 

Juvenile 0.65 1.80 1.40 0.0050 

Flower initiation 0.50 1.40 1.10 0.0040 

Flowering 0.35 0.80 0.60 0.0025 

Start of grain filling 0.10 0.40 0.10 0.0025 

End of grain filling 0.10 0.10 0.10 0 
A n.a. - Not applicable, after harvest the crops phenological development is reset to the start of the 

juvenile stage and crop development recommences. 
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Robertson et al. (2002) give a detailed description of APSIM-Lucerne and 

additional information including pseudo-code can be found at www.aspim.info.  

A brief explanation of some of the key parameters driving APSIM-Lucerne is 

given below. 

Above ground biomass is estimated from two calculations each day, one limited 

by radiant energy and the other limited by water available for transpiration 

(Robertson et al. 2002).  The smaller of these two values gives the biomass 

production for the day. 

Radiation limited daily above ground biomass production is related to leaf area 

index, the fraction of light intercepted by the plant, radiation and the crop’s 

conversion efficiency of radiation into biomass (or radiation use efficiency, rue).  

The rue varies for each phenological stage (Table 5.1) to allow for faster growth 

after harvest and slower growth as flowering is approached 

(Dolling et al. 2001a).  This mimics the ability of lucerne to utilise below ground-

stored carbohydrate for initial growth after harvest and then store carbohydrate 

once flowering is reached (Frame et al. 1998).  The rue can be reduced in 

regrowth crops (reduced rue, Table 5.1) to allow for greater partitioning to 

carbohydrate reserves in autumn and winter (Robertson et al. 2002).  Sub- 

(below 8◦C average temperature) and supra-optimal (above 25◦C) temperatures 

decrease the rue via lowered leaf photosynthesis and can occur in any season 

(Robertson et al. 2002). 

Water-limited daily above ground biomass production depends on soil water 

supply in the root zone and the crop’s conversion efficiency of water into 

biomass (or transpiration efficiency coefficient, trans_eff_coef) normalised by 

the vapour pressure deficit.  Transpiration efficiency coefficient (g/m2.mm Pa) 

varies for different stages and the values are the same for both seedling and 

regrowth (Table 5.1, Smeal et al. 1991, M.J. Robertson, unpublished data). 

The model for water uptake is based on the concepts of Monteith (1986).  Rate 

of water uptake by lucerne depends on water supply, which is related to the 

depth of the extraction front within the soil profile, the lowest soil water content  
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achieved by the plant or lower limit (LL) within each soil layer and the rate of 

water extraction (kl) from the soil by lucerne.  The development of the extraction 

front within APSIM is related to daily potential extraction front increase 

(10 mm/d) and the amount of reduction of the potential by constraints within the 

soil as provided by the user via the root exploration factor (xf).  Factors that can 

reduce the potential extraction front include pH, chemical toxicities and soil 

compaction.  The xf varies from 0 (no root growth) to 1.0 (root growth at 

potential) and it can be varied for each soil layer (Robertson et al. 2002).  

The kl is provided by user and is the fraction of available water that can be 

extracted per day per layer.  Both kl and LL incorporate plant and soil factors 

and they can be varied for each soil layer (Robertson et al. 2002). 

5.3.3 APSIM inputs and simulation treatments 

Daily rainfall was obtained from a manual rain gauge near the site for most 

sites.  At Katanning and Moora it was obtained from an automatic weather 

station, which were established at each site.  Temperature and radiation 

information was obtained from the nearest weather station to each site from the 

SILO database (www.bom.gov.au/SILO) or the automatic weather station in the 

case of Katanning and Moora. 

Most of the management variables were derived from the observed data.  For 

example, lucerne was ‘sown’ in APSIM-Lucerne at a depth of 0.04 m on the 

actual sowing date (Table 5.2) using either the winter active cultivars Trifecta or 

Sceptre where applicable.  At Jerramungup, cv. Eureka was sown but cv. 

Sceptre was used in APSIM-Lucerne because phenological parameters have 

not yet been developed for Eureka.  Sceptre has a similar winter activity to 

Eureka (Dawson 2002).  The stem density (which influences leaf area) was 

estimated from the observed plant density.  The stem density at sowing was the 

same as the first plant density measurement and then after each harvest it was 

set at 150 stems/m2 (an average of 3 stems per plant) for all sites except for the 

sites at Jerramungup and Moora where it was set at 90 stems/m2 (an average  
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of 6 stems per plant) due to a lower plant density.  These stem densities are 

commonly found in dryland stands of lucerne.  The annual species observed at 

the sites were not simulated. 

Table 5.2 Input parameters associated with dates used in the APSIM-Lucerne simulation 

Site Start date Sowing date Date of SW 
resetA

Lucerne 
removal date End date 

Borden 1 May 1995 25 Jun. 1995 20 Sep. 1996 3 Apr. 1998 3 Apr. 1998 

Cascade 1 Apr. 1998 4 Jun. 1998 21 Oct. 1998 26 Apr. 2001 30 Apr. 2001 

Jerramungup 1 Jan. 1997 30 May 1997 10 Feb. 1998 17 Mar. 2000 17 Mar. 2000 

Katanning 1 May 1995 9 Jun. 1995 18 Sep. 1995 26 Apr. 1998 31 May 1998 

Moora 15 Apr. 1998 26 Aug. 1998 18 Sep. 1998 Not removed 21 Mar. 2001 

Newdegate 27 Mar. 1997 30 Jun. 1997 10 Feb. 1998 17 Mar. 2000 31 Mar. 2000 

Pingrup 1 May 1995 16 Jun. 1995 20 Sep. 1996 3 Apr. 1998 3 Apr. 1998 

Quairading 1 Apr. 1998 8 Jun. 1998 24 Jun. 1998 8 May 1998 8 May 2001 

Wittenoom Hills 1 Apr. 1998 3 Jun. 1998 21 Oct. 1998 26 Apr. 2001 30 Apr. 2001 

A Soil water was reset to the observed values on this date. 

The simulated biomass was ‘harvested’ or cut to a height of 0.02 m (above 

ground) at the same time as the field experiments were harvested, except at 

Katanning and Moora where the plots were grazed.  At Katanning the simulation 

involved a single harvest event (to a height of 0.02 m) in the middle of the seven 

day grazing period.  To mimic the light grazing at Moora, the simulated biomass 

was harvested to a height of 0.05 m once the above ground biomass reached 

1.0 t/ha from October 1999 until the end of 2000. 

Lucerne was ‘killed’ in the simulations on the same day as the lucerne was 

removed at the experimental sites (Table 5.2).  Once the lucerne was removed, 

the simulations were stopped at the removal date or within six weeks of the 

removal date in order to include additional observed soil water data (Table 5.2). 

The SOILWAT parameters; drained upper limit (DUL), LL and bulk density were 

derived from the observed data for each soil layer (Chapter 4).  At four sites 

(Borden, Jerramungup, Newdegate, Pingrup) water content measurements 

were not available for the 0-0.10 m and 0.10-0.25 m soil layers.  For these sites 

the DUL and LL were assumed to be the same as respective layers at the  
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Katanning site, which was a similar soil type.  Soil water between DUL and LL 

(DUL-LL) to the maximum depth measured varied from 83 to 126 mm 

(Table 5.3).  Other SOILWAT parameters, sat (saturation) and swcon 

(Probert et al. 1995; Probert et al. 1998) were derived from the measured bulk 

density (Ritchie et al. 1986; Dalgliesh and Cawthray 1998) of each soil layer.  

The SOILN parameters, pH and organic carbon, were derived from the 

observed data for each soil layer.  Ammonium and nitrate concentrations are 

also required for the SOILN module but in many cases they were not measured 

below 0.1-0.2 m.  Therefore for the soil layers below 0.1-0.2 m they were 

estimated from the surface measurements and measurements on similar soils 

(Asseng et al. 1998b).  Due to the lack of observed inorganic nitrogen 

measurements no data on nitrogen balance were examined. 

Table 5.3 Soil water parameters used in the simulations including the maximum (Max.) soil depth 
available for roots and the total amount of water between drained upper limit (DUL) and 
lower limit (LL) or DUL-LL to the maximum depth based on measurements (measured) 
or estimated if roots are extended below the deepest measured depth using the 
extraction front velocity determined for each soil (Chapter 4), until the lucerne was 
removed 

Site Max. soil depth 
measured (m) 

DUL-LL 
measured (mm)

Max. soil depth 
estimated (m) 

DUL-LL estimated 
(mm) 

Borden 1.8 126A 3.2 192 

Cascade 1.6 87 1.7 -B

Jerramungup 1.8 83A 2.0 -B

Katanning 2.1 122 2.1 -B

Moora 4.0 121 6.0 181 

Newdegate 1.8 126A 3.0 184 

Pingrup 1.8 104A 1.8 -B

Quairading 1.6 90 2.6 -B

Wittenoom Hills 1.6 91 2.8 115 
A The 0-0.25 m layer was not measured and a DUL-LL of 22 mm was estimated for this depth. 
B < 10 mm difference between measured and estimated and therefore not changed. 

The xf was derived from the mean observed advance of the extraction front 

over time for each site (Chapter 4) and expressed as a fraction of the APSIM-

Lucerne potential extraction front (10 mm/d).  The mean advance of the 

extraction front was used due to the infrequent measurements of the extraction 

front over time.  Therefore one xf for all soil layers for each site was used in the  
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simulations except at Moora.  At Moora the automatic soil water measurements 

gave a more accurate estimate of the extraction front and therefore either the 

maximum xf or observed xf for each soil layer was used in the simulation.  The 

maximum xf was used for some soil layers at Moora because the observed 

extraction front exceeded the potential (Chapter 4).  An additional simulation 

was conducted at Moora to match the observed and simulated extraction front 

by increasing the potential from 10 mm/d to 25 mm/d and adjusting the xf value 

accordingly.  In the initial simulations the extraction front was stopped at the 

deepest depth (Table 5.3) measured for soil water content at all sites. 

The kl at each site was based on the observed (unpublished) rate of decrease 

in the soil water content for each layer when the soil profile was in a drying 

phase (during spring or after summer rainfall).  Generally the kl values were low 

(0.01-0.06), reflecting the conservative water use strategy of lucerne found by 

others (Dardanelli et al. 1997).  The kl values also declined with depth, which is 

related to a declining root length density with depth and an increased 

clumpiness of the roots (Jodari-Karimi et al. 1983). 

The simulations commenced in late March to May of the establishment year 

(Table 5.2).  Observed soil water contents were not available for the start of the 

simulations and therefore they were assumed to be equivalent to the water 

content after a dry summer in an annual farming system as determined by 

adjacent treatments at each site.  For the duplex soils the water content from 

0 to 0.8 m at the start of the simulations was at LL (the LL under annual species 

was the same as the LL under lucerne) and at DUL below this depth.  On the 

deep sand (at Moora) the water content at the start of the simulation was at LL 

from 0 to 1.5 m and at DUL from 1.5 to 4.0 m.  The water content was reset to 

the first recorded soil water content for each layer at each site (Table 5.2).  The 

water content in the 0-0.1 m and 0.1-0.25 m layers was reset to the water 

content in the 0.25-0.35 m layer at the 4 sites that had no water measurements 

in these layers. 
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As APSIM Lucerne has been based on limited observed data it is unclear if 

reduced rue is required during autumn and winter in the southern Western 

Australian environment with winter active varieties.  To determine if the rue 

needed to be reduced in autumn and winter the simulations were conducted 

without and with reduced rue.  The rue was reduced in regrowth crops between 

14 February and 15 August of each year (Table 5.1).  The dates were selected 

on the basis of declining day length and declining temperature and low 

temperatures during winter (Chapter 4).  Due to the RUE measurements these 

dates are only indicative. 

At some of the sites the extraction front may have extended below the deepest 

soil water measurement.  Therefore at these sites an additional simulation (with 

reduced rue) was carried out to simulate the impact of extra water extraction on 

the biomass production.  For these sites the soil water content between DUL 

and LL was estimated below the deepest measured depth assuming that the 

observed extraction front velocity (Chapter 4) continued until the lucerne was 

killed.  At each site the DUL-LL water content decreased with increasing depth 

(Chapter 4).  Therefore the DUL-LL water content for the layers below the 

deepest measured depth was estimated from a linear regression between depth 

and measured DUL-LL water content (r2 0.91-0.99, results not shown) at each 

site.  The maximum depth reached when the lucerne was killed was significantly 

(> 0.5 m) greater than the measured maximum depth for many sites.  However, 

total DUL-LL water content below the deepest measured depth was significant 

(> 20 mm) at only four sites (Table 5.3).  At each of these sites for the layers 

below the deepest measured depth the DUL remained constant and was 

assumed to be the same as the DUL in the deepest measured layer.  While the 

LL for the layers below the deepest measured depth decreased with increasing 

depth based on the linear regression between DUL-LL water content and depth.  

The LL (volumetric soil water content units) declined by 0.02 at Borden over a 

depth of 1.4 m, by 0.02 at Newdegate over a depth of 1.2 m and by 0.03 at 

Wittenoom Hills over a depth of 1.2 m.  At Moora the LL remained the same as 

the LL in the deepest measured depth. 
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5.3.4 Data summary 

Observed compared to simulated data 

Observed and simulated above ground biomass comparisons were on the basis 

of harvested dry matter material.  In the simulations the harvested material was 

the biomass before cutting minus the amount left after cutting.  The total 

observed biomass, lucerne and any annual species, was compared to the 

lucerne biomass predicted by APSIM.  The observed lucerne component across 

seven sites was a mean of 72 per cent of total winter production, a mean of 

76 per cent of total spring production, a mean of 95 per cent of total summer 

production and a mean of 93 per cent of total autumn production (Chapter 4).  

The simulated biomass could have been compared to the observed lucerne 

component but this comparison would have been inaccurate.  This is because 

the annual species in the observed biomass would have reduced the biomass 

of the lucerne due to competition for resources.  The annual species will have a 

different growth pattern to lucerne, so comparing simulated lucerne biomass 

with the total observed biomass will also have error.  This error was judged to 

be smaller than the error associated with competition.  Multi-species mixtures 

can be modelled in APSIM (Keating et al. 2003) but this capacity was not used 

in my simulations because parameters were not available for most of the annual 

species present in the experiments. 

Observed and simulated soil water content comparisons were made on the 

basis of plant available water content (PAW).  The PAW was defined as soil 

water minus the LL for each depth.  The PAW was summed over layers to give 

a profile measurement. 

Observed and simulated evapotranspiration (Et) and drainage comparisons 

were made at Katanning and Moora.  In APSIM, Et was determined by adding 

transpiration to the soil evaporation estimates on a daily basis.  The simulations 

used reduced rue in autumn and winter at both sites and a potential extraction 

front of 10 mm/d to a depth of 4 m at Moora. 
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Application of APSIM 

APSIM was used to estimate Et and water excess (drainage and run off) at the 

seven sites at which these measurements were not taken.  The simulation was 

conducted with reduced rue in autumn and winter.  The drainage was 

determined below the maximum measured soil water content depth (Table 5.3).  

Simulated and observed Et and water excess values were combined to develop 

relationships between rainfall and Et and between rainfall and water excess on 

an annual basis (approximately mid May to mid May). 

Statistical analysis 

The statistical analyses comparing observed and simulated biomass values 

were determined on measurements made every 6-8 weeks, seasonal 

measurements from the second and third year after establishment (seasons are 

outlined in Chapter 4) and the annual measurements from the first, second and 

third year after establishment from seven sites.  The statistical analyses also 

compared observed and simulated PAW, based on NMM measurements from 

eight sites. 

Four statistics were used in the comparison.  The root mean square deviation 

(RMSD) was used to represent an absolute magnitude of the error between 

observed and simulated after Wallach and Goffinet (1989).  The RMSD 

represents the square root of the mean squared deviation (MSD).  The MSD is 

the sum of squared deviations between simulated (S) predictions and measured 

or observed (O) values, divided by the number of observations, N, where 

summation is over n = 1, 2, …, N,  

MSD = Σ(Sn - On)2/N. 

The MSD was then partitioned into three components (Gauch et al. 2003); 

squared bias (SB), non-unity slope (NU) and lack of correlation (LC).  The MSD 

components are additive and therefore can be directly compared to determine 

the cause of deviations between APSIM and the observed data.  The SB was 

determined as follows: 

SB = (Sm – Om)2
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where Sm and Om were the means of the simulated and observed values.  The 

bias was also used in comparing the difference between simulated and 

observed values and this is defined as the square root of the SB.  The NU was 

determined as follows: 

NU = (1 - b)2  (Σ(S – Sm)2/N) 

where b is the slope of the least-squares regression of O (Y-axis) on S (X-axis).   

The LC was determined as follows: 

LC = (1 - r2)  (Σ(O – Om)2/N) 

where r2 is the square of the correlation. 

5.4 Results 

5.4.1 Comparisons between simulated and observed data 

Initial testing of the individual biomass and PAW 

Using the regrowth rue in the simulations (Table 5.1), APSIM poorly predicted 

the observed above ground biomass (measured every 6-8 weeks) across seven 

sites (Table 5.4).  For example, the mean biomass RMSD was 93 per cent of 

the mean observed biomass (Individual data, Table 5.4).  The main reasons for 

the deviations were the lack of correlation (LC) and the regression slope 

between observed and simulated differing from 1 (NU).  Bias was a smaller 

reason for the deviations (SB, Table 5.4).  APSIM over-predicted the biomass 

(measured every 6-8 weeks) by a mean of 28 per cent compared to the 

observed mean of all the individual data. 

The PAW to a depth of 1.6-2.1 m was well predicted in comparison to the 

biomass prediction by APSIM across eight sites, measured by the NMM 

(Table 5.4) using regrowth rue.  The mean PAW RMSD was 38 per cent of the 

mean observed PAW (Table 5.4).  The LC was the main reason for the 

deviations between observed and simulated (Table 5.4).  The PAW was under-

predicted by APSIM by a mean of 14 per cent compared to the observed mean 

of all the individual data. 
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Seasonal biomass 

Comparisons between simulated and observed cumulative biomass for each 

season indicate that APSIM was performing well during spring and summer as 

indicated by the low RMSD relative to the observed biomass (Table 5.4).  There 

was minimal bias in spring but a 27 per cent under-prediction by APSIM in 

summer compared to the observed mean.  The main reason for the deviations 

between simulated and observed biomass was LC in spring and SB in summer 

(Table 5.4).  In autumn and winter the RMSD was high relative to mean 

observed biomass (Table 5.4).  In both autumn and winter there was an 

80-100 per cent over-prediction of the biomass by APSIM compared to the 

observed mean.  The main reason for the deviations between simulated and 

observed biomass was SB and NU in autumn and SB and LC in winter 

(Table 5.4). 

Table 5.4 Statistics for goodness of fit between APSIM-Lucerne and observed data (O) for 
biomass (t/ha) and plant available water (PAW, mm) in comparison to the observed 
mean and range for lucerne-based pastures for simulations involving regrowth rue and 
regrowth reduced rue during autumn and winter and regrowth rue for spring and 
summer (reduced rue).  The comparison includes individual data (biomass and PAW 
measured every 4-8 weeks), seasonal data (cumulative biomass for each season) and annual 
data (cumulative biomass for each year) 

Individual data Seasonal biomass data Annual data  

Biomass PAW Winter Spring Summer Autumn Biomass 

NA 103 171 14 14 16 15 17 

O mean 0.69 50 1.11 1.80 1.18 0.70 4.17 

O range 0.02-3.08 0-175 0.34-2.97 0.26-3.60 0.06-3.22 0.05-2.37 0.66-8.27 

Regrowth rue 

RMSDB 0.64   19 1.02 0.65 0.70 1.11 1.79 

SBC 0.04   51 0.77 0.00 0.10 0.45 0.80 

NUD 0.16   11 0.05 0.00 0.00 0.64 1.06 

LCE 0.19 307 0.23 0.41 0.05 0.13 1.33 

Regrowth reduced rue 

RMSDB 0.49 16 0.42 0.68 0.68 0.68 1.30 

SBC 0.00 23 0.00 0.05 0.08 0.09 0.05 

NUD 0.04 3 0.02 0.00 0.00 0.15 0.30 

LCE 0.22 251 0.15 0.42 0.02 0.18 1.32 
A Number of observations. 
B Root mean square difference. 
C Squared bias. 
D Non-unity slope. 
E Lack of correlation. 
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Figure 5.1 Comparison between observed and simulated seasonal biomass of lucerne-based 

pastures.  The simulation used reduced rue in autumn and winter.  The bars represent 
standard error and the dotted line represents the 1:1 line. 

Simulations with regrowth reduced rue in autumn and winter (and the regrowth 

rue during spring and summer, Table 5.1) improved the prediction of the 

biomass during winter and autumn in comparison to simulations using the 

regrowth rue for the whole year.  For example, the RMSD decreased by 59 per 

cent in winter and 41 per cent in autumn with reduced rue in autumn and winter 

(Table 5.4).  The main reasons for improvement in the predictions were due to 

reduced SB in winter and reduced SB and NU in autumn (Table 5.4).  The 

annual biomass was better simulated with reduced rue in autumn and winter.  

For example the RMSD decreased by 12 per cent and the bias decreased by 

16 per cent (Table 5.4).  There was also a small improvement in the simulation 

of the PAW with reduced rue in autumn and winter (Table 5.4). 
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The simulated biomass with reduced rue in autumn and winter was generally 

within 0.5 t/ha of the observed biomass in winter (Figure 5.1a).  In spring the 

general over-prediction by APSIM occurred across the range of biomass 

production values (Figure 5.1b).  In contrast, in summer a general under-

prediction by APSIM occurred across the range of biomass production values 

(Figure 5.1c).  The over-prediction of biomass in autumn was mainly influenced 

by one observation, which differed by 2 t/ha from the observed biomass.  Most 

other observations in autumn were within 0.5 t/ha of the observed biomass 

(Figure 5.1d). 

Cumulative biomass and temporal PAW 

The total above ground biomass production for the first year of lucerne (the 

establishment year) was generally well predicted by APSIM (with reduced rue in 

autumn and winter) at the four sites with biomass measurements.  At three of 

the sites the simulated cumulative production was within 0.8 t/ha of the 

observed cumulative production in the first year of lucerne (Figure 5.2b, g, h).  

At the fourth site, which was at Moora (data not shown in Figure 5.2), the 

observed cumulative production was 0.2 t/ha compared to 0.3 t/ha simulated by 

APSIM from 26 August 1998 until 15 April 1999. 

In the second and third year of lucerne, APSIM generally simulated the 

cumulative production well, especially the variation from year to year with 

reduced rue in autumn and winter (Figure 5.2).  At Moora APSIM estimated the 

annual biomass production as 5.2 t/ha in the second year and 1.8 t/ha in the 

third year.  There were no observed measurements to confirm the simulated 

measurements. 

Extending the simulated extraction front deeper in the soil profile than the water 

content measurements at four sites (Table 5.3) had a small impact on the 

simulated annual cumulative production (with reduced rue in autumn and 

winter) in the second year with a mean increase of 3 per cent.  This was not 

surprising because at three of the four sites the extraction front, as determined 

by the observed soil water measurements, reached the deepest measured  
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depth in February of the second year allowing only 3-4 months for further 

development.  At these three sites (Borden, Newdegate and Wittenoom Hills) 

the simulated annual cumulative production increased by 0-0.1 t/ha in the 

second year.  At the fourth site (Moora) the extraction front extended below the 

deepest measured depth in April of the first year.  Therefore there was more 

time for the extraction front to develop and for lucerne to gain extra water.  The 

simulated annual cumulative production increased by 0.6 t/ha in the second 

year in comparison to stopping the extraction front at the deepest soil depth 

measured for water content.  In the third year, extending the simulated 

extraction front below the deepest depth measured increased the simulated 

annual cumulative production by 15 per cent.  The simulated annual cumulative 

production increased by 0.7 t/ha at Borden, 0.5 t/ha at Moora, 1.1 t/ha at 

Newdegate and 0.2 t/ha at Wittenoom Hills in comparison to stopping the 

extraction front at the deepest soil depth measured for water content. 

Simulated plant available water (PAW), with reduced rue in autumn and winter, 

was generally within the standard error of the observed PAW estimated by 

NMM to a depth of 1.6-2.1 m (Figure 5.3).  The temporal PAW was well 

simulated in nearly all sites and seasons.  In some situations differences 

between simulated and observed PAW did occur and they resulted in 

differences in simulated and observed biomass production.  For example, at 

Cascade the PAW to a depth of 1.6 m estimated by APSIM after several rainfall 

events in February and March 2000 was 24-37 mm higher than what was 

measured from March to June 2000 (Figure 5.3b).  During this time the lucerne 

biomass was over-estimated by APSIM (Figure 5.2b).  A similar over-prediction 

of the biomass and PAW by APSIM occurred during 2000 at Wittenoom Hills 

(Figures 5.2h, 5.3h). 

Another example of differences between simulated and observed PAW resulting 

in differences between simulated and observed biomass production was at 

Newdegate.  During winter the PAW was under-estimated by APSIM by 

60-80 mm in 1998 and 1999 (Figure 5.3e).  Consequently, the lucerne biomass 

was underestimated during both these years (Figure 5.2e).  The efficiency of  
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storage of rainfall in the soil from autumn to the early part of winter was much 

greater at Newdegate compared to the other sites.  At Newdegate the PAW 

increase from autumn to winter was 64-69 per cent as a percentage of rainfall in 

comparison to 24-51 per cent at the other sites.  Distribution of rainfall was 

similar between sites. 

At Pingrup, the PAW from May until October 1997 estimated by APSIM was 

13 to 30 mm higher than the observed data (Figure 5.3f).  The difference in 

PAW at Pingrup may be related to errors in the DUL estimate as it was based 

only on two measurements, which differed by 32 mm to a depth of 1.8 m. 

The daily PAW measurements at Katanning (0-0.45 m) and Moora allowed a 

more accurate comparison between simulated and observed data compared to 

the NMM measurements.  The results at both sites show that the PAW was 

generally well simulated with some exceptions.  The exceptions were at 

Katanning between July and August APSIM under-estimated the PAW by a 

mean of 22 mm in 1995, 11 mm in 1996 and by 8 mm in 1997 compared to the 

observed PAW to a depth of 0-0.45 m (Figure 5.4a).  Also at Moora in the first 

year of lucerne there were large differences (up to 61 mm) at times between 

simulated and observed PAW (Figure 5.4b). 

When simulated extraction front velocity was matched with the observed 

extraction front velocity (by increasing the potential extraction front velocity in 

APSIM), the PAW at Moora was better simulated during the first year of lucerne 

up to mid March 1999 (Figure 5.4b).  The increased simulated extraction front 

velocity did not improve the simulated PAW from 5 April until 18 May 1999 in 

comparison to observed PAW.  At this time there was a large rainfall event 

(Figure 5.5d) and this resulted in water draining below 4.5 m as determined by 

difference after measuring the other water balance terms (Figure 5.6d).  The 

drainage was simulated by APSIM but not until June 1999 (Figure 5.6d) 

resulting in a difference in the PAW from 5 April until 18 May.  Differences in the 

simulated and observed PAW (up to 23 mm) also occurred during winter in the 

second and third year of lucerne (Figure 5.4b). 
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Figure 5.2 Annual (May to May) cumulative biomass comparisons between simulated (lines) and 
observed (symbol with standard error bars) estimates at each site except Moora, which 
is described in the Results section.  The simulation used reduced rue in autumn and 
winter.  No observed data were available in the first year at Borden, Jerramungup, 
Newdegate and Pingrup and for all years at Katanning. 
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Figure 5.3 Plant available water (PAW) comparisons between simulated (lines) and observed 

(symbol with standard error bars) measured every 4-8 weeks over time at eight sites 
(soil depths are shown on the graphs).  The simulation used reduced rue in autumn and 
winter.  APSIM was reset to the first observed PAW measurement. 
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Figure 5.4 Plant available water (PAW) comparisons between simulated (line) and observed 

(symbol) measured daily at Katanning and Moora (soil depths are shown on the 
graphs).  At Moora there were two simulations, one with a potential extraction front of 
10 mm/d (continuous line) or 25 mm/d (broken line).  The simulation used reduced rue 
in autumn and winter. 

 

Evapotranspiration and drainage 

APSIM simulation of evapotranspiration (Et) was similar to the observed (actual 

and potential) Et from May until early October at Katanning for three years and 

Moora in 1999.  From early October onwards APSIM simulated a lower Et 

compared to the observed Et at both sites (Figure 5.5a, b, c, d).  At Moora in 

2000, APSIM simulated a lower Et for the May to November period compared to 

the observed Et (Figure 5.5e). 
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Figure 5.5 Rainfall and actual evapotranspiration (Et) simulated and observed compared to 

potential Et over time at two sites.  The simulation used reduced rue in autumn and 
winter at both sites and a potential extraction front of 10 mm/d to a depth of 4 m at 
Moora. 

APSIM simulation of total drainage between April and November was generally 

within experimental error at both Katanning and Moora (Figure 5.6).  The total 

annual drainage RMSD was 17 mm (observed mean 49 mm) across five years 

at the two sites.  The temporal change in the cumulative water draining below 

2.1 m at Katanning was predicted within the experimental error (Figure 6a, b, c).  

However, APSIM under-estimated drainage below 4.5 m by up to 60 mm from 

April to June 1999 at Moora (Figure 5.6d). 

5.4.2 Relationships between evapotranspiration, water excess and rainfall 

Combining APSIM estimates of Et and drainage with the limited measurements 

(data only available from Katanning and Moora) allowed relationships to be 

developed with rainfall.  The annual Et increased with increasing annual rainfall 

(P < 0.005) in all three years (Figure 5.7). 
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Figure 5.6 Cumulative drainage simulated (─) and observed (•) over time at two sites.  The 
simulation used reduced rue in autumn and winter at both sites and a potential 
extraction front of 10 mm/d at Moora.  The bars represent standard error.  To improve 
clarity, at Moora in 1999 every sixth observed data point and in 2000 every twentieth 
data point shown. 

Drainage below the root zone was related to rainfall in first year of lucerne but 

was not related to rainfall in years 2 and 3.  In the first year for every mm of 

rainfall above 231 mm, 51 per cent of the rainfall drained below the root zone 

(Figure 5.7a).  The amount of drainage was lower in year 3 compared to year 1.  

The mean water excess after year 1 of lucerne was 65 mm and in year 3 it was 

8 mm (Figure 5.7a, c).  Water excess in year 2 was a mean of 60 mm.  

Comparison of water excess between years is confounded because of 

differences in rainfall, which was higher in year 2 than in the other years. 
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Figure 5.7 The relationship between rainfall and evapotranspiration (Et) and rainfall and water 
excess (drainage plus run off) for each year of lucerne growth (approximately mid May 
to mid May) at nine sites.  Observed data were used from two sites and the data for the 
other sites were estimated using APSIM. 

 

5.5 Discussion 

5.5.1 Model evaluation and improvements 

The improved biomass simulation with reduced rue in autumn and winter 

supports previous findings (Khaiti and Lemaire 1992) that there is seasonal 

variation in above ground biomass radiation use efficiency in lucerne.  

Khaiti and Lemaire (1992) also found that seasonal variation in potential 

production of lucerne was not determined by variation in total biomass (roots + 

shoots) radiation use efficiency but by the pattern of the assimilate partitioning 

between roots and shoots.  Declining temperatures and shortening day-length 

are critical factors that increases assimilate partitioning into storage reserves in 

autumn (Frame et al. 1998).  Water deficits may also increase the amount of 

assimilates partitioned to reserves as a result of reduced sink competition from 

the slow-growing shoots of water-stressed plants (Cohen et al. 1972; 
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Hall et al. 1988).  Water-stressed plants are likely to be a common phenomenon 

in autumn and early winter in Western Australia as indicated by the generally 

low above ground biomass production and low plant available water. 

The timing and the extent of increased carbohydrate storage in root reserves in 

autumn and winter are unclear.  This is mainly because of the lack of radiation 

use efficiency measurements in the Mediterranean-type environment.  It is also 

partly due to the lack of information about the external conditions such as 

temperature and light intensity and their interaction with plant development for 

each cultivar (Khaiti and Lemaire 1992).  Cultivars with greater winter dormancy 

partition a greater amount of assimilate to roots (Heichel et al. 1988).  

Robertson et al. (2002) suggested a very high storage of carbohydrates in root 

reserves in autumn and winter (reduced rue of < 0.6 g/MJ compared to 

0.6-1.4 g/MJ in this study).  However, this higher level of storage originated from 

research in New Zealand with lower temperatures compared to Western 

Australia and with a winter dormant cultivar (Derrick Moot pers. comm.).  All 

cultivars used in our study were winter active. 

How successfully APSIM simulated the above ground biomass of lucerne 

depends on the scale at which the information is to be used.  As a broad 

indicator of seasonal and annual lucerne biomass in this environment APSIM 

performs adequately.  The cumulative annual biomass RMSD as a percentage 

of the observed mean was similar to what was recorded for the Australian sub-

tropics for lucerne by Robertson et al. (2002).  The over-prediction of biomass in 

spring by APSIM but the under-prediction in summer possibly indicates that the 

environment is partially self-correcting due to water being a major limiting factor.  

Extra growth in one period estimated by APSIM results in greater water use 

which limits growth in the following period. 

In general, APSIM over-predicted the biomass.  This was expected given that 

the biomass predicted by APSIM was not limited by disease, insects, nutrition 

(other than nitrogen) and soil chemical limitations such as acidity and salinity.  

Soil chemical limitations have an indirect impact on biomass in APSIM as these 

limitations reduce the advance of the extraction front (via xf).  Insects were 

observed at the sites and there were likely to be soil limitations 
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(Latta et al. 2001; Latta et al. 2002; Chapter 4).  Inclusion of modules to account 

for factors such as disease, insects, nutrition and soil chemical limitations need 

investigation if these factors are shown to have a major impact on the biomass 

production in this environment. 

Other reasons for differences between observed and simulated biomass include 

the annual species component of the observed total biomass and the 

uncertainty about the depth of water extraction.  The annual species component 

would have increased the variability in the observed biomass especially during 

winter and spring compared to the simulated biomass.  The annual species 

would have had a different growth pattern to lucerne and this different growth 

pattern was not accounted for in APSIM.  Soil water uptake below the deepest 

measured soil water content increased the simulated biomass.  However, the 

amount of extra water uptake could not be confirmed and therefore the impact 

on biomass could also not be confirmed. 

APSIM-Lucerne is based on a generic legume model with a common physiology 

and simulation approach (Robertson et al. 2002).  This works well for a range of 

annual legumes (Robertson et al. 2002; Turpin et al. 2003, Farre et al. 2004) 

and the same framework has been extended successfully to the modelling of 

canola (Farre et al. 2002).  Although there are advantages in the generic 

approach it can lead to a loss in predictive ability especially when large 

physiological differences occur (Robertson et al. 2002).  For example, 

carbohydrates and protein stored in the roots of perennials are more important 

in survival and in modifying above ground biomass production compared to 

annual legumes.  Changing APSIM to allow for carbohydrate and protein 

storage and depletion in root reserves may improve the predictive ability.  Other 

lucerne models have successfully modelled carbohydrate flow into and out of 

root reserves (the SPUR model by Hanson et al. 1988 and a modified SPUR 

model by Moore et al. 1997).  Allowing for carbohydrate storage and depletion 

in root reserves in APSIM-Lucerne would replace the requirement for 

adjustments of rue between seasons (reduced rue), and between plant 

development stages (the rue declines with increasing plant development).  

Above ground biomass estimates may also improve in situations where the 

lucerne biomass is  



Lucerne (Medicago sativa) Productivity and its Effect on the 
Water Balance in Southern Western Australia 

 

109 

harvested before re-deposition of storage compounds occurs and storage 

reserves decline (Davies and Peoples 2003).  Changing APSIM to allow for 

carbohydrate storage and depletion in root reserves needs to be carefully 

considered as partitioning errors can be greater than the errors associated with 

the prediction of biomass (Ritchie 1991). 

APSIM-Lucerne performed better when simulating the PAW compared to the 

simulation of biomass.  This is not surprising given that most of the critical soil 

parameters (DUL, LL, xf and kl) were derived from the soil water content 

measurements.  The results do suggest that soil water balance module in 

APSIM (SOILWAT) and its interaction with the lucerne module can adequately 

describe the major processes influencing the PAW.  This finding supports 

previous research with other APSIM crop modules (Keating et al. 2003).  

However, to accurately predict the PAW when critical soil parameters are not 

available requires guidelines based on soil types as developed in Chapter 4. 

In some situations the PAW was not simulated well by APSIM.  The PAW was 

under-estimated at Katanning in the 0-0.45 m soil layer during winter 1995 and 

at Newdegate to a depth of 1.8 m in early winter.  At Katanning a possible 

reason for the difference was run on and run off of water influencing the 

observed PAW (Hatton et al. 2002).  APSIM-Lucerne can account for run off but 

it can not account for run on (Keating et al. 2003).  At Newdegate no definite 

conclusions can be made about run on, run off or waterlogging due to 

insufficient measurements even though APSIM can account for both run off and 

waterlogging (Asseng et al. 1998b).  However, the lower simulated biomass is 

consistent with the lower simulated PAW.  At Cascade and Wittenoom Hills 

during 2000 APSIM generally estimated a higher PAW and consequently a 

higher biomass than the observed results.  A possible reason for this is that 

APSIM under-estimated the amount of run off or that bypass flow occurred 

(Dunin 2002).  No information was available to calibrate the run off for the site 

and therefore standard parameters were used for the site.  Bypass flow can not 

be simulated by SOILWAT (Keating et al. 2003). 
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At Moora, the difference between simulated and observed PAW was initially 

due to a higher observed potential extraction front than estimated by 

Robertson et al. (2002).  The observed results indicated the potential extraction 

front should be at least 25 mm/day compared to 10 mm/day specified in APSIM-

Lucerne (Robertson et al. 2002).  Other reasons for differences between 

simulated and observed PAW were the difficulty in determining the DUL on a 

deep sand and consequently its impact on drainage (Chapter 3). 

Observed and simulated Et were similar in May-October confirming previous 

findings using APSIM (Asseng et al. 2001b).  The differences in Et between 

simulated and observed data in late spring may be due to the unreliability of the 

Bowen ratio method under conditions of low vapour flux and high available 

energy (Angus and Watts 1984).  The lower Et simulated at Moora for the whole 

of the measurement period in 2000 is mainly due to the uptake of groundwater 

(Ward et al. 2003).  A small amount of soil water was used between 4-6 m (data 

not shown) and would have also contributed to the difference. 

Differences between cumulative simulated and observed drainage were 

generally small at two sites.  This indicates that the drainage from late autumn 

to spring can be explained by SOILWAT using one dimensional cascading flow 

(Keating et al. 2003), which is consistent with finding of Asseng et al. (2001b) 

on a deep sand.  At Moora there was a delay in the amount of drainage 

estimated by APSIM during April-May 1999 although the total drainage was 

accurately predicted.  The difference in drainage at Moora may be because the 

soil properties and therefore permeability of deep sands change as the soil 

becomes moist (Carbon 1975; Dolling et al. 2005a).  APSIM is unable to 

capture seasonal changes in permeability.  The total drainage was accurately 

predicted possibly because the rainfall during April-May was stored in the profile 

and additional rain later in the season caused drainage.  The stored water was 

not lost as Et because biomass was low during this period and because during 

winter Et is limited by energy (Asseng et al. 2001a).  In comparison, the 

observed soil water was initially less than simulated by APSIM during late 

autumn/early winter because of drainage occurring earlier and this leaves a soil 

water deficit for additional rain to fill before drainage can occur again.  For  
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southern Western Australia most of the drainage occurs during June-August 

(George et al. 1997) and therefore APSIM should be able to accurately predict 

the total drainage for this period.  Although less drainage occurs outside the 

winter period, APSIM does require validation for episodic rainfall events during 

summer and autumn when the soil is at risk of bypass flow (Dunin 2002). 

5.5.2 Application of APSIM 

Water use and drainage under lucerne are important outputs from the lucerne 

experiments to understand the benefit of lucerne in reducing recharge in 

Western Australia.  These outputs were limited in a number of field 

experiments.  However, the results have shown that APSIM performs well when 

estimating these parameters and therefore can be used to estimate the missing 

water use and drainage values. 

The relationship between drainage and rainfall indicated that lucerne is at risk to 

drainage losses in the first year and the amount of loss depends on the rainfall.  

The reduced drainage in the third year of lucerne supports previous findings 

that established lucerne can reduce drainage (Dunin et al. 2001, 

Ridley et al. 2001, Ward et al. 2001).  APSIM can estimate the amount of 

reduction in drainage under lucerne.  However, as indicated by the lack of 

relationship between drainage and rainfall in years 2 and 3 of lucerne there are 

other factors involved in determining the drainage including rainfall timing and 

amount in relation to how dry the soil is.  The higher rainfall in year 2 than in the 

other years also makes comparing drainage between years difficult in this 

study.  To better understand the impact of lucerne on reducing drainage in this 

environment further work is required using APSIM with weather data from a 

greater number of years. 

5.6 Conclusion 

Differences in observed and simulated above ground biomass of lucerne during 

autumn and winter when the rue is not reduced confirms previous findings of 

increased storage of carbohydrates in root reserves during this period.  The  
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findings of this study show that increased storage of carbohydrates in root 

reserves occurs with winter active cultivars in a Mediterranean-type 

environment but to a less extent than in other environments. 

The results show that APSIM could adequately account for the temporal change 

in lucerne biomass production, the plant available water, Et and total drainage 

for most of the sites.  At some sites the water balance could not be simulated 

well possibly because APSIM could not account for run on and bypass flow, 

which appeared to occur infrequently.  Given that APSIM performs adequately it 

can be used to simulate data that were not generally measured such as Et and 

drainage and it can be used to explore the benefits of lucerne in terms of 

productivity and drainage reduction in this environment.  Relationships between 

rainfall and Et and drainage indicated Et in all years and drainage in year 1 were 

related to the amount of rainfall.  Drainage in year 3 was less than drainage in 

year 1 confirming previous studies that established lucerne can reduce 

drainage.  In the next chapter a more detailed examination of the impact of 

lucerne on the long-term drainage will be examined. 
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CHAPTER 6 

Water excess under simulated lucerne-wheat phased 

systems in Western Australia 

6.1 Abstract 

The long-term impact of lucerne use, in reducing drainage of water below the 

root zone and run off (water excess) has not been examined in south-western 

Australia.  The main aims were to determine how the long-term mean water 

excess was influenced by the proportion of lucerne in the rotation and the length 

of the lucerne phase in relation to soil type and location.  A simulation model 

drawing on historical weather data from 1957-2001 was used to develop 

comparative results.  Simulations were performed for two locations (high and 

low rainfall) and two soil types (high and low water holding capacity). 

Lucerne significantly (> 23%) and rapidly reduces the long-term mean water 

excess in rotations consisting of 2-4 years of lucerne followed by 1-4 years of 

wheat compared to continuous wheat.  For every 10 per cent increase in the 

percentage of lucerne years in the total rotation length, the mean water excess 

decreased by 17-20 mm (7-9%) at Kojonup (high rainfall site) and 7-8 mm 

(8-9%) at Buntine (low rainfall site) compared to the water excess after 

continuous wheat at each location.  The proportion of lucerne in the rotation had 

a greater impact on the water excess than the impact of different soil types. 

Variation in the water excess due to variation in rainfall was greater than the 

reduction in water excess due to lucerne.  This makes the decisions about when 

to grow lucerne to reduce water excess difficult if livestock enterprises are less 

profitable than cropping enterprises.  The simulations show that lucerne mean 

yearly biomass ranges from 4.5-6.9 t/ha at Kojonup and 1.6 to 4.7 t/ha at 

Buntine depending on soil type and stage of lucerne growth.  However, lucerne 

has the potential to reduce subsequent wheat yields. 
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6.2 Introduction 

Dryland salinity is a major environmental issue facing agriculture in south-

western Australia.  The replacement of the native vegetation with annual crops 

and pastures has reduced evapotranspiration, increased run off and recharge 

and resulted in rising groundwater levels and mobilisation of salt held within the 

soil profile (Clarke et al. 2002).  Perennial pastures such as lucerne (Medicago 

sativa) can reduce the extent of salinity by reducing the input of water into 

groundwater.  Lucerne dries the soil out more than annual pastures 

(Latta et al. 2001, Ward et al. 2001) and consequently reduces the amount of 

water leaking below the root zone (Ward et al. 2001).  Lucerne is able to dry the 

soil more than annual pastures because of its deep roots (2-6 m) and year 

round activity, including the dry summer (November-April) period, characteristic 

of this Mediterranean-type environment.  Lucerne also can reduce groundwater 

levels when the groundwater is close to the surface  (0.5-2.0 m) even when 

saline (Ferdowsian et al. 2002). 

Phase farming involving 3-4 years of lucerne followed by 1-4 years of wheat is 

one way of implementing a mixed farming enterprise involving crop and 

livestock (Ewing and Dolling 2003).  A minimum of three years of lucerne is 

generally required to allow time for the root system to fully develop but also to 

recover the investment associated with pasture establishment.  The relative 

profitability of wheat (or crops) compared to livestock (based on pasture) varies 

through time.  If annual crops are more profitable than livestock which is 

currently the case in many parts of south-western Australia (Flugge et al. 2004), 

there is less incentive to grow lucerne.  Profitability and water use management 

objectives are likely to be influential in determining the specific balance between 

the crop and lucerne elements in the phase systems. 

In the absence of long-term experimental information, simulation models can 

predict the likely impact of management or farming system changes for different 

soil types and climatic regions over the long-term.  For example, in phase 

systems involving 3-4 years of lucerne followed by 3-4 years of wheat long-term 

modelling using historical rainfall data indicates that lucerne can reduce  
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drainage below the root zone (Dunin et al. 1999, Keating et al. 2002, 

Verburg and Bond 2003, Ward et al. 2006b).  However, the reliability of the 

results depends on how accurately the models can predict the water balance 

and crop growth.  The Agricultural Production Systems Simulator (APSIM) 

(Keating et al. 2003) has been tested in Western Australia and accounted for at 

least 65 per cent variance in the water balance and lucerne growth at 9 sites 

(Chapter 5).  This testing gives sufficient confidence in using APSIM to 

determine the effect of different lengths of the lucerne phase in combination 

with different lengths of the wheat phase following lucerne removal on the 

drainage below the root zone and run off.  In this chapter water excess is used 

to describe run off and drainage.  They were added together because run off 

predicted by APSIM has not been tested in the Western Australian environment 

although it has been tested in eastern Australia (Keating et al. 2003).  Drainage 

below the root zone is likely to be the main component of water excess as run 

off in the eastern wheatbelt of south-western Australian is generally very low 

(1-5% of annual rainfall) (Hatton et al. 2003).  Information on water excess for 

different phase lengths is necessary to develop farming systems which 

minimise water excess where it is contributing to the development of salinity.  

Past research has highlighted the potential of phase systems to reduce water 

excess (Ward et al. 2006b) but has not provided the detail required for system 

design. 

The amount of annual rainfall is the major factor in determining water excess 

(Asseng et al. 2001a; Keating et al. 2002; Petheram et al. 2002).  Water excess 

will also depend on the soil water deficit.  The higher the soil water deficit the 

greater the ability of the soil to store water and prevent water draining below the 

root zone.  The soil water deficit can be considered as a buffer against drainage 

(or drainage buffer).  In a Mediterranean-type environment the drainage buffer 

established by autumn (March-April) is an important factor influencing water 

excess (Chapter 3; Ward et al. 2006b).  Factors influencing the size and 

development of the drainage buffer include rainfall, soil type, stage of lucerne 

development and rooting depth and soil water extraction of lucerne and wheat.  

These factors need to be included in analyses to assist in developing practical 
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guidelines on the length of lucerne and cropping phases in rotation for different 

rainfall zones, to minimise water excess. 

The aims of the chapter were to determine how the long-term mean water 

excess was influenced by the proportion of lucerne in the rotation and the length 

of the lucerne phase in relation to soil type, location and wheat water extraction. 

6.3 Material and Methods 

6.3.1 APSIM Framework 

APSIM (Keating et al. 2003) was configured with the crop module for wheat and 

lucerne (version 3, Robertson et al. 2002), soil water (SOILWAT), soil nitrogen 

(SOILN) and soil residue (RESIDUE).  The following changes were made to 

version 3 of APSIM-Lucerne; the daily potential extraction front increase was 

25 mm/d, the rue, reduced rue and transpiration efficiency coefficient were 

altered as shown in Table 5.1 (Chapter 5) and reduced rue was used between 

14 February and 15 August due to slow observed growth in autumn and winter 

(Chapter 5).  APSIM-Wheat has been verified by (Asseng et al. 1998b, 

Asseng et al. 1998a, Asseng et al. 2001a) in south-western Australia including 

drainage under wheat. 

6.3.2 Simulations 

The proportion of lucerne in the rotation and length of lucerne phase on the 

mean water excess was examined by varying the number of years of lucerne 

and wheat with a fixed rotation length within each simulation.  The number of 

lucerne years as a percentage of total rotation years varied from 0 to 75 per 

cent and the length of lucerne phase from two to four years (Table 6.1).  The 

simulations were conducted on two soil types and at two locations to determine 

if there was an interaction with lucerne plant available water-holding capacity 

(PAWC) and mean annual rainfall. In addition to determine if there was an 

interaction with the amount of water extracted by wheat the simulations were 

conducted with an increased wheat PAWC at one location and one soil type. 
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Table 6.1 Simulation treatments.  A more detailed explanation is given for the first lucerne 
rotation.  In all lucerne-wheat rotations lucerne was sown in the first year of the rotation 
and was removed in April of the year of removal.  While wheat was sown post April of 
the year of lucerne removal and then re-sown in subsequent years if there was more 
than one year of wheat 

Rotation Explanation 
Lucerne years

% of total 
rotation years 

Continuous 
wheat 

Wheat re-sown each year 0 

L2W4 Six year rotation in year 1 first year of lucerne, year 2 second year of 
lucerne, year 3 lucerne removed and first wheat crop sown, year 4 second 
wheat crop, year 5 third wheat crop and year 6 fourth wheat crop 

33 

L3W4 Seven year rotation in years 1-3 lucerne, year 4 lucerne removed and first 
wheat crop and years 5-7 wheat 

43 

L3W3 Six year rotation in years 1-3 lucerne, year 4 lucerne removed and first 
wheat crop and years 5-6 wheat 

50 

L4W4 Eight year rotation in years 1-4 lucerne, year 5 lucerne removed and first 
wheat crop and years 6-8 wheat 

50 

L3W2 Five year rotation in years 1-3 lucerne, year 4 lucerne removed and first 
wheat crop and year 5 wheat 

60 

L3W1 Four year rotation in years 1-3 lucerne, year 4 lucerne removed and first 
wheat crop 

75 

The soil types were based on sites at which information on lucerne had been 

obtained at Katanning (duplex, 33.8º S and 117.4º E) and Moora (deep sand, 

30.6º S and 116.1º E) and are described in (Chapter 4).  The PAWC to the 

maximum root depth for the duplex soil was 135 mm to a depth of 2.0 m for 

lucerne and 60 mm to a depth of 0.8 m for wheat. The PAWC for the deep sand 

was 189 mm to a depth of 6.0 m for lucerne and 55 mm to a depth of 1.5 m for 

wheat.  The duplex was classified as Eutrophic Mottled-Subnatric Grey Sodosol 

and the deep sand as Acidic Arenic Orthic Tenosol (Isbell 1996).  The soil 

related information required for APSIM-Lucerne was based on information from 

(Chapter 5) and for APSIM-Wheat from (Asseng et al. 1998b) for similar soils.  

The main APSIM soil related information for each soil is shown in Figure 6.1.  

The information included; drained upper limit (DUL), the driest soil water content 

achieved by the plant in each layer or lower limit (LL) and the soil constraints on 

the water extraction front (rooting depth) or root exploration factor (xf).  The xf is 

expressed as a fraction of the potential extraction front.  The xf is not 

comparable between wheat and lucerne as they have different daily potential 

extraction front increase.  The impact of xf on the maximum lucerne rooting 

depth in each year (31 March) was as follows; in the deep sand the depth was 
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3.0-3.2 m in the second year, 4.7-4.9 m in the third year and 5.4-6.0 m in the 

fourth year, for both locations.  In the duplex soil the maximum lucerne rooting 

depth in each year (31 March) was as follows; 1.1 m in the second year, 

1.5-1.6 m in the third year and 1.9-2.0 m for the fourth year, for both locations. 

The two contrasting locations were located in the regions of the Katanning and 

Moora experimental sites but selected to give a greater range in medium annual 

rainfall.  The two locations were Buntine (29.99° S, 116.57° E) with a medium 

annual rainfall of 335 mm and Kojonup (33.84° S, 117.15° E) with a medium 

annual rainfall of 491 mm.  In addition, the mean annual temperature was 

3.9°C/day higher at Buntine and the mean annual radiation was 3.5 MJ/m2.day 

higher at Buntine.  Both sites have a Mediterranean-type environment with 

higher rainfall and lower temperatures in winter (June to August) and the 

reverse in summer (December to February). 

The influence of wheat water extraction on water excess for the different 

rotations (Table 6.1) was examined on the deep sand at Kojonup. The wheat 

PAWC was increased by 20 mm to 75 mm. This was achieved by increasing the 

advance of the extraction front allowing the extraction front to reach a maximum 

of 2.5 m (Figure 6.1). The advance of the extraction front is related to the rate of 

root development and therefore this simulation will be referred to as the deeper 

or increased wheat root depth. 

Each rotation treatment consisted of a number of simulations to ensure every 

phase of the rotation was represented in every year.  The number of simulations 

depended on the number of years within each cycle.  To ensure every phase in 

every year was represented, the starting date of the simulations commenced in 

consecutive years.  The simulations commenced in the 1950s. The initial year 

depended on the number of years within each rotation cycle.  For example, in 

the L3W1 rotation 4 simulations were conducted starting in years 1954 to 1957.  

However, data pre 1957 were excluded from the analysis. The rotations were 

then repeated until all simulations finished on 15 April 2002.   There was no re-

setting of any parameters throughout the simulation including the continuous 

wheat simulation. 
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Lucerne was sown between 14 May and 15 June after the first 20 mm rainfall 

within seven days or after the first 10 mm after 15 June.  Lucerne was cut or 

harvested to a height of 50 mm on 26 November after sowing and then every 

6.5 weeks after the first harvest.  A stem density of 150 stems/m2 was 

maintained throughout the study.  The management of the lucerne stand was 

similar to current commercial practice.  The lucerne was removed in the last 

year of the rotation on 14 April. 
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Figure 6.1 APSIM soil profile information for a deep sand (a, b) and a duplex soil (c, d).  The 
information included; drained upper limit (DUL), the lower limit (LL) for wheat (W) and 
lucerne (L) and root exploration factor (xf).  W fast refers to increased wheat rooting 
depth, which was only simulated in the sand. 

Wheat was sown between 5 May and 31 July with urea at a rate of 90 kg N/ha 

using the late maturing cv. Spear for sowing before 5 June or the early maturing 

Kulin after the 5 June.  Sowing did not occur before 5 June without at least 

25 mm of rainfall over 10 days or 10 mm over 10 days post 5 June.  Urea at 

90 kg N/ha was also applied to the wheat at Kojonup 40 and 70 days after 

sowing for a total of 270 kg N/ha.  Weeds were allowed to germinate between 

consecutive wheat crops to ensure that the soil water was not overestimated at 
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the start of the growing season (Chapter 3).  A rainfall-based rule was used to 

initiate weed germination (Fischer and Armstrong 1990) between 1 December 

and 14 April.  Testing of this rule by Verburg and Bond (2003) within APSIM has 

shown that it performs well compared to experimental results in relation to soil 

water use. 

The main output of the model was the amount of annual drainage below the 

maximum potential rooting depth of lucerne, 2.5 m in the duplex soil and 6 m in 

the deep sand.  Additional outputs include the drainage buffer measured on the 

31 March in each year, run off per year, lucerne above-ground biomass 

production and wheat grain yield.  The drainage buffer (DB) was calculated by 

subtracting from the DUL the soil water content in the profile to the maximum 

potential lucerne rooting depth.  In the deep sand at Kojonup the drainage 

buffer was also calculated below the maximum potential wheat rooting depth 

(1.5 m) to the maximum potential lucerne rooting depth (6 m) and abbreviated 

to DB1.5-6.  Run off was added to the drainage to give the total water excess.  

Statistics are presented on the combined data from each set of simulations 

(including all phases).  Only data from 1957-2002 were used in the analysis.  

The linear model (GENSTAT 1993) was used to determine the regression 

relationship between water excess and rainfall, drainage buffer and year of 

rotation.  This analysis was only determined for the L3W4 rotation (Table 6.1) at 

Kojonup.  Non-significant parameters were removed from the regression 

relationship and the analysis re-run to determine the regression coefficients.  

Under established lucerne (second and third year lucerne) there were a number 

of years with zero water excess.  Therefore the following equation (broken stick) 

was fitted using the non-linear model (GENSTAT 1993): 

Water excess = a× (rainfall-b) with rainfall > b and 0 when rainfall ≤ b. 

6.4 Results 

6.4.1 Rainfall 

The median annual rainfall over the period 1957-2001 was 161 mm higher at 

Kojonup (496 mm) than Buntine (335 mm).  Variability between years was high 

at both sites.  The 25 per cent and 75 per cent percentile was 436 and 539 mm 

at Kojonup and 280 and 377 mm at Buntine.  The rainfall range was smaller at 
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Kojonup 340-646 mm compared to Buntine 167-620 mm.  The monthly rainfall 

at both sites peaked in June or July with very low median rainfall (<10 mm) in 

December-March at Kojonup and November-March at Buntine (Figure 6.2).  

Greater rainfall occurred in all months from April-November at Kojonup 

compared to Buntine (Figure 6.2). 
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Figure 6.2 Statistics of the monthly rainfall at (a) Kojonup and (b) Buntine showing the median 
(horizontal line within the box) and the following percentiles; 25 per cent (horizontal 
line at the bottom of the box), 75 per cent (horizontal line at the top of the box), 10 per 
cent (lower bar), 90 per cent (upper bar) and individual values (closed circles) > 90 per 
cent and < 10 per cent percentile.  Data from years 1957 to 2001. 

6.4.2 Run off 

Run off was a very minor component of the simulated water excess.  At both 

locations and for both soil types simulated run off averaged 1 mm/year.  At 

Kojonup on the duplex soil there were three years which had run off > 2 mm, 

two years with 7 mm and one year with 24 mm.  At Buntine on the duplex soil 

there were two years which had run off > 2 mm, 16 and 21 mm. 

6.4.3 Mean water excess 

Inclusion of lucerne into the rotation reduced the water excess (drainage below 

the maximum rooting depth of the lucerne and run off) by 30-147 mm compared 

to the water excess after wheat grown continuously (or continuous wheat) 

(Figure 6.3a).  The extent of the reduction was related (P < 0.001) to the 

number of years of lucerne relative to the total number of years in the rotation, 

location and soil type.  The water excess decreased by 17-20 mm at Kojonup 

and 7-8 mm at Buntine per 10 per cent increase in lucerne years in the rotation 

compared to water excess after continuous wheat, depending on the soil type 
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(Figure 6.3a).  Soil type had a small impact on the ability of lucerne to reduce 

the water excess especially at Buntine (Figure 6.3a).  There was no effect on 

the water excess of a different rotation mix (L3W3 or L4W4) at 50 per cent 

lucerne years in the rotation for both locations and soil types (Figure 6.3a). 

W
at

er
 e

xc
es

s 
(m

m
)

0

50

100

150

200

250

Drainage buffer (mm)
20 40 60 80 100 120 140

Lucerne %
0 20 40 60 80

D
ra

in
ag

e 
bu

ffe
r (

m
m

)

0
20
40
60
80

100
120
140

Kojonup deep sand
Kojonup duplex
Kojonup deep sand fast
Buntine deep sand
Buntine duplex

(a) (b)

(c)

 
Figure 6.3 Relationships between mean annual (January-December) water excess (drainage below 

6 m in the deep sand and 2.5 m in the duplex soil and run off) of each rotation and (a) 
the years of lucerne as a percentage of the years in each rotation (Lucerne %) and (b) 
drainage buffer of each rotation on 31 March and (c) the relationship between mean 
drainage buffer of each rotation on 31 March and Lucerne percentage.  The means are 
for 45 years, 1957-2001 at two sites and two soils and at Kojonup for increased wheat 
rooting depth (fast).  The regression equations for the water excess and Lucerne 
percentage relationship (a, excluding continuous wheat) were (R2 = 0.99-1.00) for 
Kojonup (K) deep sand:  water excess = -2.02 x Lucerne % + 226.  K duplex:  water 
excess = -1.72 x Lucerne % + 231.  K deep sand fast:  water excess = -1.58 x Lucerne % 
+ 190.  Buntine (B) deep sand:  water excess = -0.84 x Lucerne % + 74.  B duplex:  water 
excess = -0.70 x Lucerne % + 72.  The regression equations for the water excess and 
drainage buffer (DB) relationship (b, excluding continuous wheat) were (R2 = 0.98-0.99) 
for K deep sand and deep sand fast:  water excess = -1.41 x DB + 260.  K duplex:  water 
excess = -2.32 x DB + 308.  B deep sand:  water excess = -0.59 x DB + 96.  B duplex:  
water excess = -0.95 x DB + 111. 

Lucerne’s ability to decrease the water excess also depended on the wheat 

rooting depth on the deep sand at Kojonup (Figure 6.3a).  At the increased 

wheat rooting depth, inclusion of lucerne reduced the water excess by 16 mm 

compared to 20 mm at the shallower rooting depth per 10 per cent increase in 

lucerne years in the rotation (Figure 6.3a).  At 75 per cent lucerne years in the  
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rotation there was no difference in water excess between the deeper and 

shallower wheat rooting depth compared to a difference of 37 mm after 

continuous wheat (Figure 6.3a). 

The mean water excess was directly related (P < 0.001) to the mean drainage 

buffer in place on the 31 March within each soil type and location (Figure 6.3b).  

The water excess decreased by 0.6-1.0 mm per mm increase in drainage buffer 

at Buntine compared to 1.4-2.3 mm at Kojonup for both soil types (Figure 6.3b).  

The water excess declined at a faster rate with increasing drainage buffer in the 

duplex soil at both locations.  However, the drainage buffer was higher in the 

deep sand compared to the duplex soil for the same rotation (Figure 6.3c).  The 

greater the number of lucerne years in the rotation the higher the mean 

drainage buffer (Figure 6.3c).  Increasing the wheat rooting depth increased the 

mean drainage buffer by 7-24 mm under varying levels of lucerne years in the 

rotation (Figure 6.3c).  However, there was no effect of increasing the wheat 

rooting depth on the drainage buffer/water excess relationship compared to the 

shallower wheat rooting depth (Figure 6.3c). 

6.4.4 Mean water excess within rotations 

The age of the lucerne stand and the number of wheat years after lucerne 

removal were the main determinants of the mean water excess within each 

rotation (Figure 6.4, Tables 6.2, 6.3).  The mean water excess across rotations 

after the first year of lucerne was one of the highest within the rotation 

(Figure 6.4a, b).  Only when lucerne followed one wheat crop at Kojonup and 

1-3 crops at Buntine was the water excess lower by at least 10 mm compared 

to continuous wheat (Tables 6.2, 6.3).  However, in all of these rotations the 

water excess in the first year of lucerne was higher than after the previous 

wheat crop.  There was minimal difference in water excess between soil types 

(mean of all rotations) after the first year of lucerne at both locations 

(Figure 6.4a, b). 
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Table 6.2  Mean total water excess (drainage below 6m in the deep sand and 2.5 m in the duplex 
soil and run off, mm) for each phase of different rotations for two soil types at Kojonup.  
The water excess for continuous wheat is shown in parenthesis next to the soil type.  
See Table 6.1 for explanation of Year in relation to each rotation.  The means are for 45 
years, 1957-2001 

Year L2W4 L3W4 L4W4 L3W1 L3W2 L3W3 

Duplex (227 mm) 

1 224 226 226 194 216 224 

2 106 107 107 102 103 106 

3   71   56   56   57   56   56 

4 200   59   42   59   59   59 

5 220 206   53  207 206 

6 227 224 207   224 

7  229 226    

8   229    

Deep sand (221 mm) 

1 226 228 228 179 218 226 

2   77   78   78   74   75   78 

3   26   19   19   20   19   19 

4 180   22   17   23   23   22 

5 218 182   22  184 183 

6 223 220 185   220 

7  225 222    

8   226    

Deep sand + increased wheat rooting depth (184 mm) 

1 209 212 212 165 205 211 

2   82   83   83   82   81   83 

3   22   20   20   22   20   20 

4 147   18   17   19   18   18 

5 183 150   18  151 150 

6 187 186 153   187 

7  190 188    

8   191    

The largest impact of lucerne on water excess was after the second year after 

establishment, the impact of lucerne then declined with increasing years of 

lucerne (Figure 6.4a, b).  At Kojonup, the water excess was 53-66 per cent 

lower after the second year, 75-91 per cent lower after the third year and 

81-92 per cent lower after the fourth year of lucerne than the water excess after 

continuous wheat for both soil types (Table 6.2).  At Buntine, the water excess 

was 73-88 per cent lower after the second year, 86-95 per cent lower after the  
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third year and 90-96 per cent lower after the fourth year of lucerne than the 

water excess after continuous wheat for both soil types (Table 6.3).  Differences 

in the water excess between soil types reached a maximum (25-27 mm) after 

the second year of lucerne at Kojonup (Figure 6.4a). 

Table 6.3  Mean total water excess (drainage below 6m in the deep sand and 2.5 m in the duplex 
soil and run off, mm) for each phase of different rotations for two soil types at Buntine.  
The water excess for continuous wheat is shown in parenthesis next to the soil type.  
See Table 6.1 for explanation of Year in relation to each rotation.  The means are for 45 
years, 1957-2001 

Year L2W4 L3W4 L4W4 L3W1 L3W2 L3W3 

Duplex (79 mm) 

1 70 72 72 41 61 67 

2 21 22 22 18 20 21 

3 16 11 11 10 11 11 

4 50 12   8 12 12 12 

5 65 45 10  44 45 

6 69 65 43   64 

7  71 64    

8   71    

Deep sand (86 mm) 

1 80 80 80 28 58 71 

2 14 14 14 11 13 14 

3   5   4   4   4   4   4 

4 36   5   4   5   5   5 

5 65 31   5  31 31 

6 77 63 31   62 

7  75 62    

8   76    

Lucerne was also effective in reducing the water excess to very low levels 

(< 5 mm) at each location in a number of years.  At Kojonup, the percentage of 

years with <5 mm water excess under lucerne was as follows; years 1 and 2 

0-7 per cent, year 3 20-56 per cent, year 4 36-58 per cent for both soils.  At 

Buntine, the percentage of years with <5 mm water excess under lucerne was 

as follows; year 1 13-18 per cent, year 2 53-69 per cent, year 3 80-89 per cent, 

year 4 91-93 per cent for both soil types.  
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In the first year of wheat after lucerne the water excess was low, similar to the 

water excess in the third and fourth year of lucerne at both locations and soil 

types (Figure 6.4a, b, Tables 6.2, 6.3).  Following the first year of wheat after 

lucerne the water excess increased in the wheat phase compared to the water 

excess after established lucerne (third or fourth year of lucerne).  The extent of 

the water excess increase depended on the number of wheat crops.  At 

Kojonup, a large increase in the water excess occurred in the second year of 

wheat although it was less than the water excess after continuous wheat 

(Figure 4a).  The mean water excess in the third and fourth of wheat after 

lucerne was within 7 mm of the mean water excess after continuous wheat for 

both soil types (Figures 6.3a, 6.4a)..  
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Figure 6.4 Mean annual (January-December) water excess (drainage below 6 m in the deep sand 
and 2.5 m in the duplex soil and run off) in (a) and (b) and mean drainage buffer on 
31 March in (c) and (d) for each year of the rotation for two locations either under a 
lucerne pasture (L) or wheat (W) following lucerne removal.  The data are a mean of 45 
years (1957-2001) and the mean of all lucerne – wheat rotations at each location. 
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At Buntine, the increase in water excess in the wheat phase following lucerne 

removal was more linear than the increase which occurred at Kojonup 

(Figure 6.4b).  The water excess during the wheat phase was lower (< 11 mm) 

than the water excess after continuous wheat until the fourth wheat crop 

(Figures 6.3a, 6.4b).  Differences in the mean water excess between soil types 

were minimal (< 13 mm) during all years of the wheat phase (Figure 6.4b). 

The impact of increasing the wheat rooting depth on the water excess in the 

wheat phase was mainly in the second and subsequent wheat years after 

lucerne on the deep sand at Kojonup (Figure 6.4a, Table 6.2).  However, the 

pattern of water excess increase after lucerne was similar between the deep 

and shallow wheat rooting depths (Figure 6.4a). 

Within the rotation the drainage buffer changes on the 31 March were the 

inverse of the water excess changes.  Lucerne increased the drainage buffer 

and wheat after lucerne decreased the drainage buffer (Figure 6.4c, d).  

Increases in the drainage buffer in the first and second year of lucerne had a 

greater impact on reducing the water excess than the third and fourth year of 

lucerne for both locations and soil types (Figure 6.4).  The drainage buffer was 

higher in the deep sand by 57-62 mm in the third and fourth year of lucerne 

compared to the duplex soil for both locations (Figure 6.4c, d).  However, 

differences in the water excess between soil types were 15-47 mm in the third 

and fourth year of lucerne (Figure 6.4a, b). 

A high drainage buffer on the 31 March occurred in the first year of wheat 

because the lucerne had not been removed at that stage.  At Kojonup, most of 

the decrease in drainage buffer after lucerne occurred during the second year of 

wheat contributing 79-84 per cent to the maximum decrease in drainage buffer 

relative to the drainage buffer in continuous wheat for both soil types 

(Figures 6.3b, 6.4c).  However, at Buntine, most of the drainage buffer decrease 

after lucerne removal occurred during the second and third year of wheat 

contributing 78-84 per cent to the maximum increase in drainage buffer relative  
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to the drainage buffer in continuous wheat (Figures 6.3b, 6.4d).  Increasing the 

wheat rooting depth resulted in a higher drainage buffer in wheat after lucerne 

removal in the deep sand at Kojonup (Figure 6.4c). 

6.4.5 Yearly water excess variability 

Total rainfall between January and September, year of rotation and drainage 

buffer (on 31 March) explained 91 per cent of the variation in water excess from 

year to year in the L3W4 rotation at Kojonup on the deep sand (Figure 6.5a, b).  

However, year of rotation and drainage buffer were related.  If the drainage 

buffer was removed from the relationship, the water excess variation explained 

by rainfall and year of rotation decreased by 2 per cent.  In comparison removal 

of the year of rotation from the relationship decreased by 10 per cent the water 

excess variation explained by rainfall and drainage buffer.  Including the 

October rainfall in the rainfall, year and drainage buffer relationship decreased 

the water excess variance explained by 3 per cent and inclusion of the 

October-December rainfall decreased the variance explained by 8 per cent.  

Removing the January to March rainfall also did not improve the rainfall, year 

and drainage buffer relationship. 

At Kojonup in the L3W4 rotation on the deep sand the linear regression 

relationships between January-September rainfall and drainage buffer and 

water excess were determined for each year of rotation.  Drainage buffer was 

only significant in Year 5 of the rotation or the second wheat crop after lucerne 

removal.  Therefore drainage buffer was only included in the linear regression in 

Year 5 of the rotation.  In addition there were non-significant differences 

between the slope of the rainfall and water excess relationship between the 

different rotation years.  That is with increasing rainfall the water excess 

increased at the same rate, 0.7 mm per mm January-September rain 

(Figure 6.5a, b).  There was also no significant difference in the regression 

intercept between Years 1, 6 and 7 or the first year of lucerne and the third and 

fourth wheat crop after lucerne (Figure 6.5a).  In Year 2 or the second lucerne 

year the intercept was 146 mm lower than the intercept in year 1 of the rotation 

(Figure 6.5a).  In Years 3 and 4 or the third lucerne year and the first year of  
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wheat after lucerne removal the linear regression between rainfall and water 

excess was the same and consisted of two parts (Figure 6.5a).  Below 420 mm 

the water excess was zero and above this value the water excess responded to 

rainfall at a similar rate to the other rotation years. 
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Figure 6.5 Relationship between January-September rainfall and annual (January-December) 
water excess (drainage below 6 m and run off) and drainage buffer (DB) on 31 March in 
Year 5 (the lines in b represent the mean (60 mm), maximum (149 mm) and minimum 
(-46 mm) drainage buffer within Year 5) for each year of the L3W4 rotation at Kojonup 
on the deep sand (a, b) and Buntine (c, d).  The legend in (c) also applies to (a).  The 
equations for Kojonup are Year 1, 6 and 7:  water excess = 0.70 * rain – 67, 
Year 2:  water excess = 0.70 * rain – 213, Year 3 and 4:  if rainfall < 420 mm water excess 
is zero and if rainfall ≥420 mm water excess = 0.70 * rain – 283, Year 5:  water excess = 
0.67 * rain + 0.88 * DB – 56. 

The higher the drainage buffer in Year 5 the lower the water excess for the 

same rainfall in the L3W4 rotation at Kojonup on the deep sand (Figure 6.5b).  

The drainage buffer range in Year 5 of the rotation resulted in a 171 mm 

difference in the water excess and rainfall intercept (Figure 6.5b).  Variation in 

the drainage buffer was greater in Year 5 than the other years of the rotation 

(Figure 6.6a).  The main influence in determining the drainage buffer in Year 5 

was rainfall in Year 4 (Figure 6.7a).  In Year 4 water excess which includes 

drainage below 6 m was low (Figure 6.5a).  However, drainage below the 
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maximum wheat root depth (1.5 m) occurred during Year 4 and the excess 

water filled the drainage buffer below 1.5 m (Figure 6.7b).  As a result rainfall 

between April in Year 4 (after the drainage buffer measurement in Year 4) and 

September in Year 5 could explain 80 per cent of the variation in water excess 

in Year 5 of the rotation (Figure 6.7c). 

At Buntine, like Kojonup, the major determinant of water excess from year to 

year, explaining 74 per cent of the variation, was January to September rainfall, 

year of rotation and drainage buffer in the L3W4 rotation on the deep sand.  The 

water excess increased with increasing rainfall, although in Years 3 and 4 most 

of the water excess values were zero (Figure 6.5c).  The water excess in 

Years 5 and 6 was more variable in relation to rainfall than the other years 

(Figure 6.5c, d).  In both these years the variation in drainage buffer on 

31 March was greater than in the other years (Figure 6.6b).  Inclusion of the 

drainage buffer in the regression analysis between rainfall and water excess 

improved the relationship (statistical analysis not shown). 
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Figure 6.6 Statistics of the drainage buffer on 31 March each year at (a) Kojonup and (b) Buntine 
showing the median (horizontal line within the box) and the following percentiles; 
25 per cent (horizontal line at the bottom of the box), 75 per cent (horizontal line at the 
top of the box), 10 per cent (lower bar), 90 per cent (upper bar) and individual values 
(closed circles) > 90 per cent and < 10 per cent percentile.  Data from years 1957 to 
2001 for the L3W4 rotation on a deep sand. 

Although rainfall between January and September explained most of the water 

excess variation within years some of the variation was due to timing of the 

rainfall.  For example, 1964 and 1990 had the same January-September rainfall 

at Kojonup.  However, water excess in Year 3 of the L3W4 rotation was 79 mm  
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in 1964 and 2 mm in 1990.  The main difference between the two years was 

that in 1964 a total of 150 mm of rainfall was received within 30 days 

(7 June-7 July) compared to a more even spread of rainfall in 1990 (Figure 6.8). 

6.4.5 Sequence of years 

With different phases of lucerne and wheat the rainfall sequence of years 

becomes important if the objective is to minimise water excess as well as to 

have a mixed farming system.  At both Kojonup and Buntine historically there 

have been periods of 3-4 years where January-September rainfall has been 

lower and therefore best suited to wheat and periods where the rainfall has 

been higher and therefore best suited to lucerne to minimise water excess 

(Figures 6.5, 6.9). 
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Figure 6.7 Relationships in the L3W4 rotation at Kojonup on the deep sand for (a) rainfall from 
April Year 4 of the rotation until March Year 5 and the drainage buffer from the surface 
to a depth of 6m (DB) in Year 5, (b) the drainage buffer below the wheat root zone, 1.5 m 
to a depth of 6 m (DB1.5-6) and (c) rainfall from April Year 4 of the rotation until 
September Year 5 and the water excess (drainage below 6 m and run off) in Year 5.  
Regression equations were for (a) DB = -0.37 * rain + 240 (R2 = 0.66), (b) DB = 1.13 * 
DB1.5-6 + 29 (R2 = 0.85) and (c) Water excess = 0.65 * rain - 380 (R2 = 0.80). 
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Figure 6.8. The cumulative rainfall in 2 years at Kojonup, water excess was 79 mm in 1964 and 
2 mm in 1990. 
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Figure 6.9. The January-September rainfall in each year from 1957-2001 compared to the five year 

rolling mean and the mean over the whole period (horizontal line) at (a) Kojonup and (b) 
Buntine. 

Using the mean water excess based on historical rainfall as an indicator of 

future water excess may be in error if the rainfall pattern between years 

changes.  At Buntine the five year rolling mean January–September rainfall post 

1975 (1976-2001) was generally lower than pre 1975 (1957-1975) five year 

rolling mean (Figure 6.9b).  In addition the pre-1975 mean rainfall was 52 mm 

higher than the post 1975 mean rainfall.  In comparison at Kojonup the five year 

rolling mean rainfall did not show a dramatic change pre- and post-1975 

(Figure 6.9a).  The mean rainfall pre 1975 (1957-1975) was 18 mm higher than 

the rainfall post 1975 (1976-2001). 
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6.4.6 Biomass production and grain yields 

The total mean annual lucerne biomass was 2.6-2.8 times higher in Year 1 of 

lucerne at Kojonup and 1.5-1.6 times higher in Years 2 and 3 compared to 

Buntine (Table 6.4).  In addition lucerne biomass production was extremely 

variable at Buntine compared to Kojonup (Table 6.4).  The total mean annual 

lucerne biomass was 33-34 per cent higher in the deep sand than the duplex 

soil for both locations (Table 6.4).  Total mean biomass production declined by 

9-17 per cent and production variability increased in the third year of lucerne 

compared to the second year in the deep sand at both locations (Table 6.4).  

Lucerne biomass production during summer and autumn (end of November to 

end of May) in the deep sand was 1.4-1.9 t/ha at Kojonup and 0.4-0.9 t/ha at 

Buntine (results not shown).  The lucerne biomass on the duplex soil during 

summer/autumn was 1.1-1.2 t/ha at Kojonup and 0.4-0.6 t/ha at Buntine. 

Table 6.4 Mean lucerne (L) biomass production (t/ha) for each year (April to March) with the 
coefficient of variation (%) in parenthesis and mean wheat (W) grain yield (t/ha) for the 
L3W4 rotation and continuous (Contin.) wheat for two soils and two locations.  Fast 
refers to increased wheat rooting depth.  The means are for 45 years, 1957-2001 

Kojonup Kojonup Kojonup Buntine Buntine 
Year 

Deep sand Duplex Deep sand fast Deep sand Duplex 

L1 5.1 (19) 4.5 (25) 5.2 (19) 2.0 (30) 1.6 (56) 

L2 6.9 (10) 5.2 (19) 6.9 (10) 4.7 (26) 3.5 (43) 

L3 6.3 (14) 5.3 (20) 6.3 (14) 3.9 (37) 3.4 (42) 

W1 3.7 (38) 3.3 (33) 4.7 (37) 1.3 (74) 1.3 (55) 

W2 3.6 (28) 3.0 (25) 4.7 (26) 1.2 (57) 1.4 (42) 

W3-W4 3.8 (28-29) 3.3 (26) 5.0-5.1 (28) 1.2-1.3 (54-58) 1.5-1.6 (42-44) 

Contin. W 3.9 (30) 3.3 (26) 5.1 (30) 1.9 (35) 1.7 (40) 

Wheat grain yields after lucerne were 0-8 per cent lower yielding at Kojonup 

and 6-37 per cent lower yielding at Buntine compared to continuous wheat 

(Table 6.4).  Variability in wheat grain yields after lucerne was greater at 

Buntine and the first wheat crop after lucerne at Kojonup compared to the 

variability in grain yields with continuous wheat.  The increased wheat rooting 

depth improved wheat grain yields by 31-34 per cent on the deep sand at 

Kojonup (Table 6.4).  Wheat grain yields were 15-20 per cent higher in the deep 

sand compared to the duplex soil at Kojonup but 8 23 per cent higher in the 

duplex soil compared to the deep sand at Buntine (Table 6.4). 
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6.5 Discussion 

6.5.1 Impact of lucerne on the water excess 

The results of this simulation study predict that lucerne can significantly reduce 

(> 23%) the long-term mean water excess in rotations consisting of 2-4 years of 

lucerne followed by 1-4 years of wheat compared to continuous wheat.  At both 

locations lucerne reduced the amount of water excess in all years and in some 

years eliminated water excess.  This supports previous findings of 

Zhang et al. (1999), Dunin et al. (1999), Keating et al. (2002), 

Verburg and Bond (2003) and Ward et al. (2006b). 

The water excess decreased rapidly with the introduction of lucerne, within 

two years the water excess was reduced by over 50 per cent compared to the 

water excess after continuous wheat.  Established lucerne (third or fourth year 

of lucerne) was able to reduce the water excess to values which occurred under 

native vegetative or trees (< 5 mm/year) (Petheram et al. 2002) in at least 20% 

of the years at Kojonup and at least 80% of the years at Buntine.  The reduction 

in mean water excess at each location was directly related to the number of 

lucerne years relative to the total rotation years.  Different combinations of 

lucerne and wheat phases with the same number of lucerne years had minimal 

impact on the water excess in rotations with at least two years of lucerne.  

Lucerne was able to reduce the mean water excess in wheat crops following 

lucerne removal confirming the findings of (Ward et al. 2006b).  These results 

combined with the conclusion that lucerne is adapted to a wide-range of soil 

types in south-western Australia (Chapter 4) can give confidence to farmers that 

lucerne in rotation with crops can slow or reduce the spread of salinity. 

Factors influencing the lucerne water excess 

At the higher rainfall site the reduction in mean water excess with the 

introduction of lucerne in percentage terms was not as great as at the drier site, 

which supports the findings of (Ward et al. 2006b).  At Kojonup even in the 

L3W1 rotation the mean water excess has only been reduced by 50 per cent 

compared to the water excess under continuous wheat and it remains high at 

70-100 mm.  The results indicate that using lucerne to reduce water excess 

would require lucerne to be a greater proportion of the rotation at Kojonup 
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compared to Buntine.  Alternatively, sowing a crop into established lucerne with 

wheat (overcropping) should be considered if the farmer wants to grow crops 

and control water excess.  An overcropping situation would result in the water 

excess being similar to the water excess under established lucerne as well 

obtaining a crop yield (Keating et al. 2002).  Further investigation is required to 

determine the effect of lucerne on wheat yield in overcropping. 

The impact of different soil types, varying mainly in the plant available water 

holding capacity, on the ability of lucerne to reduce the mean water excess was 

not as important as the number of lucerne years as a proportion of total rotation 

years.  This was most likely because differences in plant available water holding 

capacity between the soil types under lucerne did not start to deviate 

significantly (> 20 mm) until the third year and the maximum difference of 

54 mm did not occur until the fourth year (Figure 6.4).  Therefore the greater the 

proportion of lucerne years in the rotation, especially the third and fourth year of 

lucerne, the greater the impact of the difference in plant available water holding 

capacity between soil types on the water excess. 

Increasing the potential extraction of water by wheat by 20 mm but maintaining 

the lucerne potential water extraction resulted in a reduced water excess at 

Kojonup.  However, increasing the proportion of lucerne in rotation reduced the 

impact.  The greatest impact of the higher wheat water extraction was in the 

second wheat crop after lucerne removal.  It would be expected that at Buntine 

a higher water extraction by wheat would have had a greater impact on the 

water excess compared to Kojonup because of the lower water excess at 

Buntine.  Therefore at Buntine the number of years that wheat could be grown 

after lucerne removal could be extended before the water excess was similar to 

the water excess under continuous wheat (Asseng et al. 2001a, 

Keating et al. 2001). 

At both locations water excess was strongly related to the amount of rainfall and 

this supports previous findings by Asseng et al. (2001), Keating et al. (2002), 

Petheram et al. (2002), Ward et al. 2006b and Zhang et al. (2001).  The  
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variability in water excess due to rainfall was similar or greater than the 

reduction in water excess due to lucerne.  The water excess variability as a 

consequence of the rainfall variability makes it a difficult system to manage in 

order to minimise water excess and to maximise profits.  However, at Buntine 

there is more flexibility, farmers can restrict the number of lucerne years as a 

proportion of the total rotation years if economics of cropping is more favourable 

than livestock and still have a low water excess.  This is because at Buntine 

there is a higher frequency of sequential dry years relative to Kojonup and the 

frequency has increased because of lower January-September rainfall in the 

last three decades.  Even if there is drainage below the wheat root zone during 

a wheat phase then a sequence of years can occur where previously grown 

lucerne has created sufficient drainage buffer capacity to store this excess 

water until it is used in the following phase of lucerne.  The following lucerne 

phase can be tactical rather than a set rotation depending on the filling up of the 

drainage buffer below the wheat root zone.  Key soil measurements can be 

useful to determine when the drainage buffer is full (Verburg et al. 2001). 

For farmers to optimise their crop/lucerne sequence they need a reliable 

prediction of rainfall 6-12 months in advance.  Accurate seasonal forecasting 

techniques do not currently exist for south-western Australia although 

improvements have been made (Petersen and Fraser 2001). 

Factors influencing phase length 

The simulations clearly show a high water excess in the establishment year of 

lucerne, which is consistent with the findings of Chapter 5.  Therefore to 

minimise water excess farmers may need to shorten the wheat phase so that 

there is some capacity by the drainage buffer to store some or all of the high 

water excess in the first year of lucerne. 

Another factor which may influence the length of phase of lucerne relative to 

wheat was that the reduction in water excess under lucerne reaches a plateau.  

That is the water excess after 3-4 years was similar to the water excess after 

2-3 years of lucerne.  This is because the drying of the soil by lucerne declines 

with time.  From experimental studies, in general under lucerne, 50 per cent of  
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the maximum soil dryness occurs in the first year, 85 per cent of maximum in 

the second year and 100 per cent in the third year (Ward et al. 2006a).  A major 

reason for growing lucerne is to dry the soil so that it can store the excess water 

during the wheat phase and first year of lucerne.  Therefore once the maximum 

dryness is achieved the lucerne can be removed and wheat grown.  Although 

extending the lucerne phase once the maximum is achieved will allow the lower 

water excess to be maintained relative to the water excess under continuous 

wheat. The extent of the reduction in water excess with time under lucerne will 

vary from soil to soil (Chapter 4). Therefore the best time to remove lucerne in 

relation to the maximum reduction in water excess will also vary from soil to soil. 

Simulation assumptions 

Removal of lucerne on 14 April at the end of the lucerne phase contributed to 

the low water excess in the first year of wheat after lucerne.  If the lucerne was 

removed earlier than the 14 April, then rainfall after removal may reduce the 

drainage buffer and therefore increase the risk of water excess under wheat.  

However, an earlier removal can also increase wheat grain yields 

(Angus et al. 2000). 

Lucerne plant density was assumed to be constant during the lucerne phase.  

However, the plant density is likely to decline over time and this decline may 

reduce the ability of lucerne to reduce the water excess (Virgona 2003). 

Lucerne may increase the PAWC of wheat following lucerne as shown by a 

number of authors (Angus et al. 2001, Latta et al. 2001, Ward et al. 2002).  If 

this does occur then the impact of lucerne on water excess will be even greater 

than shown in our analysis. 

6.5.2 The link between drainage buffer and water excess 

The simulations highlighted the close relationship between the proportion of 

lucerne years in the rotation and drainage buffer in autumn and water excess 

and drainage buffer in autumn.  The direct relationship between drainage buffer 

in autumn and water excess has been shown previously in Chapter 3 and  
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Ward et al. (2006b).  If the difference in drainage buffer between lucerne and 

wheat was less (as simulated by the increased wheat rooting depth), then the 

impact of lucerne on water excess was also less relative to water excess under 

continuous wheat. 

Lucerne was able to reduce the water excess in the wheat crops following 

lucerne removal confirming the findings of Verburg and Bond (2003) and 

Ward et al. (2006b).  The reason lucerne could influence water excess after its 

removal was because water draining below the wheat root zone (1.5 m in the 

deep sand and 0.8 m in the duplex soil) was stored in the dry soil below the 

wheat root zone.  Once this additional drainage buffer (the difference between 

lucerne and wheat drainage buffer) developed by lucerne was filled with water 

then the profile was at risk of draining.  There is a direct relationship between 

cumulative rainfall and the filling up of this additional drainage buffer as shown 

in Figure 6.7.  It is for this reason that at Buntine many more years of wheat 

crops can be grown after lucerne removal before the water excess was similar 

to the water excess under continuous wheat. 

Drainage buffer on 31 March is not the only reason that water excess was 

reduced as can be seen by the different relationships between drainage buffer 

and water excess for the two soil types.  Lucerne will continue to dry the soil 

after 31 March if there is rainfall or water in the profile that the roots can access 

and therefore continue to increase or maintain the drainage buffer to prevent 

drainage.  It is for this reason that rotation year is more important than drainage 

buffer in the water excess per year relationship.  Rotation year includes the 

drainage buffer on 31 March as well as the subsequent effects of lucerne drying 

the soil.  However, if the drainage buffer is determined closer to the winter 

period (when most of the drainage occurs) then it is likely that the importance of 

rotation year to the relationship would decrease. 

The water excess declined rapidly with the introduction of lucerne but the 

impact of lucerne on the water excess decreased over time.  This was partly 

because the increase in drainage buffer declined with time.  Another reason 

was because lucerne was able in some years to eliminate the water excess.   
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Additional increases in the drainage buffer for these years had no further impact 

on reducing the water excess.  For a similar reason increases in drainage buffer 

at Buntine had a smaller impact on decreasing the water excess compared to 

Kojonup (as shown in Figure 6.3b) as the water excess was eliminated more 

rapidly.  The higher rainfall in a small percentage of years indicates that to 

eliminate the water excess in all years may require a very large drainage buffer 

(250-350 mm).  This is unlikely to be achieved by lucerne in most Western 

Australian soils (Chapter 4, Ward et al. 2006a). 

6.5.3 Lucerne and wheat production  

An important factor in determining the extent of adoption of lucerne in farming 

systems will be its farm-level economic performance.  Lucerne’s economic 

performance will depend on the amount of biomass production and its positive 

benefits for crops.  The advantage lucerne has over annual pasture species is 

its ability to provide good quality feed of high nutritional value to livestock during 

summer and autumn when feed quality is most limiting in annual based farming 

systems (Bathgate and Pannell 2002).  At Kojonup, significant biomass during 

summer and autumn was produced and therefore lucerne is likely to be 

profitable in this environment (Bathgate and Pannell 2002).  Longer lucerne  

phases may also be more profitable as lucerne re-establishment costs detract 

from its economic performance (Pavelic et al. 1997).  Lucerne can also be 

profitable in the drier areas (Flugge et al. 2004).  However, lucerne production 

during summer and autumn was variable at Buntine and may have to be used 

tactically to maximise profits. 

Lucerne can improve wheat yields by providing nitrogen, allowing additional 

weed control options and providing a better soil structure for wheat roots 

(Latta et al. 2001, Ward et al. 2002).  In the current simulations only the N 

benefits were included, although this aspect of APSIM-Lucerne has had limited 

testing (Robertson et al. 2002).  Lucerne can also use reduce wheat yields due 

to a drier soil.  The results at Buntine indicated that the reduction in wheat yield 

due to a drier soil was greater than the benefits due to additional nitrogen from  
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lucerne.  The reduction in yield at Kojonup was less severe and only occurred in 

the first two wheat crops after lucerne removal.  The lucerne could be removed 

earlier such as in spring the year before wheat to increase the chance that 

rainfall over spring and summer will increase the soil water before seeding as 

well as allowing greater N mineralisation from decomposing lucerne residues 

(Angus et al. 2000). 

6.6 Conclusion 

The simulation analysis using long-term historical weather records showed that 

lucerne rapidly reduces water excess in contrasting rainfall zones and on soil 

types varying in PAWC.  In addition, lucerne is able to reduce the water excess 

to similar mean levels recorded under native vegetation particularly at the drier 

location.  In phased rotations the decrease in long-term water excess was 

directly related to the proportion of lucerne in the rotation.  The proportion of 

lucerne in the rotation had a greater impact on the water excess than the impact 

of different soil types.  Variation in the water excess due to variation in rainfall 

was greater than the reduction in water excess due to lucerne.  This makes the 

decisions about when to grow lucerne to reduce water excess difficult if 

livestock enterprises are less profitable than cropping enterprises. 

The simulation of lucerne growth indicated that biomass growth can occur in 

both summer and autumn at times when the quantity and quality of alternative 

fodder sources is poorest and thereby adds value to mixed farming enterprises.  

However, lucerne has the potential to reduce subsequent wheat yields. 
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CHAPTER 7 

General Discussion 

In southern Australia increased excess water (drainage and run off) has 

occurred under annual farming systems and has resulted in dryland salinity.  

Salinity restricts the plant options which can be grown.  The first study in this 

thesis (Chapter 3) has shown that an important factor influencing the water 

excess (drainage plus run off) is the low drainage buffer created by annual 

species at the end of the growing season (December).  This is because of the 

low plant water holding capacity of the soil and the shallow rooting characteristic 

of annual species.  

During the fallow (December to April), rainfall can erode the small drainage 

buffer under annual farming systems.  However, evaporation and transpiration 

can reduce the soil water content during the fallow.  Evaporation readily occurs 

in the sandy based surface (0-0.3 m) soils which cover large areas of the 

agricultural area in Western Australia.  Transpiration losses occur as a 

consequence of significant rainfall events causing the germination of annual 

species.  If plants are allowed to grow in summer, then they can use water from 

below 0.3 m and therefore reverse the erosion of the drainage buffer.  In many 

cases plants are not allowed to grow during summer because farmers would 

like to conserve this water for the following growing season and contribute to 

increased crop yields (Schultz 1971).  As a consequence of rainfall and plant 

removal 22-29 per cent of water inputs (rain and soil water left by the crop) are 

retained in the soil, often below 0.3 m, at the end of the fallow.  The water 

excess can also be significant during the fallow (George et al. 1997), in 

response to large rainfall events, which occurred in one year in three over the 

experimental period.  The water which is left in the soil at the end of the fallow 

(early May) creates problems in this environment in terms of contributing to 

increased water excess during the following growing season.  The average 

drainage buffer at the end of the fallow at three sites over 13 seasons was 

36 mm (range 1-67 mm).  This small drainage buffer means the soil does not  
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have the capacity to absorb the excess rainfall during the winter period.  In 

addition there was a strong relationship between the size of the drainage buffer 

on 1 May and simulated drainage under wheat and drainage is very responsive 

to changes in soil dryness or wetness when the drainage buffer is small 

(< 60 mm). 

The contribution of water accumulation during the fallow period to growing 

season drainage indicates greater emphasis should be placed on removing 

water during the fallow period in situations where drainage and salinity are 

likely.  Introduction of herbaceous perennials especially perennials which are 

active all year round can reduce the soil water content and consequently reduce 

the drainage to pre-clearing levels depending on establishing a sufficient rooting 

depth (Hatton and Nulsen 1999). 

Lucerne is one such perennial which has shown promise in reducing the water 

excess in southern Australia.  An important factor determining how effective 

lucerne is in reducing the water excess is the size of the drainage buffer 

particularly in late autumn.  The second study (Chapter 4) showed that the 

drainage buffer is determined by the rate of root development and the ability of 

lucerne to extract water from the soil.  The major soil properties influencing both 

factors are the soil texture, soil structure in the B horizon of duplex soils and 

salinity.  There was up to 50 mm difference in the summer/autumn drainage 

buffer measurements between soils.  In the soils with the lower drainage buffer 

sodicity contributed to the poor soil structure in the B horizon.  Even in these 

soils the drainage buffer did increase with time and the drainage buffer was 

greater than what occurred under annual species.  Therefore lucerne would 

have reduced the risk of and the extent of drainage occurring at these sites. 

Lucerne is sensitive to acidity (Fenton and Helyar 2000).  However, as indicated 

in Chapter 4 acidity did not have a major impact on the development of the 

drainage buffer.  This finding requires more research as the number of acid 

sites was limited and acidity affects a large area in Western Australia 

(Dolling et  al. 2001b).  Further research is also required into the impacts of 

acidity on lucerne production and the nitrogen fixation symbiosis. 
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Lucerne can be productive especially outside the growing season of annual 

pastures as indicated in Chapter 4.  However, there is a large variation in 

productivity within and between years.  Not surprisingly the within season 

variability was due to variation in rainfall and water use.  To make best use of 

this variability requires a flexible farming system such as buying and selling 

livestock to match the biomass available.  Although lucerne biomass production 

is often low during the summer and autumn the amount could be significant for 

livestock production because of the low quality and quantity of annual based 

crops and pastures at that time of the year.  There were also differences in 

productivity between seasons.  There was some indication that in autumn 

greater accumulation of carbohydrates in root reserves occurs and this reduces 

above-ground biomass production.  This finding requires more research as 

there has been limited work on carbohydrate storage by lucerne in the 

Mediterranean-type climate.  In comparison to autumn the highest growth rate 

occurred in spring due to more favourable temperature and radiation conditions 

and the use of stored water. 

A more sophisticated analysis of the factors influencing lucerne production and 

the water balance can be conducted using mathematical models such as 

APSIM.  Therefore the third study (Chapter 5) compared APSIM outputs to 

observed data.  This study confirmed that APSIM-Lucerne could adequately 

account for the temporal change in lucerne biomass production, the plant 

available water, evapotranspiration and total drainage for most of the sites 

examined in Western Australia.  The comparison also confirmed that there is 

seasonal variation in above ground biomass radiation use efficiency in lucerne.  

In autumn and winter there appears to be increased assimilate partitioning into 

storage reserves.  Although APSIM can be modified to take this increased 

partitioning into account it is dependent on the user supplying information on the 

environment and cultivar.  Therefore for the process to be determined more 

dynamically requires modification of APSIM.  At some sites the water balance 

could not be simulated well possibly because APSIM could not account for run 

on and bypass flow, which appeared to occur infrequently.  In general, APSIM 

performed adequately and can therefore be used to simulate data that were  
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usually not measured such as evapotranspiration and drainage and it can be 

used to explore the benefits of lucerne in terms of productivity and drainage 

reduction in this environment.  This was the focus of the fourth study. 

The fourth study (Chapter 6) used APSIM to examine the long-term impact of 

lucerne on water excess using historical weather data.  The results showed that 

lucerne rapidly (within 1-2 years) and significantly (> 23%) reduces the 

long-term mean water excess in rotations consisting of 2-4 years of lucerne 

followed by 1-4 years of wheat compared to continuous wheat.  Water excess 

under established lucerne (third or fourth year of lucerne) was similar to water 

excess values under native vegetative or trees (< 5 mm/year) 

(Petheram et al. 2002) in 80-93 per cent of years at Buntine (low rainfall site) 

and 20-58 per cent of years at Kojonup (high rainfall site).  These results 

combined with the conclusion that lucerne is adapted to a wide-range of soil 

types in south-western Australia (Chapter 4) can give confidence to farmers that 

lucerne can slow or reduce the spread of salinity in the low to medium rainfall 

zone (350-550 mm).  To determine how much impact lucerne has on the 

groundwater would require a catchment analysis.  APSIM can assist this 

process by providing long-term water use or water excess under lucerne and 

these can be used as inputs into the catchment analysis. 

The major reason lucerne reduced the water excess was because lucerne 

increased the drainage buffer by 31 March each year compared to the drainage 

buffer under continuous wheat within each location.  This confirms (Chapter 3) 

the importance of drying the soil before the onset of the wet winter period which 

has low evaporative demand due to the low temperature and radiation.  The 

increase in drainage buffer of 70-130 mm by the third lucerne year relative to 

wheat was sufficient to reduce or capture most of the drainage events at the two 

locations.  The reduction in water excess by lucerne was not only due to the soil 

being dry on 31 March.  Lucerne can continue to dry the soil after this date if 

there is water available in the soil. 

The long-term simulations also highlighted the importance of rainfall to the 

ability of lucerne to reduce the water excess and the large variability in rainfall  
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and consequently water excess.  At Kojonup, due to the high rainfall lucerne 

was unable to eliminate the water excess in most of the years and not many 

wheat crops could be grown after lucerne before the soil profile had filled with 

water.  Therefore lucerne phases may need to be longer at Kojonup compared 

to Buntine.  Alternatively sowing a crop into established lucerne with wheat 

(overcropping) should be considered if the farmer wants to grow crops and 

control water excess.  The high lucerne biomass productivity at Kojonup 

improves the profitably of livestock.  Therefore there is a higher chance of 

adoption of lucerne and being maintained in the rotation to control water 

excess.  In comparison at Buntine the profitability of wheat is higher than 

livestock based systems.  However, to control the water excess lucerne has a 

bigger impact and many more wheat crops can be grown after lucerne.  

Therefore lucerne phases can be greatly reduced at Buntine compared to 

Kojonup. 

The rainfall at both Kojonup and Buntine are extremely variable and this will 

impact on lucerne productivity and also the amount of water excess.  This 

stresses the importance of flexibility so that farmers can change phases and 

respond to variable production to maximize the benefit of lucerne.  In addition 

for farmers to optimise their crop/lucerne sequence they need a reliable 

prediction of rainfall 6-12 months in advance.  Chapter 6 also highlights that 

lucerne can reduce wheat yields after lucerne removal because the soil is drier 

than under continuous wheat.  This needs to be balanced against the benefits 

that lucerne has on wheat yield and they include nitrogen inputs into the 

system, expanding the weed control options and the ability to improve the soil 

structure, which were not examined in detail in this thesis.  Productivity of 

lucerne, impacts of lucerne on wheat yield and decreases in water excess all 

need to be considered in a cost-benefit analysis of introducing lucerne into the 

farming system.  This analysis may show a trade off between profitability in the 

short-term and in reduction of salinity and waterlogging in the long-term. 
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