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Abstract Subsoil constraints to root growth exacer-
bate frequent water and nutrient limitations to crop
yields in Mediterranean-type environments. Amelio-
ration of subsoil constraints can relieve these limita-
tions by opening root-access to subsoil water and
nutrients. However, decisions in subsoil amelioration
are hampered by seasonally variable yield responses in
these environments. We used the APSIM model to
analyse the impact of subsoil constraints on yield and
yield variability. The simulated yield data were used to
calculate the financial benefits of subsoil amelioration
across several scenarios. There was a strong yield-
dependence on accessible soil water governed by root
depth. Root depth development was limited to a
minimum of either the effect of subsoil constraints or
the weather-dependent depth of the soil wetting front.
Insufficient rainfall in dry years or in a drier region
often resulted in shallow soil wetting fronts and
correspondingly shallow roots even in the absence of
subsoil compaction. In these situations, there is little
response to subsoil amelioration. Positive yield
responses and positive financial returns to subsoil
amelioration are therefore greater in good rainfall
years and are more likely in a wetter region. A yield
response to amelioration is also greater in coarser
textured sand than finer textured sandy loam in an

average rainfall season because the same amount of
rainfall results in a deeper wetting front in sand than in
sandy loam. Hence, roots in a sand are required to
grow deeper compared to a sandy loam to access the
same amount of water and therefore benefited more
from subsoil amelioration in an average rainfall year.
In wet years, sands leach more nitrate than sandy
loam, which decreases yields and the response to
subsoil amelioration in sands is more than in the sandy
loam. Environmental threats occur along with yield
loss when roots cannot access subsoil water. These
include increased nitrate leaching and deep drainage
due to unused water remaining in the soil profile. By
allowing roots to access deep soil water, ameliorating
subsoil is expected to yield financial gains in average to
good rainfall seasons and decrease the environmental
risk of drainage and leaching loss. The financial gains
are expected to offset potential financial losses in dry
and dry finish seasons especially in coarser textured
soils and wetter environment.

Keywords APSIM . Soil compaction . Drainage .

Nitrate leaching . Plant available soil water storage
capacity . Root depth . Spatial variability . Temporal
variability . Financial

Introduction

Rooting depth-affected by any subsoil constraints can
be a limit to grain yields when the stock of water and
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nutrients is not sufficient in this soil volume. A yield-
limiting effect may not be noticed if water and nutrient
supply are sufficient in the initial rooting depth.
Working with subsoil compaction for example, Taylor
and Barr (1991) suggest that even if root development
is altered, above-ground growth may be normal if the
growing season conditions are such that the plant is
able to obtain sufficient water and nutrients. Observa-
tions, such as inverse relationship between response to
deep tillage and seasonal rainfall (Barber and Diaz
1992) support the proposition that shallow roots have
less adverse impacts on yields when supply of water
and/or nutrients are increased. Alleviating any subsoil
constraint to increase potential rooting depth can
therefore have a positive or no effect on grain yields
(Henderson 1986; Jarvis 1982, 1986; Tang et al.
2003). It can depress grain yields in some years by
promoting early crop growth and increased water
demand not matched by water supply later in the
season. This is a common problem in Mediterranean-
type environments prone to terminal water stress
(Delroy and Bowden 1986; Wong et al. 2000). Neg-
ative crop response to deep tillage is commonly
observed inWestern Australia (WA; Jarvis 1982, 1986).

The frequency of low, zero or negative responses
to subsoil amelioration is a major concern for
growers. The temporal and spatial occurrence of
water limitation to crop yield is season and soil type
dependent (Wong and Asseng 2006). Therefore, the
yield depressing effect of subsoil constraints due to
restricted root access to subsoil water and nutrients is
also expected to be dependent on season and soil-
type. This temporal and spatial dependence of the
effect of subsoil constraints on yield is reported
regularly in field experiments (Barber and Diaz
1992; Clark et al. 2003; Jarvis 1982, 1986; Sadras
et al. 2005; Swan et al. 1987; Taylor and Barr 1991;
Timlin et al. 1998). The dynamic interaction between
spatial and temporal variability leads to difficulties in
interpreting the results of field experiments. Jarvis
(1982) suggested the need for more fieldwork to
determine where responses occur, why they occur and
whether responses are dependent on seasonal con-
ditions. Such fieldwork needs to be long term to
represent the range of inter-seasonal variability
encountered in a Mediterranean-type environment as
well as wide ranging to cover the variation in soil
types and fertiliser management scenarios. These
requirements would make extensive fieldwork too

inefficient and costly to be viable. A viable alternative
is to use a reliable model such as APSIM to simulate
the effect of soil properties, seasonal conditions and
fertiliser management on crop yields and extrapolate
the results of targeted field experiments spatially and
temporally (e.g. Wong and Asseng 2006).

Subsoil constraints such as compaction, sodicity
and acidity result in decreased rates of root elongation
(Clark et al. 2003; Schmidt et al. 1994; Tang et al.
2003). Whilst this work is on crop and environmental
response to subsoil amelioration in general, we used
subsoil compaction and varying soil depth to illustrate
the implications of shallower roots and the principles
governing response to subsoil amelioration. Decreased
rate of root elongation in compacted soils is due to
increased root growth (σ) pressure required to displace
soil during root growth (Clark et al. 2003). The rate of
root growth decreases as σ increases until a maximum
value is reached when roots cease to elongate. This
maximum σ ranges from 0.4 to 0.5 MPa for wheat,
barley and lupin (Clark et al. 2003). Inverse curvilin-
ear relationships were obtained between root growth
of barley, cotton and peanut and soil strength under
laboratory conditions (Russell and Goss 1974; Taylor
and Barr 1991). Although, root counts in the field are
dependent on the time the counts were made, seasonal
and soil conditions, a similar curvilinear relationship
was obtained between root counts in spring and soil
strength measured in early summer in field grown
cotton (Busscher and Bauer 2003). Crop models that
take account of increased mechanical subsoil imped-
ance should therefore consider its effect on root
growth and the capture of water and nutrients. APSIM
simulates subsoil compaction (and acidity and shal-
low soils) by using a root hospitality (Rh) factor to
adjust the rate of root depth extension according to
the severity of the subsoil constraint (Asseng et al.
1998). Recent work by Sadras et al. (2005) in a
Mediterranean-type environment suggests that there is
no need to change the crop’s radiation-use efficiency
or transpiration efficiency as a result of changing
subsoil mechanical impedance.

A paradox in Australia is insufficient water lim-
iting crop yields yet too much water causing deep
drainage, rise in saline water table and widespread
salinity (Pracilio et al. 2003). Subsoil constraints
result in unused water in the soil profile. In addition
to potential yield losses, environmental risk is in-
creased due to deep drainage and nitrate leaching
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(Delroy and Bowden 1986; Pracilio et al. 2003; Wong
et al. 2006). A number of options exist to treat subsoil
constraints and achieve financial and environmental
benefits. For example, acidity can be treated by liming
(Whitten et al. 2000) and non-liming methods (Snars
et al. 2004; Wong and Swift 2003; Wong et al. 2004)
and compaction by deep tillage (this involves using a
set of tines consisting of a shallow (10 cm) leading
tine and three progressively deeper tines down to
40 cm) combined with structural stabilization of the
soil with gypsum and organic matter (Hamza and
Anderson 2005; Yamaguchi et al. 2004). The ensuing
investment risk due to uncertain crop response under-
mines the formulation of financially sound grower
recommendations to alleviate these constraints.

The aims of this work were (1) to simulate the
sensitivity of wheat yields to a range of soil depths
and levels of subsoil compactions on two commonly
occurring soil types under different weather condi-
tions for a low and a medium rainfall location in
Mediterranean Australia, (2) to assess the seasonal
risk and financial benefits of ameliorating subsoil
compaction and (3) its effect on unused water, deep
drainage and nitrate leaching.

Materials and methods

The crop model used here was APSIM Nwheat
version 1.55 s (Asseng et al. 2004; Keating et al.
2003). It simulates daily root and shoot growth and
subsequent grain yields based on information on daily
weather, soil property data and nitrogen (N) manage-
ment. The model has been successfully tested against
data from field experiments in Mediterranean Australia
and elsewhere covering a wide range of soil types and
seasonal conditions (e.g. Asseng et al. 2000; Asseng
and Van Herwaarden 2003). In particular, it success-
fully simulated wheat yields under different rates of
fertiliser N in soils affected by both subsoil compac-
tion and acidity (Asseng et al. 1998; Tang et al. 2003).
APSIM deals with static soil constraints such as
compaction and acidity which are assumed to be
constant across a season. In the model, the rate of root
elongation to depth and root length density develop-
ment in soil layers is modified in response to soil
constraints by applying a root hospitality factor in
specific soil layers (Asseng et al. 1998; Tang et al.
2003). The root hospitality factor (Rh) scales down

potential root growth rates according to the severity of
the subsoil constraint.

The root elongation rates in APSIM include sep-
arate control for root depth extension and root
proliferation within each soil layer. The potential rate
of root depth extension (2.2 mm (°C d)−1) is reduced
by the minimum of either a crop water stress factor, a
factor reflecting the water content in the deepest
rooted layer or the root hospitality (Rh) factor for the
layer (Asseng et al. 1998). Increases or decreases in
mechanical impedance do not usually occur uniformly
with depth. Here, we use the layer specific Rh values to
represent the constraint to root growth due to mechan-
ical impedance (Table 1). The Rh of the control soil
(0.4) reflects the rate of unimpeded root elongation
obtained for wheat grown on sandy soils free of
subsoil constraints in WA (Asseng et al. 1998). This
potential root elongation rate is multiplied by Rh to give
the constrained root elongation rate. Using this ap-
proach, APSIM was able to simulate root growth of
wheat at four contrasting locations in WA with
measured root depths ranging from 0.05 to 1.3 m. The
root mean square deviation (RMSD) of the root depth
simulations was 0.13 m across the four sites (Asseng
et al. 1998). For comparison, the corresponding RMSD
of simulated wheat yields was 0.4 t/ha with measured
yields ranging from 1.0 to 4.0 t/ha. Roots within a
layer interval e.g. 12 cm are assumed to have access to
water in the whole layer (10–20 cm) but only in pro-
portion to how deep it penetrated that layer i.e. 20% in
the case of 2 cm penetration of the 10–20 cm layer.

Simulation experiments

Simulations were carried out for two locations in the
northern sandplain of the WA wheatbelt for a
commonly occurring sandy soil and a sandy loam to
allow an understanding of the response of the system
to seasonal rainfall, nitrogen fertiliser application, soil
depth, increased subsoil mechanical impedance (com-
paction) and the alleviation of this impedance (e.g. by
deep cultivation). The volumetric soil water content at
field capacity (drained upper limit) was assumed to be
10% for the deep sandy soil and 15% for the deep
sandy loam, and the potential crop lower limit was set
to 5% for both soils. These values were used to allow
us to simulate the effect of doubling the potential
plant available soil water content (PAWC) of each soil
layer from 5% for sand to 10% for sandy loam.
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Although these two soils were artificially constructed
to enhance the clarity of the soil effects, they
represent two common WA soils (Asseng et al.
1998) but without the constraints. The soil constraints
were then applied in a systematic way as treatments
onto these soil types. APSIM was run using long-term
daily weather records (1954–2003) for a low rainfall
location (Buntine, 29.99°S, 116.57°E) and a medium
rainfall location (Mingenew, 29.19°S, 115.44°E).
These locations have a Mediterranean-type climate
with wet winters and hot, dry summers. The average
annual rainfall for Buntine is 333 mm, of which
238 mm falls in May to October (growing) season.
Mingenew is nearer to the coast and wetter with an
average annual rainfall of 396 mm, of which 315 mm
falls in May to October. There is a 30% probability
in Buntine and 25% probability in Mingenew of re-
ceiving 120 mm summer rain. This would result in an
average of approximately 30 mm stored water in the
soil profile. In the simulation, wheat (cv. Spear) was
initially sown with 0 to 210 kg N/ha. This was given
in 30 kg N/ha increments. Rates of fertiliser up to
90 kg N/ha were applied as a single dose at sowing.
Higher rates were applied as two splits at sowing and
at 4 weeks after sowing. These simulations were used
to identify the rate of fertiliser nitrogen at which crop
yields were most responsive to subsoil amelioration
(Asseng et al. 1998). Further simulations were carried

out with the rate of nitrogen (60 kg N/ha) commonly
used by growers in the region. Simulations were reset
each year on 24 April to a dry soil profile (at crop
lower limit) or to a ‘wet’ soil profile (with 30 mm of
plant available soil water distributed below 30 cm
depth by filling successive soil layers to their drained
upper limits until 30 mm of water is stored). Root
depth and grain yields were simulated for each site for
a range of seasonal rainfall (0–33.3% driest, 33.3–
66.6% average and 66.6–100% wettest years) and
subsoil Rh scenarios (Table 1).

Subsoil constraint treatments

Several magnitudes and vertical distributions of soil
strength down the soil profile were simulated by
varying the Rh values to represent a range of soil
depth and subsoil compaction scenarios typical of
those encountered in the field. Treatment numbers 1
to 9 (Table 1) represent increasing soil depths over an
impenetrable layer (Rh=0) such as of compacted
gravel or rock. Treatment 11 is a control with
uniformly good Rh throughout the potential rooting
depth of 250 cm. Rooting depth to 300 cm has been
reported for some deep loamy sands in WA (Hamblin
and Tennant 1987). Treatment numbers 12 to 15
represent soils with the entire profile becoming
increasingly more hostile to root growth. Treatments

Table 1 Root hospitality factors (Rh) used for the simulation treatments

Depth Layer Treatment

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

0–5 1 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
5–10 2 0.005 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
10–20 3 0.00 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
20–30 4 0.00 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.2 0.1 0.01
30–40 5 0.00 0.0 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.2 0.1 0.01
40–50 6 0.00 0.0 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
50–60 7 0.00 0.0 0.0 0.0 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
60–70 8 0.00 0.0 0.0 0.0 0.4 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
70–90 9 0.00 0.0 0.0 0.0 0.0 0.4 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
90–110 10 0.00 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
110–130 11 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
130–150 12 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
150–170 13 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
170–190 14 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
190–210 15 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
210–230 16 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
230–250 17 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4 0.3 0.2 0.1 0.01 0.4 0.4 0.40
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16 to 18 represent typical subsoil compaction profiles
(Jarvis 1982; Schmidt et al. 1994) that develop as a
result of cultivation.

Loamy sand with subsoil penetration resistance of
2–4 MPa measured immediately after autumn sowing
in the region of our study decreased the subsequent rate
of root growth of wheat in the field by a third to a fifth
compared with the deep cultivated control (Schmidt
et al. 1994). Measurements on another loamy sand
with subsoil penetrometer resistance 3-4 MPa showed
a similar impact, decreasing the rate of root growth of
wheat by about a third (Atwell 1990). This subsoil
compaction scenario is represented in the medium
compaction treatment 17 where Rh is decreased from
0.4 to 0.1. Root growth response of field-grown wheat
to subsoil compaction varies greatly in the 1-4 MPa
range. Plotting relative root density against penetration
resistance however shows a well defined lower
boundary (Martino and Shaykewich 1994). Points
above this boundary are suggested to represent
situations where roots grew in spite of high soil
compaction for example by growing through channels
and cracks or localised soil paths with lower pene-
trometer resistance. Root growth along this lower
boundary stopped at a soil strength of 2 MPa irre-
spective of soil type. Treatment 18 represents this
scenario where wheat is grown on a soil with minimal
channels, cracks and localised paths for root growth.

Measuring crop yields on deep and shallow soils

The response of wheat yield to soil depth was
assessed in a field at Buntine. Yield was monitored
on a field with a non-uniform depth of sandy soil for
the period 1996 to 2002. Soil depth ranged from 10 to
>200 cm over a compacted laterite gravel layer
(penetrometer resistance, >5 MPa). Roots would not
be expected to grow through the compacted subsoil
gravel layers because of their high penetration
resistance (Clark et al. 2003). The field was planted
to wheat in 1996, 1999 and 2002 and given 60 kg N/ha
at sowing. A yield monitor (AgLeader) logged yield
data at intervals of 3 s. The point data were kriged to a
5 m grid with the software Vesper (Minasny et al.
1999). For each of three soil depths (5–15, 25–35 and
>200 cm), six locations were selected at random.
These locations were identified on the kriged yield
maps to determine yield values for each of the soil
depth intervals.

Economic analysis

This analysis focused on soil-type, weather and
location-dependent wheat yield response to ameliora-
tion of subsoil compaction by deep cultivation. Grain
yields for treatments 16 (mild compaction), 17 (medi-
um compaction), 18 (severe compaction with hardpan
at 20–40 cm) and 11 (control) were simulated for
50 years at both Buntine and Mingenew for initially
dry soil profiles. Simulated yields were sorted accord-
ing to dry, average and wet season terciles. The
analysis compared sand with a sandy loam to evaluate
seasonal risks between these soil types. The gross
margins for wheat in compaction treatments 16–18
were calculated using a recent price of wheat (Austra-
lian Wheat Board 2004) and average input costs of
Australian $127/ha plus $1/kg N applied (Department
of Agriculture and Food, Western Australia Gross
Margins Guide 2003). Deep cultivation of the com-
pacted subsoils (treatment 16–18) to 40 cm and
chemical stabilisation of the loosened soil with gypsum
to convert it to an uncompacted profile (treatment 11)
would cost $150/ha (M. Hamza, personal communica-
tion, 2005). This cost includes the need to use a set of
tines consisting of a shallow (10 cm) leading tine and
three progressively deeper tines to cultivate the soil
down to 40 cm (Hamza et al. 2005). To maintain the
uncompacted profile, repeated deep cultivation and
stabilisation at a cost of $150 was assumed every
3 years (Jarvis 1991; Sadras et al. 2005). It was further
assumed that the effect of deep cultivation on root
growth and yield remained stable throughout the
3-year period between repeated deep cultivations.
This represents a best case scenario as resettling of
soil after deep cultivation is likely to occur during the
intervening time.

Results

The adverse effect of subsoil compaction on simulat-
ed average wheat yields at both the low (Buntine) and
medium-rainfall (Mingenew) locations decreased with
increasing amounts of fertiliser N applied. Nitrogen
fertiliser applied at the rate of 90 kg N/ha at Buntine
and at 150 kg N/ha at Mingenew overcame the effect
of medium compaction on average yield (Fig. 1). This
decrease in yield response to deep cultivation with
nitrogen application is in accord with measurements and
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simulations in Mediterranean Australia where wheat
response to deep tillage decreased from ∼0.75 t/ha at
25 kg N/ha to a non-significant response at 100 kg N/ha
(Delroy and Bowden 1986; Asseng et al. 1998). At the
fertiliser rate (60 kg N/ha) commonly used by growers
in Buntine and Mingenew, subsoil constraints de-
scribed in Table 1 affected simulated average root
depth of wheat grown on a sandy soil and sandy loam
at low (Buntine) and medium-rainfall (Mingenew)
locations (Fig. 2). Soil type and local average rainfall
had little effect on root depth for soils with 5–70 cm
depth (treatments 1 to 5) or if a hard pan was
encountered in the 20- to 40-cm layer (treatment 18).
In these treatments, characterised by very low Rh
values <0.01, the depths of subsoil constraints regulat-
ed root depths. Treatment 15 had low Rh values (0.01)
throughout the soil profile resulting in the shallowest
simulated root depth that varied little with soil type and
location. In other treatments, roots grew deeper in
sandy soil and at the wetter (Mingenew) location
compared to the sandy loam and drier location
(Buntine) due to deeper wetting fronts in dry seasons.
The same amount of rainfall was distributed deeper in
the sand than the sandy loam which holds more water

per unit depth. The largest effect of soil type and
location on root growth occurred when the soil profile
had high Rh values (treatments 10 and 11).

Restrictions in root depths decreased long-term
average simulated wheat yields in both sand and
sandy loam at Buntine and Mingenew (Fig. 3). In
these simulations, the first 10-cm root depth had the
largest impact on yields and further but smaller yield
increments occurred with increases from 10 to 200 cm
root depth. Mapping measured yields and soil depth at
Buntine confirmed that 3-year average (over two wet
and a dry year) yields of 1.06 t/ha could be achieved
on only 5–15 cm deep sandy soils when 60 kg N/ha
was applied (Table 2). Corresponding measured
average yields increased to 1.28 t/ha at soil depths
of 25–35 cm and to 1.91 t/ha at soil depth >200 cm.
Simulated deeper root depths in sand than sandy loam
was not necessarily translated into grain yields which
reached a maximum average of 4 t/ha in both soils at
the medium rainfall and a maximum average of 3 t/ha
at the low-rainfall location.

The effect of seasonal rainfall on long-term average
simulated root depth in an unconstrained sand and
sandy loam (treatment 11) is shown in Fig. 4 for
Buntine. The same results were obtained for Mingenew
as the two sites only differ in seasonal rainfall (data not
shown). Even in an unconstrained soil profile, root
depth was limited by the amount of rainfall and hence
the depth of the wetting front. The long-term average
May to October rainfalls in Buntine (238 mm) and
Mingenew (315 mm) are only sufficient to allow root
growth down to an average maximum of 1.5 and 2.0 m
respectively in the sandy loam (with 10% volumetric
water content) given an initially dry soil profile. A root
depth of 1.5 m represents a PAWC of 150 mm and a
root depth of 2.0 m represents a PAWC of 200 mm in
this simulated soil.

The effect of seasonal rainfall in the period 1954–
2003 and of different intensities of subsoil compac-
tions on annual wheat yields on initially dry sand is
shown in Fig. 5 for Buntine. Large variations in sim-
ulated wheat yields for each subsoil compaction
treatment and seasonal rainfall values occurred as a
result of differences in the distribution of rainfall
across each season. The severe compaction depicted in
treatment 18 resulted in the lowest yields in most years
compared with the less compacted soils. Annual yields
on such a soil depend strongly on the distribution of
rainfall across the season and this varied widely from
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Fig. 1 Simulated average wheat yield response to nitrogen
fertiliser application on a sandy soil at a a low-rainfall location
(Buntine, 335 mm) and b a medium-rainfall location (Minge-
new, 395 mm) for an initially dry soil. Control and medium
compactions refer to treatments 11 and 17 (Table 1)
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year to year giving rise to a poor correlation coefficient
(r2=0.13) between grain yield and May to October
rainfall. This correlation coefficient increased (r2=0.37)
in the deep cultivated control where greater plant

available soil water storage capacities could buffer in-
season rainfall variability better. In very dry years
(May to October rainfall of 100–150 mm), yields were
<2 t/ha across all treatments. Treatment effect depicted
as difference in grain yields between the control and
the compacted treatments increased with increasing
amounts of seasonal rainfall until maximum yields of
an average of around 5 t/ha were obtained in the deep
cultivated control at 250–300 mm seasonal rainfall.
The strong seasonal dependence of the yield benefits
of ameliorating compaction is shown for wheat given
60 kg N/ha for the actual seasonal rainfalls received in
1996 to 2003 in Buntine (Fig. 6). Simulated grain
yields in the deep cultivated control plots exceeded
yields in other subsoil compaction treatments in 1996,
1998, 1999 and 2003. Seasonal rainfalls in these years
exceeded 250 mm and allowed harvest indices of 0.3
to 0.4 to be achieved in the control plots. In years
with seasonal rainfall of 113–203 mm, the medium
compaction treatment out-yielded all other treatments.
The medium compaction treatment produced less
biomass than the control and this allowed it to main-
tain harvest indices 0.3 to 0.4. The control produced
more biomass and correspondingly larger water
requirements that were not met in years with terminal
drought. This resulted in lower harvest indices of 0.15
to 0.2 and lower yields than the medium compaction
treatment. Ameliorating a medium compacted soil
would be financially unfavourable in these specific
years. Differences in treatment yields were greatest in
good rainfall years, and it is in those years that the
maximum benefits of ameliorating subsoil compaction
are obtained.

Soil constraint treatments
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Fig. 2 Simulated average
root depth of wheat with
60 kg N/ha fertiliser grown
on an initially dry sand and
sandy loam for a low rain-
fall location (Buntine,
335 mm) and a medium-
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395 mm). See Table 1 for
the soil constraint treat-
ments used

a    Sand

G
ra

in
 Y

ie
ld

 (
t/

h
a)

0

1

2

3

4

5

6

b   Sandy Loam

Root Depth (cm)
0 50 100 150 200 250

G
ra

in
 Y

ie
ld

 (
t/

h
a)

0

1

2

3

4

5

6

Buntine, initial wet soil
Buntine, initial dry soil
Mingenew, initial wet soil
Mingenew, initial dry soil

17

18

18

18

18

11

16

17
11

16
17

11
16

11

16

17
11

16
17

11

16

17

11

16

17

11

16

17

Fig. 3 Simulated average wheat yield response to root depth in
a sand and b sandy loam for initially dry and wet soil
conditions, with 60 kg N/ha fertiliser for a low rainfall location
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Subsoil compaction limits the root’s ability to tap
into soil water at depth and results in unused soil
water at harvest (Table 3). The amount of unused soil
water at harvest increased with increasing severity of
subsoil compaction and with increasing May–October
rainfall. It was also greater at the wetter location
(Mingenew) than the drier location (Buntine). At both
locations, sand had more unused water than sandy
loam in medium to dry years. Sand leached more
nitrate (Wong et al. 2006) resulting in less biomass and
water use and more unused water than sandy loam.

The financial risk of subsoil amelioration by deep
cultivation to transform the compacted soil profiles
to the non-compacted control was greatest in a dry
environment (Table 4). In dry years at the drier lo-
cation (Buntine), when both the sandy soil and sandy
loam had initially dry soil profiles, subsoil ameliora-
tion returned losses across all treatments (Table 4).
At the wetter location (Mingenew), these losses were
only recorded following amelioration of mild and
medium compaction. In this scenario, the low average
gross margin of AUD 15 /ha×year obtained on an

initially dry sandy loam often translated into losses
because of large yield variability associated with
variable in-season rainfall distribution (Fig. 5). Except
for the case of amelioration of a mild compaction in a
sandy loam, the Mingenew site returned positive
financial benefits to subsoil amelioration for all other
treatments in average to wet years. In these years at
Buntine, sandy soils again gave more reliable returns
on investment than sandy loam.

In an average rainfall season, sand responded better
than sandy loam and gave better financial returns to
deep cultivation by allowing deeper root growth

Table 2 Measured average wheat yields for various soil depths in a field at a low rainfall location (Buntine)

Year Measured May–
October rain (mm)

Season tercile
for Buntine

Wheat yields on 15 cm
soil access (t/ha)

Wheat yields on 35 cm
soil access (t/ha)

Wheat yields on >200 cm
soil access (t/ha)

1996 284 Wet 1.61 1.80 2.84
1999 386 Wet 1.05 1.43 2.34
2002 114 Dry 0.53 0.60 0.55
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Fig. 4 Simulated annual (1954–2003) root depth response to
seasonal (May to October) rainfall in an initially dry sand and
sandy loam with no subsoil compaction (treatment 11, Table 1)
at a low-rainfall location (Buntine, 335 mm)
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(Table 4, Fig. 4). In wet years at Mingenew, sandy
loam generally outperformed the sand because less
nitrate was leached (see below). Viewed over an
average of three season types that are assumed to
occur over a 3-year period over which the amelioration
is expected to remain effective (and assumed constant),
both the Buntine and Mingenew sites benefited
financially from ameliorating severe subsoil compac-
tion (treatment 11) in both sandy soil and sandy loam.
Ameliorating a medium compacted soil in this scenario
also results in financial benefits except in the sandy
loam at Buntine where a loss is expected. In contrast,
ameliorating a mildly compacted soil in this scenario
resulted in losses at both locations and in both soils.
The average financial benefits over the three season
types were greater in sand than sandy loam at both
Buntine and Mingenew.

Ameliorating severely compacted subsoil with a
hard pan described in Table 4 (treatment 18) to the
control conditions (treatment 11) decreased simulated
deep drainage and nitrate leaching. In an average
rainfall season, deep drainage in sand decreased on
average by 44% to 23 mm at Buntine and by 42% to
46 mm at Mingenew. Drainage only occurred in wet
years in sandy loam and subsoil amelioration de-
creased it on average by 25% to 3 mm at Buntine and
by 43% to 12 mm at Mingenew. The corresponding
rate of nitrate leaching in an average rainfall season,
decreased in sand on average by 55% at Buntine to
5 kg N/(ha year) and by 52% at Mingenew to 14 kg
N/(ha year). Sandy loam only leached nitrate in wet
years and subsoil amelioration decreased leaching by
50% to 1 kg N/(ha year) at Buntine and by 44% to
5 kg N/(ha year) at Mingenew.
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Fig. 6 Simulated a annual
wheat yields and b maximum
root depth for control (treat-
ment 11), mild (treatment
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initially wet sandy soil.
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rainfall at the low-rainfall
location (Buntine, 335 mm)
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Discussion

Seasonal and spatial expression of subsoil constraints

The simulation experiments indicated the situations
where profits from subsoil amelioration in a Mediter-
ranean-type environment are more likely. In dry years,
there is less response to subsoil amelioration. For
example, measured wheat response to deep cultiva-
tion on a sandy clay loam in this environment was 8%
above the untreated control plots in the year of
cultivation (1997) when the site received 186 mm
growing season rainfall. This response increased to
25% in the wetter year of 1999 when the site received
236 mm season rainfall. These results were similar on
loamy sand where the response was larger in the
wetter year (Hamza and Anderson 2003). This
increased response to deep cultivation in wetter years
is in accord with other measurements in the region.
For example, following deep cultivation, measured
wheat yields on a loamy sand with medium subsoil
compaction increased from 1.8 to 2.2 t/ha with
212 mm seasonal rainfall in 1990 and from 2.7 to

3.6 t/ha with 251 mm rainfall (Schmidt et al. 1994). A
financially profitable response to subsoil amelioration
can be obtained in some dry years if the crop can
access stored water from rainfalls before the May to
October growing season. Deep cultivating traffic-
induced compaction allows growers to make the most
of average to high rainfall seasons. In these seasons,
roots growing faster in ameliorated subsoils are better
able to keep pace with leaching nutrients such as
nitrate and allow more to be taken up earlier during
the critical tillering phase (Delroy and Bowden 1986).

Deeper wetting fronts in sand than loamy sand
partly explain the results of earlier field experiments
and grower experience which indicate that coarser
textured soils often respond better to deep cultivation
than finer textured soils (Jarvis 1982, 1986, 1991). In
wet years however, sands have the disadvantage of
leaching more nitrate resulting in lower yields and
lower response to deep cultivation than sandy loam.
Large differences in water holding capacities occur
across fields as a result of variations in soil type
(Wong and Asseng 2006). This would result in a
spatially variable response to subsoil amelioration

Table 3 Simulated average unused soil water in 0–210 cm after wheat harvest for a sand and a sandy loam with initial dry soil
conditions at a low (Buntine) and medium-rainfall (Mingenew) location with 60 kg N/ha applied at sowing

Location Season Seasonal May–October Unused water after harvest (mm)
Type (based
on terciles)

Terciles (%
occurrence)

Rainfall range
(mm)

Controla Mildb

compaction
Mediumc

compaction
Severed

compaction

Sand
Buntine Dry 100.0–66.6 113–203 6 10 19 52

Average 66.6–33.3 212–269 20 28 50 89
Wet 33.3–0.0 273–432 29 39 63 92

Mingenew Dry 100.0–66.6 172–260 11 17 34 75
Average 66.6–33.3 266–345 30 41 67 96
Wet 33.3–0.0 349–520 60 72 88 99

Sandy loam
Buntine Dry 100.0–66.6 113–203 3 4 8 28

Average 66.6–33.3 212–269 8 9 17 67
Wet 33.3–0.0 273–432 18 22 47 111

Mingenew Dry 100.0–66.6 172–260 6 6 10 38
Average 66.6–33.3 266–345 18 21 43 104
Wet 33.3–0.0 349–520 70 82 120 163

a Treatment 11 (control, no compaction, Table 1)
b Treatment 16 (mild compaction at 20–40 cm depth, Table 1)
c Treatment 17 (medium compaction at 20–40 cm depth, refer to Table 1)
d Treatment 18 (severe compaction at 20–40 cm depth, Table 1)
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across the field. On a larger spatial scale, responses to
subsoil amelioration are more likely in high than in
low rainfall locations due to deep wetting fronts.

Unused soil water and increases in crop lower limits

Measured water contents of compaction-affected soil
profiles at the end of the growing season are usually
larger than those of the corresponding deep-cultivated
soils (Delroy and Bowden 1986). The inability of
crops to use this water, especially late in the season
from spring onwards when the water balance is
negative is a main reason for yield loss in affected
soils. In addition to the loss of yields due to unused
water, potential loss of this unused water to deep
drainage may contribute to the rise of saline water
tables which is currently a major problem affecting
the wheatbelt of Mediterranean Australia (Pracilio et
al. 2003; Sadras et al. 2005). However, in non-saline
soils, unused soil water at crop maturity can help to

locate and map areas affected by subsoil constraints
across fields by electromagnetic (EM38) sensing of
water in the soil profile soon after harvest (O’Leary
et al. 2003). This map is useful to avoid the high cost
of deep cultivating across areas of the field that do not
need amelioration.

Benefits and risks of managing subsoil constraints

Grain yield responses to deep cultivation in an
average rainfall year are greater in wetter locations
and in coarser textured soil types in a Mediterranean-
type environment. In the sandy soils, the losses in dry
and dry-finish years due to investing in deep
cultivating medium to severe subsoil compaction are
expected to be offset by the gains in average and wet
years if a constant deep cultivation effect is assumed
over a 3-year period. Deep cultivating a loam is more
risky as losses can be expected when a medium
compacted soil is ameliorated at drier locations. The

Table 4 Simulated average gross margin benefits for three season types of ameliorating compaction in a sandy soil and a sandy loam
with initial dry soil profiles at a low (Buntine) and medium-rainfall (Mingenew) location with 60 kg N/ha applied at sowing

Location Season
type

May–October
rainfall range
(mm)

Gross margin ($/ha year)a Benefits from deep cultivation
($/ha year)b

Noc

compaction
(Control)

Mildd

compaction
Mediume

compaction
Severef

compaction
Mild
compaction

Medium
compaction

Severe
compaction

Sandy soil
Buntine Dry 113–203 −79 −2 67 −66 −77 −146 −13

Average 212–269 349 378 286 20 −28 63 329
Wet 273–432 370 337 181 0 33 189 370

Mingenew Dry 172–260 256 318 274 30 −62 −18 226
Average 266–345 476 462 306 94 14 170 382
Wet 349–520 345 316 179 54 29 165 290

Sandy loam soil
Buntine Dry 113–203 −152 −100 −81 −101 −52 −72 −51

Average 212–269 171 228 263 79 −57 −93 91
Wet 273–432 542 569 446 110 −27 96 432

Mingenew Dry 172–260 93 146 184 77 −53 −91 15
Average 266–345 516 553 496 218 −37 20 298
Wet 349–520 557 542 377 150 15 180 407

a Gross margin calculations include input costs of $127/ha plus nitrogen costs of $1/kg N applied.
b Costs for deep cultivating to 40 cm of $150/ha, spread over 3 years
c Treatment 11 (control, no compaction; refer to Table 1). This assumes a cost of $150/ha incurred to achieve the control condition
(see f below).
d Treatment 16 (mild compaction at 20–40 cm depth; refer to Table 1)
e Treatment 17 (medium compaction at 20–40 cm depth; refer to Table 1)
f Treatment 18 (severe compaction at 20–40 cm depth; refer to Table 1)
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use of gypsum, organic matter and of control traffic
minimise re-compaction and can extend the benefits
of deep cultivation (Hamza and Anderson 2005;
Yamaguchi et al. 2004). But only the use of gypsum
has been justified financially in some soils (Hamza
and Anderson 2005). Deep cultivation of mildly
compacted soils may result in negative grain yield
responses especially with low seasonal rainfall. It is
therefore important to measure the severity of subsoil
compaction with a penetrometer during crop growth
(when roots are expected to be growing through the
subsoil layer) and checking the results with bulk
density measurements and soil profile description to
avoid the high cost of deep cultivating these soils
before they are due. The process of deep cultivation
may itself involve some risks such as poor seed
germination and crop establishment in freshly loos-
ened soil. The use of a shallow leading tine minimises
this effect by decreasing clod size and improving soil
tilth to provide a better seed bed (Hamza et al. 2005).
If the subsoil has multiple constraints such as acidity
and sodicity, then deep-cultivation on its own is
unlikely to be beneficial and should be avoided until
these constraints can be resolved. Possible options
include injection of lime into the subsoil to neutralise
acidity and application of gypsum or organic matter to
stabilise sodic soils (Hamza and Anderson 2005;
Yamaguchi et al. 2004). Deep cultivation is also not
practicable in some situations such as in shallow soils
overlying rocks and gravel. In this case soil depth and
rainfall control the yield potential of the site and
management may consist of adjusting nutrient inputs
to match the yield potential (Wong et al. 2001).

Simulating multiple subsoil constraints

The consequence of decreased root growth in com-
pacted subsoils is decreased access to subsoil water
resulting in apparently higher crop lower limits
(inaccessible soil water) in deeper soil layers. This
increase in apparent crop lower limits is commonly
observed in subsoil constraints (O’Leary et al. 2003;
Sadras et al. 2005). Increased values of apparent crop
lower limits without altering root depth development
have therefore been used in other studies to simulate
subsoil compaction with APSIM (Sadras et al. 2005).
The alternative approach used in our study was to
alter the root hospitality factor (Rh) to represent the
effect of multiple subsoil constraints on root growth.

This results in variable soil water extraction as a
consequence of root depth development, which is a
more realistic outcome. The Rh value can represent
root elongation constraints such as static soil diseases,
soil acidification or soil compaction (Asseng et al.
1998; Tang et al. 2003). In some seasons, a root
growth constraint due to dry soil conditions below the
wetting front was as effective as a severe subsoil
compaction in restricting root growth and yields.

Conclusions

Crop response to subsoil amelioration in the Mediter-
ranean environment will vary from year to year and
from place to place due to subsoil constraints –weather–
soil type–fertiliser management interactions. Adequate
amounts of nitrogen fertilisers must be applied to avoid
the risk of nitrogen deficiency amplifying the adverse
effect of subsoil constraint on grain yields. This can be
done by using various fertiliser recommendations
systems currently available. Fields at a wetter location
are more likely to benefit from subsoil amelioration than
those at a drier location in this environment. Those with
predominantly coarser textured soils will respond better
to subsoil amelioration than those with predominantly
finer textured soils. These findings provide a basis to
prioritise farmers’ fields for treatment. More response to
subsoil amelioration is expected in wetter than drier
years. While it is not possible to pick good rainfall years
in advance, a medium-term (several years) perspective
should be taken when investing in subsoil amelioration.
The effect of amelioration should last over the medium-
term and over this period, we would expect losses in dry
and dry finish years to be offset by gains in more
favourable rainfall years especially on coarser textured
soils and at wetter locations. The use of a crop model
such as APSIM eases decision on subsoil amelioration
by providing insights into why alleviating subsoil
constraints can have a positive, a negative or no effect
on grain yields. Yield simulations with soil and weather
data enable assessment of likely financial and environ-
mental benefits and risk of subsoil amelioration for
specific scenarios likely to be encountered on-farm. The
benefit analysis is based on the assumption that the main
effect of subsoil constraints and their amelioration is on
root growth. Other effects such as changes in nutrient
mineralisation rates and the possibility of transferring
hostile subsoils such as dispersive sodic and boron toxic
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subsoils to the top during subsoil amelioration are not
considered. While this study was carried out with wheat
grown in a Mediterranean environment, the approach
could be easily adapted to other crops and locations.

Acknowledgements We are grateful to the Australian Grains
Research and Development Corporation (GRDC) for funding
this work as part of its investment on managing subsoil
constraints to crop production and the Agricultural Production
System Research Unit (Queensland) for support with the
model. We are also grateful to Nirav Khimashia and Kathy
Wittwer for technical support and to Drs Steve Milroy, Bill
Bowden, Heping Zhang and Hamish Cresswell for constructive
criticisms of this work.

References

Asseng S, Van Herwaarden AF (2003) Analysis of the benefits
to wheat yield from assimilates stored prior to grain filling
in a range of environments. Plant Soil 256:217–229

Asseng S, Keating BA, Fillery IRP, Gregory PJ, Bowden JW,
Turner NC, Palta JA, Abrecht DG (1998) Performance of
the APSIM-wheat model in Western Australia. Field Crops
Res 57:163–179

Asseng S, Van Keulen H, Stol W (2000) Performance and
application of the APSIM Nwheat model in the Netherlands.
Eur J Agron 12:37–54

Asseng S, Jamieson PD, Kimball B, Pinter P, Sayre K, Bowden JW,
Howden SM (2004) Simulated wheat yield growth affected
by rising temperature, increased water deficit and elevated
atmospheric CO2. Field Crops Res 85:85–102

Atwell BJ (1990) The effect of soil compaction on wheat
during early tillering. 1. Growth, development and root
structure. New Phytol 115:29–35

Australian Wheat Board (2004) AWB estimated pool return.
Australian Wheat Board Limited, Melbourne, Australia.
http://www.awb.com.au. Cited March 2006

Barber RG, Diaz O (1992) Effects of deep tillage and
fertilisation on soya yields in a compacted Ustochrept
during seven cropping seasons, Santa Cruz, Bolivia. Soil
Tillage Res 22:371–381

Busscher WJ, Bauer PJ (2003) Soil strength, cotton root growth
and lint yield in a southeastern USA coastal loamy sand.
Soil Tillage Res 74:151–159

Clark LJ, Whalley WR, Barraclough PB (2003) How do roots
penetrate strong soil? Plant Soil 255:93–104

Delroy ND, Bowden JW (1986) Effect of deep ripping, the
previous crop, and applied nitrogen on the growth and
yield of a wheat crop. Aust J Exp Agric 26:469–479

Department of Agriculture and Food, Western Australia Gross
Margins Guide (2003) Representative gross margins for crop
and livestock enterprises of the agricultural regions ofWestern
Australia. Government of Western Australia Department of
Agriculture. Miscellaneous publication 18/2002

Hamblin A, Tennant D (1987) Root length density and water
uptake in cereals and grain legumes: how well are they
correlated? Aust J Agric Res 38:513–527

Hamza MA, Anderson WK (2003) Responses of soil properties
and grain yields to deep ripping and gypsum application in a
compacted loamy sand soil contrasted with a sandy clay loam
soil in Western Australia. Aust J Agric Res 54:273–282

Hamza MA, Anderson WK (2005) Soil compaction in cropping
systems. A review of the nature, causes and possible
solutions. Soil Tillage Res 82:121–145

Hamza MA, Riethmuller GP, Anderson WK (2005) Shallow
leading tine (SLT) ripper significantly reduces draft force,
improves soil tilth and allows even distribution of subsoil
ameliorants. Agribusiness Crop Updates, Western Region.
http://www.grdc.com.au/growers/res_upd/west/w05/hamza2.
htm. Cited 30 August 2006

Henderson C (1986) Response of crops and pastures to soil
compaction. In: Perry MW (ed) A review of deep tillage
research in Western Australia. West Australian Department
of Agriculture Tech Report 3, pp 52–59

Jarvis RJ (1982) Cultivation research update. J Agric West Aust
23:41–45

Jarvis RJ (1986) Crop response to deep tillage. In: Perry MW
(ed) A review of deep tillage research in Western Australia.
West Australian Department of Agriculture Tech Report 3,
pp 40–51

Jarvis RJ (1991) Farmer experience with deep ripping in
Western Australia. Western Australia Department of
Agriculture. Technical report no. 27

KeatingBA, Carberry PS, HammerGL, ProbertME, RobertsonMJ,
Holzworth D, Huth NI, Hargreaves JNG, Meinke H,
Hochman Z, McLean G, Verburg K, Snow V, Dimes JP,
Silburn M, Wang E, Brown S, Bristow KL, Asseng S,
Chapman S, McCown RL, Freebairn DM, Smith CJ
(2003) An overview of APSIM, a model designed for
farming systems simulation. Eur J Agron 18:267–288

Martino DL, Shaykewich CF (1994) Root penetration profiles
of wheat and barley as affected by soil penetration
resistance in field conditions. Can J Soil Sci 74:193–200

Minasny B, McBratney AB, Whelan BM (1999) VESPER
V1.0. Australian Centre for Precision Agriculture. http://
www.usyd.edu.au/su/agric/acpa

O’Leary G, Ormesher D, Wells M (2003) Detecting subsoil
constraints on farms in the Murray Mallee. In: Solutions for
a better environment. Proceedings of the 11th Australian
Agronomy Conference, Geelong, Victoria (Published on
CDROM, ISBN 0-9750313-0-9)

Pracilio G, Asseng S, Cook SE, Hodgson G, WongMTF, Adams
ML, Hatton TJ (2003) Estimating spatially variable deep
drainage across a central-eastern wheatbelt catchment,
Western Australia. Aust J Agric Res 54:789–802

Russell RS, Goss MJ (1974) Physical aspects of soil fertility –
the response of roots to mechanical impedence. Neth J
Agric Sci 22:305–318

Sadras VO, O’Leary GJ, Roget DK (2005) Crop responses to
compacted soil: capture and efficiency in the use of water
and radiation. Field Crops Res 91:131–148

Schmidt CP, Belford RK, Tennant D (1994) Effect of different
direct drilling and conventional sowing techniques on soil
strength, root growth and grain yield of wheat on sandplain
soils in Western Australia. Aust J Agric Res 45:547–564

Snars KE, Gilkes RJ, Wong MTF (2004) The liming effect of
bauxite processing residue (red mud) on sandy soils. Aust
J Soil Res 42:321–328

Plant Soil (2007) 297:29–42 41

http://www.awb.com.au
http://www.grdc.com.au/growers/res_upd/west/w05/hamza2.htm
http://www.grdc.com.au/growers/res_upd/west/w05/hamza2.htm
http://www.usyd.edu.au/su/agric/acpa
http://www.usyd.edu.au/su/agric/acpa


Swan JB, Shaffer MJ, Paulson WH, Peterson AE (1987)
Simulating the effects of soil depth and climatic factors
on corn yield. Soil Sci Soc Am J 54:209–216

Tang C, Asseng S, Diatloff E, Rengel Z (2003) Modelling yield
losses of aluminium-resistant and aluminium-sensitive
wheat due to subsurface soil acidity: effects of rainfall,
liming and nitrogen application. Plant Soil 254:349–360

Taylor HM, Barr GS (1991) Effect of soil compaction on root
development. Soil Tillage Res 19:111–119

Timlin DJ, Pachepsky Y, Snyder VA, Bryant RB (1998) Spatial
and temporal variability of corn grain yield on a hillslope.
Soil Sci Soc Am J 62:764–773

Whitten MC, Wong MTF, Rate AW (2000) Amelioration of
subsurface acidity in the south west of Western Australia:
downward movement and mass balance of surface incor-
porated lime after 2–15 years. Aust J Soil Res 38:711–728

Wong MTF, Swift RS (2003) Role of organic matter in
alleviating soil acidity. In: Rangel Z (ed) Handbook of
soil acidity. Marcel Dekker, New York, pp 337–358

Wong MTF, Asseng S (2006) Determining the causes of spatial
and temporal variability of wheat yields at sub-field scale

using a new method of upscaling a crop model. Plant Soil
283:203–215

Wong MTF, Edwards NK, Barrow NJ (2000) Accessibility of
subsoil potassium to wheat grown on duplex soils in the
south-west ofWestern Australia. Aust J Soil Res 38:745–751

Wong MTF, Corner RJ, Cook SE (2001) A decision support
system for mapping the site-specific potassium require-
ment of wheat in the field. Aust J Exp Agric 41:655–661

Wong MTF, Hairiah K, Alegre J (2004) Managing soil acidity
and aluminium toxicity in tree based agro-ecosystems. In:
Van Noordwijk M, Cadisch G, Ong CK (eds) Below-
ground interactions in tropical agroecosystems with mul-
tiple plant components. CABI Publishing, Oxfordshire, UK,
pp 143–156

Wong MTF, Asseng S, Zhang H (2006) A flexible approach to
managing variability in grain yield and nitrate leaching at
within-field to farm scales. Precis Agric 7:405–417

Yamaguchi T, Takei T, YazawaY,WongMTF, Gilkes RJ, Swift RS
(2004) Effect of humic acid, sodium, and calcium additions
on the formation of water-stable aggregates in Western
Australian wheatbelt soils. Aust J Soil Res 42:435–439

42 Plant Soil (2007) 297:29–42


	Yield and environmental benefits of ameliorating subsoil constraints under variable rainfall in a Mediterranean environment
	Abstract
	Introduction
	Materials and methods
	Simulation experiments
	Subsoil constraint treatments
	Measuring crop yields on deep and shallow soils
	Economic analysis

	Results
	Discussion
	Seasonal and spatial expression of subsoil constraints
	Unused soil water and increases in crop lower limits
	Benefits and risks of managing subsoil constraints
	Simulating multiple subsoil constraints

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


