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Abstract. Field studies were conducted over 5 years on two dairy farms in southern Queensland to evaluate the impacts of
zero-tillage, nitrogen (N) fertiliser and legumes on a winter-dominant forage system based on raingrown oats. Oats was able
to be successfully established using zero-tillage methods, with no yield penalties and potential benefits in stubble retention
over the summer fallow. N fertiliser, applied at above industry-standard rates (140 vs. 55 kg/ha.crop) in the first 3 years,
increased forage N concentration significantly and had residual effects on soil nitrate-N at both sites. At one site, crop yield
was increased by 10 kgDM/ha.kg fertiliser N applied above industry-standard rates. The difference between sites in fertiliser
response reflected contrasting soil and fertiliser history. There was no evidence that modifications to oats cropping practices
(zero-tillage and increasedN fertiliser) increased surface soil organic carbon (0–10 cm) in the time frameof the present study.
Whenoatswas substitutedwith annual legumes, therewere benefits in improved forageNcontent of theoat crop immediately
following, but legume yield was significantly inferior to oats. In contrast, the perennial legume Medicago sativa was
competitive in biomass production and forage quality with oats at both sites and increased soil nitrate-N levels following
termination. However, its contribution towinter foragewas low at 10%of total production, comparedwith 40% for oats, and
soil water reserves were significantly reduced at one site, which had an impact on the following oat production. The study
demonstrated that productive grazed oat crops can be grown using zero tillage and that increased N fertiliser is more
consistent in its effect on N concentration than on forage yield. A lucerne ley provides a strategy for raising soil nitrate-N
concentration and increasing overall forage productivity, although winter forage production is reduced.

Additional keywords: farming systems, forage quality, livestock, lucerne ley, oats, raingrown, soil nitrate-N, soil organic
carbon, zero-till.

Introduction

Within theAustralian dairy industry, the cropping-based farms of
southern Queensland are unique in their high dependence on
forage crops rather than pastures. These farms, mostly located in
the Darling Downs and Inland Southern Burnett agricultural
zones (Webb et al. 1997), typically devote over 80% of the
improved pasture/crop area to annual crops (Chataway et al.
2003). Farms grow both winter and summer crops, to provide a
continuous supply of feed (Kerr et al. 1996). The dominantwinter
crop is forage oats (Avena sativa), while in summer Sorghum
spp. crops predominate. The focus on forage crops rather than
pasture is due to several reasons, including limited or no access to
irrigation (Kerr et al. 1996), the capacity of the regions dominant
soils (Vertosols) to accumulatewater over fallowsand thus enable
crops to be grownwith relative confidence (Webb et al. 1997) and
the high potential biomass of crops (Garcia et al. 2008). Within
this subtropical cereal belt, both summer andwinter crops are also
grown to provide strategic grazing for prime lamb and beef cattle.
In the central Darling Downs region alone, ~180 000 ha of forage

crops are planted annually (Harris et al. 1999). Second, for the
national dairy industry, there is increasing interest in forage-crop
production across regions to improve water-use efficiencies,
increase biomass yields and reduce exposure to climatic
variability (Chapman et al. 2008; Garcia et al. 2008; Chataway
et al. 2010).

However, dairy farming based on annual crops in the
subtropical region faces threats to long-term productivity from
soil erosion, general soil-fertility decline and suboptimal
productivity. Soil erosion is particularly problematic because
farms tend to be located on the shallower, sloping soils of the
earliest settled upland areas (Harris et al. 1999; Marshall et al.
1988), and over the summer period, when rainfall can be intense
(Webb et al. 1997), paddocks used for winter production have
little or no plant cover (Marshall et al. 1988). Conventional
farming practices that use tillage to maintain a weed-free
fallow, and prepare a fine seedbed for the following winter
crop, are inimical to long-term productivity (Freebairn and
Wockner 1986; Thomas et al. 2007). The routine use of tillage
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also hastens the decline in soil organic matter (Dalal and Mayer
1986). Reductions in soil organic matter levels have been
associated with both declining soil chemical and physical
fertility (Blanco-Canqui and Lal 2009; Dalal et al. 1991). In
the dairy industry, declining chemical fertility has been noted
through plant response to increased rates of nitrogen (N) fertiliser
(Thompson and Bywater 1987). While the physical fertility of
Vertosols, the main soils used for forage cropping, are relatively
resilient to declines in organic matter, other soils used for
forage cropping such as Ferrosols and lighter-textured soils are
moredependent onorganicmatter for preservingphysical fertility
(Bridge and Bell 1994; Chan and Hulugalle 1999). With respect
to farm productivity, Kerr et al. (2000) determined that cropping-
based dairy farmers in southern Queensland were falling well
short of their achievablemilk production. Thiswas in part due to a
failure to reach achievable milk production from home-grown
forage (Ashwood et al. 1993). Improved forage productionwould
also have additional benefits in better protecting the soil from
erosion through a relative increase in crop residues (Strong and
Holford 1997) and potential gains to the soil organic matter pool
(Paustian et al. 1997).

In the subtropical grains industry, strategies have been
developed that have the potential, when incorporated into
farming systems, to improve sustainability of the resource base
through reducing the risk of erosion, arresting soil organic matter
decline and increasing plant-availableN. These strategies include
the use of ley pastures (Lloyd et al. 1991), annual forage legumes
(Armstrong et al. 1997; Weston et al. 2002), increased cropping
frequency (Wylie 1997), zero-tillage (Freebairn and Wockner
1986) and improved use of both inorganic fertilisers and manure
(Strong and Holford 1997). It was hypothesised that these same
strategies could be used by the dairy industry to bettermanage the
soil resource base, while maintaining or improving productivity
of the forage base. However, a previous study by Chataway et al.
(2003) showed that dairy farmers have reservations about some
of these strategies. These include concern that an increased
emphasis on perennial forages will result in lower and less
reliable production, that double-cropping is not necessarily a
feasible or a desirable way to farm, and that zero-tillage may not
be successful on clay soils that have been trafficked by cattle.
Farmers also expressed a desire to make greater use of annual
legumes in future farming systems (Chataway et al. 2003).

To investigate these issues, field trials were conducted on
two dairy farms located on contrasting soil types on the eastern
DarlingDowns.On each of these farms, a range of forage systems
were evaluated for their productivity and impact on the soil
resource base. In the present paper, we report specifically on
the productivity of winter-dominant forage systems based on
sole-cropped oats and the impact changes to tillage, N-fertiliser
rate and the replacement of oats with legumes has on forage
productivity and soil parameters.

Materials and methods

Site details
Following consultation with regional farmers, dairy advisors and
soil conservationists, two sites on the central Darling Downs
(Harris et al. 1999) were chosen as test sites. Both had been
cultivated for at least 40 years. The first site at Kulpi (27�110S,

151�410E; alt. 450 m) was located on a pediment below a basalt
ridge (2% slope) on a haplic self-mulching black Vertosol (Isbell
1996). The soil was characterised by a very fine granular surface,
overlying dark, cracking clay down to ~0.3–0.6 m, with soil
colour changing to red–brown below this depth. The site was
protected from run-onwater through a newly constructed contour
bank located between the experimental site and elevated pasture
land to the south. The farming community considered this soil
to be well suited to forage cropping (Chataway 2006). Until
1990, very little fertiliser had been used. Since then, urea and
mono-ammonium phosphate had been applied at rates of 75 and
20 kg/ha.crop. The site had been fallowed over the winter before
the study commenced. Mean site nitrate-N concentrations at the
beginning of the study in the 0–10-, 10–30-, 30–60-cm soil layers
was 6.0, 1.9 and 0.6 mg/kg, respectively.

The second site at Acland (27�400S, 151�400E; alt. 400m)was
located on a relict alluvial plain of material derived primarily
from fine-grained sandstones and still subject to some overland
flow.The soilfittedwithin the description of a eutrophic,mottled-
subnatric, brown Sodosol (Isbell 1996), commonly known as
Downfall (Harris et al. 1999). In an undisturbed situation,
Downfall is a texture contrast soil with a thin, hardsetting
surface. The soil was sodic in the mid- to lower B horizons
(below ~0.5 m). Very little, if any, fertiliser had been used until
1989 when urea was applied at 150–200 kg/ha.crop, which was
higher than the industry standard of 125 kg/ha.crop (Anon 1988).
A summer crop had been grown on the site in the preceding two
summers (1993–95). This higher fertiliser regimewas reflected in
initial nitrate-N concentrations in the 0–10-, 10–30-, 30–60-cm
soil layers of 23.0, 7.4 and 5.2 mg/kg, respectively. In contrast to
Kulpi, this site represented a structurally difficult soil that was
representative of a smaller, but significant, portion of cropping
soils found in the region. Surface soil (0–10 cm) properties for
both sites are listed in Table 1.

Long-term mean annual rainfall at Oakey, the nearest
recording centre, is 660 mm (Clewett et al. 2003). During the
study period, annual rainfall was below average in 5 of 6 years at
Kulpi and 3 of 6 years at Acland (Table 2), with periods of
moderate to severe rainfall deficiency in the calendar years of
1997 and 2000 (Clewett et al. 2003). Winter rainfall was most
affected by these deficiencies. The exception to the general

Table 1. Properties of the surface soil (0–10 cm) at Kulpi and Acland
experimental sites before the commencement of the study

Parameter Kulpi Acland

pH (1 : 5, soil : water) 8.5 7.3
Coarse sand (%) 4 12
Fine sand (%) 16 41
Silt (%) 20 12
Clay (%) 60 35
Total nitrogen (%) 0.133 0.07
Organic carbon (%) 1.43 0.82
Cation exchange capacity (meq %) 41 19
Nitrate-nitrogen (mg/kg) 6 23
Bicarbonate phosphorus (mg/kg) 80 24
Exchangeable potassium (meq/100 g) 1.10 0.4
SO4-sulfur (mg/kg) 4 6
Exchangeable sodium (%) 1 4.3
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rainfall pattern was in 1997–1998, when very high rainfall was
recorded at both sites. Overall, rainfall was higher at Acland than
Kulpi due primarily to three major events that caused flooding
(November 1997, February 1998, October–November 2001).

The mean maximum (January) and minimum (July)
temperatures recorded between 1997 and 2002 were 31.0 and
3.6�C at Kulpi and 31.2 and 3.8�C for Acland. Long-term mean
annual pan evaporation for Oakey is 1900 mm (Clewett et al.
2003).

Site advisory groups
Industry discussion groups from both Kulpi and Acland were
asked to act in an advisory capacity for the field studies. The host
farmersweremembersof bothgroups.These advisorygroupsmet
twice a year with scientific staff to review findings from the
previous season and discuss general operational plans (variety
selection and planting, grazing and fallow management) for
the coming season. Members of these groups also critiqued the
proposed forage systems (Chataway 2006). Contact with the
host farmer was more frequent (once or twice a month) to
discuss the timing of grazing, tillage events and planting
operations. There was general agreement on how and when to
carry out these operations, although the final decision was left
with project staff.

Treatments
The different management strategies under evaluation (rate of
N fertiliser, tillage regime, cropping frequency, annual and
perennial legumes and feedlot manure) were incorporated into

11 different forage systems (treatments). Five of these systems
had a focus on winter production, three on both winter and
summer (double-crop) and three on summer (sole-crop). In the
present paper, the five systems with a focus on winter production
are reviewed and only these systems are detailed in Table 3.
System 1 (S1) was considered the ‘industry standard’.

The 11 forage systemswere established in a randomised block
design, with three replications in plots 30 by 9m in size. The final
forage systems selected were developed through an iterative
process among scientists, extension officer and farmers
(Chataway 2006). The objective of the 11 chosen systems was
that they captured the diversity of views held by scientists and
farmers on strategies to better sustain the soil resource base while
maintaining or increasing forage productivity.

Techniques
Fallow management
The forage plots were either cultivated (CT) two or three times

to control fallow weeds and prepare a seedbed or sprayed (ZT)
two to four times with glyphosate herbicide (450 g active
ingredient (a.i.)/L) at 1–2 L/ha. Conventional tined implements
were used for cultivation, with the initial tillage down to 15-cm
depth and subsequent cultivations down to 10 cm.

Planting
All crops, regardless of fallow management, were sown with

the same nine-row combine planter on a row spacing of 25 cm.
The planter was fitted with high breakout tines, narrow ground-

Table 2. Rainfall summary for the sites at Kulpi and Acland (1996–2002)
WY, water year from 1 October to 30 September

Year Rainfall (mm)
Kulpi Acland

WY Oct.–Mar. Apr.–Sep. WY Oct.–Mar. Apr.–Sep.

1996–1997 445 290 155 484 301 183
1997–1998 926 435 491 1124 674 450
1998–1999 596 439 157 665 506 159
1999–2000 508 424 84 544 453 91
2000–2001 554 424 130 474 339 135
2001–2002 543 418 125 711 590 121
Long-term mean (102 years) 661 452 210 661 452 210

Table 3. The five winter-dominant forage systems and their associated cropping sequences at Kulpi and Acland
CT, conventionally tilled; ZT, zero-tillage; lowN, 50 kgN/ha as urea; highN, as described in Table 4. Variations at Acland: no sorghumcropwas grown inYear 1
but a sorghum crop (unfertilised) was grown across all systems in an additional sixth year; vetch rather than medic was grown in S4; and the lucerne ley was

extended one further year in S5

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

S1: oats, CT, low N Sorg Oats Oats Oats Oats Oats
S2: oats, CT, high N Sorg Oats Oats Oats Oats Oats
S3: oats, ZT, high N Sorg Oats Oats Oats Oats Oats
S4: medic (Years 1, 2), oats
(Years 3–5), ZT, low N

Sorg Medic Medic Oats Oats Oats

S5: lucerne (Years 1–3), oats
(Years 4, 5), ZT, low N

Lucerne Lucerne Lucerne Oats Oats

892 Animal Production Science R. G. Chataway et al.



engaging tools and press wheels, making it suitable for zero-
tillage planting. Inter-row cultivating tines were also fitted to the
planter, but were used only when stubble levels were low.

Crop types, planting rates and time of planting
Crops used were oats (Avena sativa L. cv. Graza 50 in Years 1

and 2 and Nugene in Years 3, 4 and 5 at 40 kg/ha, medic
(Medicago scutellata L. cv. Sava and Kelson mix) at 10 kg/ha
lime-coated seed, vetch (Vicia benghalensis cv. Popany) at
20 kg/ha and lucerne (Medicago sativa L. cv. Sceptre) at 7 kg/ha
lime-coated seed. Transition crops of the sorghum sudan grass
hybrid cv. Nectar at 8 kg/ha were also grown at the
commencement of the cropping program at Kulpi and at the
completion of the program at Acland and reflect a typical
industry double-cropping intensity of 1 in 5 years (Chataway
et al. 2003). Both these crops were grazed just once and the crop
at Kulpi was fertilised with 55 kg N/ha. Crops were planted as
early as possible within their established crop-planting windows
(Harris et al. 1999) following rainfall considered sufficient for
germination and establishment. Oats, medic and vetch were
planted between April and July inclusive, with May being the
most frequent plantingmonth. Lucernewasplanted inFebruary at
Kulpi and in May at Acland.

Fertiliser
All the fertiliser requirements for the industry-standard

(low-N) plots were applied at planting. N fertiliser as urea was
applied at 50 kg N/ha.crop between every second crop row via
an inter-row tine. In addition, a mixed fertiliser, Granulock ST-Z
(Zn 2.5) (N : P : K, 10.5 : 19.5 : 0) was applied to all plots with the
seed at 50 kg/ha. Plots’ receiving what was considered optimum
rates of N fertiliser (high N) received the same rate of mixed
fertiliser. For these plots, however, it was proposed that urea
would be applied at planting to supply 100 kg N/ha, with further
urea applied as topdressing (50 kg N/ha) after the 1st and 2nd
grazings if further grazings were anticipated. A maximum of
200 kg N/ha, as urea, was applied to each crop. As Table 4 shows
the mean annual rates applied were less and higher N rates were
applied only during Years 1–3 inclusive. The lucerne ley system
received an annual broadcast application of 100 kg/ha of
Granulock ST-Z and the oats crops grown following this the
lucerne leywere fertilised at the same rate as industry-standard oat
crops. Chosen fertiliser rates were based on multiple sources.
Survey data were used to determine current industry practice
(Kerr et al. 1996), while the high N level was based on the expert

opinion of project scientists from the grain and dairy industries.
The application of a mixed fertiliser, and the rate applied, was to
ensure that other nutrients, particularly P and Zn, did not limit
plant growth at the higher rates of N application; the decision to
apply the same rate across all systems was based on conventional
agronomic research protocol. With respect to N fertiliser, at the
completion of Year 3, a decision was made to reduce the planting
application rate of urea to ‘high N’ plots from 100 to 50 kg N/ha.
Thiswasmade due to forage yield atfirst grazing being lower than
anticipated and forage N concentration being well in excess of
animal requirements (NRC 2001).

Grazing
Forage plots were grazed by a herd of adult dairy cows

following sampling for yield and quality analysis. Sites were
grazed 1 replicate at a time, with back fencing used to exclude
animals from previously grazed replicates. Grazing of a replicate
was normally completed in 1–2 days, depending on the level of
forage on offer. Electric fencing was also used to exclude cattle
from plots that were not ready for grazing orwere being fallowed.
The level ofgrazing intensitywascomparable tootherfieldsbeing
grazed on the farm, at the same time. Animals typically grazed
for 2–4 h per day before being moved to another paddock for
watering and lounging. The time to first grazing varied according
to climatic conditions, but was typically 8–10 weeks for Avena
sativa and 10–12 weeks forMedic and Vetch spp. The timing of
subsequent grazingswasdependenton the incidence and extent of
in-crop rainfall and associated growing conditions. The target
height for grazing was 40 cm for oats.

In-crop herbicides
In twoof thefivewinters, 2, 4-DB(400ga.i./L)was sprayedon

winter forage crops at 3 L/ha before the first grazing to control
broadleaf weeds.

Lucerne-dominant system
AtKulpi, grass weeds in the pure lucerne leys were controlled

with the use of fluzifop-p (212 g a.i./L) applied at 500 mL/ha,
1 and 8 months after planting. Then at 18 months after planting,
lucerne leys at both sites were sprayed with imazethapyr
(240 g a.i./L) at 400 mL/ha to control both broadleaf and grass
weeds. Two strategies were used to terminate the lucerne leys.
At Kulpi, a series of herbicide applications using glyphosate
(450 g a.i./L) at 3, 2 and 1 L/ha were applied on 24 November
1999, 19 January 2000 and 21February 2000 respectively.On the

Table 4. The annual rate of nitrogen fertiliser (kg N/ha) applied to winter-forage crops and lucerne at Kulpi and Acland
Explanation for the forage systems is given in Table 3

Forage
system

Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Annual
mean

S1 55 55 55 55 55 55
S2 105 205 105 55 55 105
S3 105 205 105 55 55 105
S4 5 5 55 55 55 35
S5 11 11 11 55 (11)A 55 29 (20)

AAcland data are given in parentheses.

Sustaining dairying based on crops Animal Production Science 893



final spraying 2,4-D as IPA salt (225 g a.i/L) at 2 L/ha was
combinedwith the glyphosate. At Acland, rather than herbicides,
tillagewas used, with four operations conducted between 16 June
2000 and 14March 2001. A blade plough was used for the initial
tillage event.

Plant measurements and analysis
Harvestable forage
Prior to each grazing, five 1-m2 samples were cut from within

the two central planter runs. Winter-forage crops were harvested
at a mean height of 7.5 cm above ground level. For repeat
samplings, only new growth was harvested. In the lucerne ley
treatment, swards were harvested at 7.5 cm above ground level.
For this forage, where distinguishing new from old growthwould
have been more difficult, fixed sampling points were used to
avoid sampling any residue left from the previous grazing. These
points were relocated each year tominimise the effect of repeated
cutting.

The fresh forage cut from each plot was weighed and a
representative subsample of ~0.5 kg was placed into a sealed
plastic bag and returned to the laboratory. On the same day as
sampling, thesewereweighed and placed in a forced-draft oven at
80�C for drying. After drying for 48 h, they were reweighed to
determine dry matter content and two subsamples were removed
for chemical analysis. One subsample was ground (1-mm sieve)
and analysed for total N and phosphorus content using Kjeldahl
digestion followed by automated continuous flow methods
(Crooke and Simpson 1971; Technicon 1976). The other
subsample (whole plant) was pooled on the basis of species,
maturity and N-fertiliser rate. These pooled samples were then
analysed for neutral detergent fibre (NDF) using a modified
version of the method of Van Soest et al. (1991).

An estimate of harvestable forage (measured forage yield)
utilisation was made immediately following grazing. This was
done by first selecting plots that represented the range of forage
systems and pre-grazing yields. In each of these plots, within five
sampling locations (each 1 m2) that had not been harvested for
yield, forage remaining above the sampling height was cut and
fresh detached material was collected. Residues for each plot
were weighed, compared against the pre-grazing (wet) yields of
the same plot, and expressed as a percentage utilisation. The
remaining plots were aligned with harvested plots of similar pre-
grazing yield and forage type, and visually assessed for their
conformity to the representative plots. For plots that did not
conform, residues were collected and weighed for each of these
plots.

Crop residue cover
Soil cover measurements during the fallow period were

conducted over two fallow periods before crops being sown in
Years 4 and 5. Visual estimates of soil cover were made within a
1-m2 quadrat placed at three random sites within the two centre
planting runs in each plot. The soil cover percentage for each plot
was the mean of the percentage values for the three random sites.
The visual estimates were based on photo-standards for summer
and winter cereals (Molloy 1988). A photograph of soil cover
within a quadrat at one sampling site for each treatment was taken
and retained.

Soil sampling and analysis
Nitrate-N and available soil water
A soil sample was taken before planting all crops and a second

sample was taken after the final grazing. Plots were stratified into
14 potential sampling positions within the central two planter
runs. Sampling positions were 3 m apart and located between 6
and 24malong each planter run.At each sampling, a newposition
was chosen randomly. Within this position, five soil cores, each
10 cm apart, were taken along a transect placed at random
across the planted rows and fertiliser application bands with a
50-mm-diameter tube sampler. Cores were collected from each
plot to a depth of 30 cm, then two cores to 150-cm depth in a
shallow–deep–shallow–deep–shallow pattern by using a self-
propelled hydraulic soil-sampling rig. The core samples were
subdivided into 10-cm layers down to 30-cm depth and into
30-cm layers below that. The soil cores for each plot were bulked
by depth, sealed in plastic bags and stored at 4�C, usually
overnight, until drying.

Soil was dried at 35� 5�C in a forced-draught oven and then
ground to <2 mm for colourimetric determination of nitrate-N
(Best 1976) after extraction of 10 g of soil in 100mL of 2MKCl.
Gravimetric soil water (g/g)was determined by drying the ground
soil samples at 105�C for 48 h and calculating the total water
content. Volumetric water content (mm/layer) was calculated
using a bulk density adjusted for the soil moisture of the layer at
sampling. Plant-available water was derived by subtracting the
soil water content at the estimated lower limit of availability
(wilting point) for each soil layer from the measured volumetric
water content. The lower limits of availabilitywere 22, 24, 25, 79,
86, 94 and 96 mm for soil layers 0–10, 10–20, 20–30, 30–60,
60–90, 90–120and120–150cmfor theAcland site and28, 29, 29,
91, 100, 106and109, respectively, for theKulpi site. Lower limits
for 0–120 cm were 330 and 380 mm for Acland and Kulpi
respectively.

Organic carbon
Six soil core samples were collected from each plot with a

50-mm-diameter foot sampler down to 20 cm in the early phase of
the field experiments. A further two sampling operations were
completed in mid-project and a fourth at the end of the main
experimental phase, using the rig described above. Where
possible, the samples were taken without oil; however, a small
quantity of silicon-based oil was used when soil moisture levels
were high. The samples were subdivided into 10-cm layers,
bulked, sealed in plastic bags and stored at 4�C until drying.
After removing visible pieces of plantmaterial and stones, the soil
was dried at 35� 5�C in a forced-draught oven and then ground to
<2mminitially, and then to<0.25mmfor determination of totalN
by a micro-Kjeldahl method (Bremner 1965) and organic carbon
by the Walkley–Black method adapted for spectrophotometric
determination (Sims and Haby 1971).

Calculations
Weighted mean N and NDF %
Where total crop yield comprised more than one harvest

(grazing), N and NDF% for each harvest were weighted
according to the contribution that harvest made to the total
yield for the assessment period.
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Apparent recovery of fertiliser N
The apparent recovery of N fertiliser applied above the

industry-standard rate was calculated using the same principles
as described byWhitehead (1995). That is, N recovered in forage
fertilised at the high N rate, less the N recovered in the herbage
fertilised at industry-standard rate (low N), was expressed as a
percentage of the additional fertiliser N applied.

Fallow water storage efficiency
Thiswas calculated by expressing, as a percentage, the change

in plant-available water (PAW) over the fallow (mm) (0–1.2 m)
compared with rainfall over the fallow (mm), where change in
PAW (mm) is calculated by taking PAW at the start of the fallow
(mm) from PAW at the end of the fallow (mm).

Statistical analysis
Analysis of variance, using GENSTAT (Payne et al. 2007), was
performed to assess the effect of soil and crop management
practices on measured parameters. Data were analysed as a
complete set of the 11 forage systems (treatments) for soil
organic carbon concentration but as a subset of the five winter-
focussed forage systems for forage dry matter yield, forage N
concentration, soil nitrate-N, soilwater and soil cover. Significant
differences among treatment means were compared using the

protected least significant difference (l.s.d.) procedure at the 5%
level of significance. Regression analysis was carried out using
the data analysis tools in GENSTAT.

Results

Forage yield

Within sites, mean annual production over 5 years was similar
for all continuous oat-based systems (S1, 2, 3) regardless of
differences in tillage or N fertiliser practices (Tables 5, 6). On
ayearly basis, fertilising oatswith additionalN fertiliser increased
production (P < 0.05) only in Year 2 at Kulpi when high in-crop
rainfall (500 mm) was received; the production difference was
measured at the second and subsequent grazings (Fig. 1). While
not significant (P > 0.05), there was some indication that
additional N fertiliser may have been beneficial to production
in Year 1 at Kulpi and in Year 2 at Acland (Tables 5, 6). In
contrast, the industry-standard system (S1) outperformed
other continuous oat systems in Year 4 at Kulpi. Annual yields
for zero-tilled (ZT) and cultivated systems (CT) was similar in
all years except Year 5 at Acland when production under ZT
was lower (Table 6). Site differences and rainfall were
important determinants of yield. The mean annual yield of oats
was consistently higher at Kulpi than at Acland, 4.04 and
2.68 t DM/ha, respectively, and for both sites there was a

Table 6. Annual harvestable forage yield (DM, t/ha) for five forage systems based around oats evaluated at Acland over 6 years
Rainfall is given for eachyear and is basedonwater-year from1October 1 to 30September.Explanation for the forage systems is given inTable 3.Means followed

by the same letter do not differ significantly at P = 0.05; n.d., not determined

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(1996–2001)

Utilisation
(Years 1–5)

Year 6A

(2001–2002)
Year rainfall (mm) 484 1124 665 544 474 658 711

S1 3.30bc 3.95ab 2.35a 0.95a 1.93b 2.50ab 88 6.48a
S2 3.48c 5.00bc 2.44ab 1.06ab 1.90b 2.78b 87 7.05ab
S3 3.58c 5.06bc 2.56ab 1.45bc 1.12a 2.75b 85 7.66b
S4 1.80a 3.04a 2.76b 1.81c 1.28a 2.14a 71 7.63b
S5 2.61ab 6.09cd 3.18c 2.40d 3.06c 3.47c 75 7.84b
l.s.d. (P = 0.05) 0.87 1.48 0.36 0.50 0.50 0.50 n.d. 0.87

AAssay crop of forage sorghum planted across all systems (no N fertiliser applied, ZT).

Table 5. Annual harvestable forage yield (DM, t/ha) for five forage systems based around oats at Kulpi over 5 years
Rainfall is given for eachyear and is basedonwater-year from1October1 to 30September.Explanation for the forage systems is given inTable 3.The total yieldof
S1,S2, S3andS4 inYear 1 comprisesyield froma transition summer crop aswell as thewinter crop;winter cropyieldonly is given in parentheses.Means followed

by the same letter do not differ significantly at P = 0.05; n.d., not determined

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(1996–2001)

Utilisation
(Years 1–5)

Year rainfall (mm) 445 926 596 508 554 606

S1 6.16b (3.15b) 4.81b 2.89a 2.92d 5.07c 4.38bc 77
S2 6.46b (3.66bc) 7.02cd 3.29a 2.47bc 4.36b 4.76c 74
S3 6.75b (3.75c) 7.38d 3.24a 2.07b 4.43bc 4.78c 75
S4 4.42a (1.65a) 2.98a 3.11a 2.17bc 4.45bc 3.43a 72
S5 4.97a 6.25c 4.22b 0.810a 3.63a 3.98b 70

l.s.d. (P = 0.05) 0.78 (0.53) 0.83 0.64 0.36 0.68 0.43 n.d.
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relationship between total rainfall during fallow and crop growth,
where N was not limiting (high N systems), as follows:

Forage yield ðkgDM=haÞ ¼ � 1469þ 9:84 · rainfall ðmmÞ
ðR2 ¼ 0:84; P < 0:05Þ ðKulpiÞ;

Forage yield ðkgDM=haÞ ¼ � 690þ 5:87· rainfall ðmmÞ
ðR2 ¼ 0:78;P <; 0:05Þ ðAclandÞ:

Replacing oats with an annual legume in Years 1 and 2 (S4)
reduced production (P < 0.05) in those years at both sites and

reduced production overall at Kulpi (Table 5). When oats was
replaced by lucerne (S5) at Kulpi (Years 1–3), it out-yielded
industry-standard oats (S1) and medic oats (S4) and was
competitive with other oat systems (S3, S4). However in
Years 4 and 5, oat crops following lucerne (S5) yielded less
than oats following oats (Table 5), reducing the overall yield. At
Acland, the lucerne–oats system was more productive overall
than all other systems (Table 6) and, in contrast to Kulpi, the oat
crop grown in Year 5, following termination of the lucerne ley
(S5), out-yielded (P < 0.05) oats following oats in all other
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Fig. 1. Dry matter yield (t DM/ha) and nitrogen (N) content (%) of individual grazings for the following four forage systems at
Kulpi: S1 (solid bar, solid circle); S2 (lightly shaded bar, open circle); S4 (heavily shaded bar, solid triangle); S5 (open bar, open
triangle). Vertical bars show l.s.d. (P = 0.05) among oats crops at specific grazings. See Table 3 for an explanation of the forage
systems.
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systems. An assay crop of sorghum grown following the last oats
crop also showed yield benefits from the lucerne ley in
comparison to the industry-standard oats system (S1) (Table 6).

Forage N concentration

All alternativemanagement practices (S2, S3, S4, S5) at both sites
raised mean forage N concentration (P < 0.05) above those
achieved using industry-standard practices (S1) (Tables 7, 8). At
Kulpi, overall mean N concentration was lower for ZT than CT
(S2 vs. S3) (P < 0.05). Higher rates of N fertiliser increased N
content of oats during Years 1–3 at Kulpi (Table 7), whereas at
Acland there was a difference only in the year of high rainfall
(Year 2) (Table 8). N concentration of oats at first grazing was
frequently between 3% and 4% at both sites (Fig. 2), and at times
exceeded 4% when fertilised at higher rates (S2, S3) or grown
following a legume phase (S4). Additional N fertiliser at Kulpi
reduced the decline in N content of forage at the second and
subsequent grazings (Fig. 1). At Acland, a significant (P < 0.05)
difference was noted only in Year 2 (data not presented).
Replacing oats with a legume crop in Years 1 and 2 (S4)
resulted in a significant increase in forage N concentration in
the following oats crop (Year 3) relative to industry-standard oats
(S1) at both sites, but these differences did not continue intoYears
4 and 5 (Tables 7, 8). The two oat crops following lucerne atKulpi
(S5) hadhigherNconcentration (P<0.05) than industry-standard
oats (S1), while at Acland the N concentration of the oats and
sorghum crop following lucerne (S5) was not different from that

of the industry-standard crops (S1). NDF concentration was
consistently lower in lucerne than in oats grown in the sameyears.

Time of harvest and utilisation of forage

For the oats crops, the predominant period of harvest (grazing)
was in spring (September, October, November) (~65% of the
annual forage yield), with the remainder harvested in winter
(June, July and August) (~35% of annual yield). Harvestable
yield at each grazing event was typically between 1.0 and
2.0 t DM/ha (Fig. 1). Similarly, spring was the most
productive period for lucerne (~45%), but winter yield was
only 10%, with the balance being provided over summer
(December, January, February) (~25%) and autumn (~20%).
For lucerne, harvestable yield at each grazing ranged from
0.5 to 1.5 t DM/ha, with up to seven grazing events per
annum. The utilisation of oats was generally higher at Acland
than atKulpi, at 85%and75%, respectively (Tables 5, 6), andwas
utilised more highly than other forage types. Lucerne was more
highly utilised than the annual legumes, but still less utilised
than oats, with overall utilisation of 75% and 65% at Acland and
Kulpi respectively.

Soil water

Plant availablewater (PAWdown to1.2m)before sowing thefirst
winter crops (S1–S4) was 47 and 50 mm at Kulpi and Acland
respectively. Over the course of the study, pre-sowing water did

Table 7. Annual weighted nitrogen (N) and neutral detergent fibre (NDF) content (% DM) for five forage systems based around oats at Kulpi
over 5 years

Rainfall was as given in Table 5. Explanation for the forage systems is given in Table 3. S1, S2, S3 and S4 in Year 1 comprise a sorghum crop (1.39%N, 52.3%
NDF); values for the winter crop are given in parentheses. Means followed by the same letter do not differ significantly at P = 0.05; n.d., not determined

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(1996–2001)

N NDF N NDF N NDF N NDF N NDF N NDF

S1 1.75a (2.10a) 46.2 (40.0) 2.30a 46.7 3.22a 39.2 2.36a 40.0 3.04ab 43.8 2.45a 43.9
S2 2.06cd (2.50b) 46.2 (41.9) 3.00b 44.9 4.23d 39.2 2.58a 40.0 3.20bc 42.7 2.91c 43.5
S3 1.97bc (2.43ab) 45.4 (39.6) 2.79b 47.3 3.82c 39.4 2.52a 38.4 2.89a 43.5 2.69b 44.2
S4 1.88ab (2.70b) 46.4 (35.6) 3.27c 39.1 3.87c 39.3 2.36a 38.0 3.07ab 43.0 2.84c 41.9
S5 3.11e 33.1 3.65d 34.1 3.51b 34.2 3.36b 38.0 3.33c 42.0 3.42d 35.5

l.s.d. (P = 0.05) 0.15 (0.39) n.d. 0.25 n.d 0.26 n.d 0.30 n.d. 0.22 n.d. 0.13 n.d.

Table 8. Annual weighted nitrogen (N) and neutral detergent fibre (NDF) contents (% DM) for five forage systems based around oats evaluated
at Acland over 6 years

Rainfall was as given in Table 7. Explanation for the forage systems is given in Table 3. Means followed by the same letter do not differ significantly at P = 0.05;
n.d., not determined; n.s., not significant

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(1996–2001)

Year 6
(2001–2002)

N NDF N NDF N NDF N NDF N NDF N NDF N NDF

S1 2.67c 44.3 2.80a 46.3 2.79ab 49.5 1.82a 47.7 2.35ab 37.2 2.60a 45.1 1.77 60.5
S2 2.55bc 43.9 3.12b 44.0 3.13bc 49.9 1.89a 47.7 2.18a 37.2 2.76b 44.3 1.91 60.5
S3 2.19ab 38.7 3.46c 44.0 3.43c 49.8 1.80a 47.5 2.26a 37.2 2.82b 43.6 1.78 60.2
S4 3.43e 40.1 3.53c 44.7 3.27c 48.8 1.71a 48.0 2.60b 37.2 3.03c 44.6 1.72 60.3
S5 3.11de 37.3 3.34bc 35.2 3.67d 34.1 3.26b 36.2 2.20a 37.2 3.15c 35.9 1.90 63.2

l.s.d. (P = 0.05) 0.37 n.d. 0.25 n.d. 0.35 n.d. 0.25 n.d. 0.30 n.d. 0.15 n.d. n.s. n.d.
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not vary (P < 0.05) among these four systems at either site (data
not presented). Pre-sowing water levels varied from year to year
and at Kulpi ranged from 47 to 114 mm and at Acland from 50 to
86mm (Table 9).When all four systems and yearswere included,
mean PAW at Kulpi was 90.5 mm compared with 70.0 mm at
Acland. For the lucerne–oats system (S5) at Kulpi, soil water

before the sowing of oats crops in Years 4 and 5 was 35 and 73
mm, being lower (P < 0.05) than for the continuous cropping
systems which had mean pre-sowing levels of 104 and 118 mm
for the same years. In contrast, at Acland, pre-sowingwater levels
for the oats and sorghum crops following the lucerne ley were no
different than for the same crops in the continuous cropping
systems (S1–S4).

Fallow moisture storage efficiency

Mean fallowwater storage efficiency for the three continuous oats
forage systems (S1–S3) ranged from17% to22%atKulpi and9%
to 17% at Acland (Table 9). Overall, water storage efficiency at
Kulpi and Acland was 19.5 and 14% respectively.

Soil nitrate-N

Soil nitrate-N (kg/ha down to 1.2 m) measured before sowing
increased over time for all systems at both sites (Fig. 2). Initial
mean soil nitrate-N was higher at Acland than at Kulpi (87 vs.
26 kg N/ha) but the relative change from Year 1 to Year 5 was
~200 kg/ha for both sites. Significant (P < 0.05) within-site
differences in pre-sowing nitrate-N between industry-standard
oats (S1) and oats fertilised with a higher rate of N (S2) were
measured inYear 3only atKulpi and inYears 3, 4 and5atAcland.
When industry-standard oats (S1) was replaced with legumes in
Years 1 and 2 (S3), soil nitrate-N was higher (P < 0.05), an
increase of 40–60 kg nitrate-N, before the Year 3 oats crop being
sown. However, there were no apparent further benefits of these
legumes in subsequent years (Fig. 2). With the lucerne–oats
systems (S5), immediately before termination of the lucerne
ley, mean available nitrate-N was low (20–30 kg N/ha down
to 1.2 m) at both sites. Nitrate-N rose over the first fallow to
86 kg/ha at Kulpi and 160 kg N/ha down to 1.2 m at Acland, and
then to 360 kgN/ha down to 1.2m following the second fallow at
Kulpi (Fig. 2).

Post-crop nitrate-N

There was a general tendency for post-crop nitrate-N to also
increase over time at both sites, and particularly so at Acland
under the higher rate of N fertiliser (Fig. 3). Of interest was that
after Year 3 when N fertiliser rates were constant across systems
(55 kg N/ha), the difference between the high and low N
treatments continued to be evident for the following 2 years
(Fig. 3), indicating general retention of this N in the system.

Apparent N recovery from fertiliser

The apparent recovery of N fertiliser applied above the industry-
standard rate (S1 vs. S2) over Years 1–5 was 55% and 23% at
Kulpi and Acland respectively.

Soil cover over the fallow

At Kulpi, stubble cover was consistently higher (P < 0.05) under
ZT (S3) than under CT (S2) in the 2 years assessed. Under ZT,
following Year 3 crop, it remained above 30% (range 55–35%)
over the fallow but fell below this level following Year 4 crop
(range 20–15%).Under CT, cover in both years ranged from15%
to 0%. At Acland, there was no significant (P > 0.05) difference
between CT and ZT, with cover at less than 20% in both years.
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Fig. 2. Pre-sowing crop soil nitrate-nitrogen (N) (kg/ha down to 1.2-m soil
layer) for the following winter-dominant forage systems at (a) Kulpi and
(b) Acland. S1 (solid bar); S2 (light grey bar); S3 (dark grey bar); S4 (white
bar); S5 (Years 4 and 5 only at Kulpi and Year 5 only at Acland) (marked
bar). Vertical bar represents l.s.d. (P = 0.05) where there were significant
differences. See Table 3 for an explanation of the forage systems.

Table 9. Mean fallow water storage efficiency (0–1.2 m) over 4 years of
the three continuous oats systems (S1, S2, S3) at Kulpi and Acland

PAW, plant-available water

Parameter Year 2 Year 3 Year 4 Year 5 Overall
mean

Kulpi
Fallow rainfall (mm) 230 357 335 441 340.8
Fallow length (days) 117 113 197 198 156.2
PAW, fallow start (mm) 13 49 43 16 30.2
PAW, fallow end (mm) 59 114 100 114 96.8
Change in PAW (mm) 46 65 57 98 66.5
Efficiency (%) 20 18 17 22 19.5

Acland
Fallow rainfall (mm) 473 404 337 410 383
Fallow length (days) 152 112 188 209 165.2
PAW, fallow start (mm) 44 20 18 0 23.8
PAW, fallow end (mm) 86 85 63 70 74.8
Change in PAW (mm) 42 65 45 70 51
Efficiency (%) 9 16 13 17 14
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Soil organic carbon (SOC)

Mean SOC concentration (0–10 cm) in the first year of the study
was 1.44% and 0.81% at Kulpi and Acland. Apart from the third
sampling atKulpi,where therewasageneral rise inSOCacross all

systems, values remained relatively unchanged over the study
period. While there were some significant differences between
the systems at the end of the study period (Table 10), any change
from the first to the last sampling was small and ranged between
–0.05 and 0.05 percentage points of the original values. There
was a suggestion that winter systems that incorporated a medic
or lucerne ley were more likely to maintain SOC than were
continuous oats systems (S1, S2, S3); however, any difference
was small.

Discussion

In the present 5-year study, modifying the industry-standard
winter-dominant forage production system by increasing N
fertiliser inputs, reducing tillage or replacing oats with a
legume phase had only modest or no impact on mean annual
forage production, soil organic carbon levels and fallow storage
moisture efficiency. More influenced by interventions were
forage quality and soil nitrate-N. Background factors had an
important influence on the response to interventions and these
were the inherent site differences (Harris et al. 1999), past N
fertiliser inputs and the consistently low rainfall received over the
winter period (Bureau of Meteorology 2006).

Nitrogen fertiliser

The mean annual production of industry-standard raingrown
oats, 3.78 t DM/ha at Kulpi and 2.50 t DM/ha at Acland, was
similar to yields recorded in multi-site 2-year studies conducted
by both Kemp (1974) near Taree in northern New South Wales
and McClement and Howard (1980) on the eastern Darling
Downs. In the latter study, with a fertiliser application of
50 kg N/ha.crop, a mean yield of 3.05 t DM/ha (range
1.38–4.98 t DM/ha) was recorded across sites. A feature of
this and other on-farm studies conducted on the Darling
Downs has been a wide variation in oats forage yields across
sites and years, and in response to additional N fertiliser
(McClement and Howard 1980; Thompson and Bywater 1987;
Chataway et al. 1994).

With respect to N fertiliser, McClement and Howard (1980),
reporting on studies conducted in the late 1960s, measured no
response to additional N fertiliser applied above 25 kg/ha. In a
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Fig. 3. Pre-sowing and post-crop soil nitrate-nitrogen (N) (kg/ha down to
1.2-m soil layer) for S1 (solid line) and for S2 (broken line) at (a) Kulpi and
(b) Acland. Arrows indicate when crops were planted. Vertical bar represents
l.s.d. (P = 0.05) where there were significant differences. See Table 3 for an
explanation of the forage systems.

Table 10. Soil organic carbon concentration (%) (at 0–10-cmdepth) at Kulpi andAcland on four sampling occasions and the difference, in percentage
points, between the first and final samplings

Explanation for the forage systems is given in Table 3. Means followed by the same letter do not differ significantly at P = 0.05; n.s., not significant

Forage system Kulpi Acland
May
1997

May
1999

December
1999

December
2001

Difference
(1st and 4th
sampling)

May
1997

May
1999

December
1999

May
2002

Difference
(1st and 4th
sampling)

S1 1.42 1.37a 1.48abc 1.42ab 0.00abc 0.81 0.81 0.78 0.78ab –0.03ab
S2 1.38 1.41a 1.44a 1.35a –0.03a 0.79 0.74 0.72 0.74a –0.05a
S3 1.45 1.38a 1.57bcd 1.44ab –0.01ab 0.78 0.77 0.78 0.79abc 0.01bcd
S4 1.48 1.57b 1.64d 1.52b 0.04bc 0.80 0.83 0.77 0.81abcd 0.01bc
S5 1.47 1.50ab 1.53abcd 1.51b 0.05c 0.85 0.81 (0.96)A 0.88cde 0.03cde
Mean 1.44 1.45 1.53 1.45 0.01 0.81 0.79 0.77 0.80 –0.006

l.s.d. (P = 0.05) n.s. 0.150 0.126 0.148 0.053 n.s. n.s. n.s. 0.099 0.049

ASample was taken in October 2000 at the completion of the lucerne ley, before cultivation. This value is not included in the 1999 analysis.
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latter study, that involvedfive sites on the easternDarlingDowns,
J.Collingwood (1984, unpubl. data) recorded amean forage yield
for oats, fertilised with 50 kg N/ha, of 4.65 t DM/ha (range
3.25–6.60 t DM/ha) and a response of 10 kgDM (range 0–20) per
kg of N applied up to 100 kg/ha. At some sites, yield responses
were recorded at up to 200 kg N/ha applied (Thompson and
Bywater 1987). In the context of these findings, the variable, but
overall limited forage yield response to N fertiliser applied at
above the industry-standard rate (55 kg N/ha) was not surprising
given the combination of unseasonal low winter rainfall (Bureau
of Meteorology 2006) and the presence of moderate levels of
pre-existing nitrate-N in the structurally impaired Sodosol soil at
Acland.

Additional N fertiliser was more consistent in its effect on the
concentration of N in forage rather than DM yield. This result is
consistent with those of other studies in forage production
(Rahman et al. 2001) and subtropical wheat production where
a higher N application has had a more consistent impact on grain
protein than on yield (Holford et al. 1992; Strong et al. 1996b).
For first grazing of 1–2 t DM/ha, 55 kg N/ha applied at or before
planting generally provided sufficient or excess N to meet the
requirements of high production cows (NRC 2001) but was not
necessarily sufficient for second and later grazings (Fig. 1). Our
approach (high N) of doubling the application rate at planting,
combined with further topdressing, was not appropriate as a
routine fertiliser regime. In fact, some reduction of the current
55 kgN/ha applied at or before planting could bemadewithmore
emphasis on applying the balance of fertiliser later in the crop
cycle.

An important finding was the general build-up under all
forage systems of soil nitrate-N (0–1.2 m) (Fig. 2), indicating
that all systems had moved into a positive N balance over the
course of the study and that fertiliser N, unutilised in the season of
application, could be available to crops in subsequent seasons.
Supporting this was the continued relative difference between
high and low N input systems (Years 1–3) into Years 4 and 5
when fertiliser rates were the same (Fig. 3). The residual
benefits of fertiliser N to subsequent crops has also been noted
in the subtropical grain industry (Strong et al. 1996a) and the
present study gives confidence that fertiliser not used in the
immediate year of application to forage crops can contribute to
production in the subsequent year. This knowledge allows for
simpler, rather than complex, approaches to N management,
which are favoured by farmers (Cox 1996).

Zero-tillage (ZT)

The success of systems using ZT to grow winter-forage crops
with no reduction in yield was an important finding. While
dairy farmers are in general agreement that ZT has lower
labour requirements, reduces machinery costs and is generally
beneficial in reducing erosion, they are concerned about its
effectiveness on clay soils under grazed conditions (Chataway
et al. 2003). The present study has demonstrated that yield is
maintained under ZT.Although ground coverwas improvedwith
ZT, therewere still periodswhere therewas insufficient stubble to
protect the soil from water erosion over the fallow period. We
noted in particular at the Acland site, that the combination of
lower-yielding crops, high summer rainfall and flooding events,

that provided conditions favouring organicmatter decomposition
(Jenkinson 1988), often led to very low stubble levels (<10%
cover) by the end of the fallow. This low residue cover could also
have contributed to the lack of difference in fallow moisture
accumulation between CT and ZT systems. In a review of no-
tillage and conservation farming practices in southern and central
Queensland, Thomas et al. (2007) found that there was a general
decline in fallow moisture storage efficiency as tillage practices
became more aggressive and incorporated stubble rather than
retaining it on the soil surface.However, in systemswhere stubble
is removed or is sparse (Radford et al. 1992), ZT systems have
been found to store less water than cultivated systems. As the
Sodosol soil, that comprised the Acland site, is more disposed to
hard-setting and crusting thanVertosols (McGarry 1993), stubble
cover was probably more important for enhancing infiltration.
Also of interest was that forage oats yields from ZT plots were
lower (P < 0.05) than those from CT plots only in Year 5 at
Acland. This year was preceded by one that achieved very low
forage yields (<2 t DM/ha), providing little stubble cover for ZT
plots over the subsequent fallow. At the Kulpi site, the higher
fallow efficiencies recorded were more in line with efficiencies
measured in the grains industry; Thomas et al. (2007) reported
mean efficiencies of 18–21% across a range of tillage systems in
southern and central Queensland.

Thomas et al. (2007) noted that grain protein content is
generally lower in systems using less tillage than that in
conventionally tilled systems and our results in some years at
Kulpi reflected this, with forage grown under ZT having a lower
N concentration than forage grown under CT where the same
amount of fertiliser Nwas applied (Table 7).Where the supply of
plant-available N is limited, plants grown under ZT conditions
may experience N deficiencies earlier than plants grown under
CT (Thomas et al. 2007).

That changes to tillage practices and N fertiliser rates in the
continuous oats systems made no measurable difference to
SOC concentration (0–10- and 10–20-cm soil layers) is not
surprising, given the short study time frame and limited
difference between systems in potential carbon inputs and
the rate of organic matter decomposition (Paustian et al.
1997). In winter cereal (grain)–summer fallow systems of
southern Queensland, significant differences in SOC (0–10
cm) have generally been measured only between strongly
contrasting management practices that involved multiple,
rather than sole, management practice changes. For example,
significant effects of zero-tillage, N fertiliser and stubble
retention on SOC (0–10-cm layer) were noted only when they
were practiced together, rather than individually, in a 33-year
study at Warwick on the southern Darling Downs (Wang et al.
2004). Second, the practices were strongly contrasted against
alternatives; tillage (nil vs. 4 or 5 tillage operations), N fertiliser
(50–90 kg/ha.crop vs. 0 kg/ha.crop), stubble management
(retained vs. burnt shortly after harvest).

Legumes

The replacement of oats with annual legumes (S4) in Years 1 and
2 resulted in a substantial reduction in production, further
exacerbated by lower utilisation of available forage. Also
tempering the benefits of annual legumes over oats was the
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cost to control broad-leaf weeds which requires the use of more
expensive herbicides (Thompson and Bywater 1987). Of the two
legumes used, snail medic demonstrated a greater potential value
than did vetch, due to its ability to regenerate from seed in
future years (Lloyd et al. 1991). In our study, we believe the
snail medic was somewhat disadvantaged by its
establishment year coinciding with low winter rainfall and a
reduced fallow period; other experiments with medics in the
region, conducted over multiple seasons, have achieved higher
maximum and mean annual yields (Clarkson et al. 1987;Weston
et al. 2002). A weakness of medic is its senescence in late
September/early October compared with November/early
December for oats (Fig. 1; Weston et al. 2002). This feature
may make it more suited to a double- rather than sole-cropping
program. While medic increased soil nitrate-N concentrations as
expected, it was not considered that the inclusion of a legume
phase in thewinter-cropping systemwould have a positive impact
on SOC, given the relatively low biomass production of legumes
and the rapid rate of turnover of legume C (Dalal et al. 1995). On
this basis, it is difficult to explain the positive difference in SOC
followingmedic at Kulpi. One contributing factor may have been
the absence of soil disturbance through tillage which hastens
organic matter decomposition (Balesdent et al. 2000).

The findings from the present study, with respect to ease of
establishment, productivity and forage quality of lucerne
(Medicago sativa), support the views of Lloyd et al. (1991) and
Minson et al.(1993) that lucerne is a high-quality temperate
legume well adapted to the colder inland dairy regions. It fixed
substantial quantities of N, was easily removed by ploughing
(Lloyd et al. 1991) and once established, lucerne provides
protection against erosion through the provision of soil cover
and the maintenance of soil water deficits. Limitations of lucerne
include the increased risk of water stress on crops immediately
following, due to the greater ability of lucerne to exploit subsoil
moisture than thatof thecereals (McCallumetal. 2001;Strongetal.
2006), and the lower productivity of lucerne over winter than that
of oats means that it cannot be considered a direct replacement.
Water stress on following crops was clearly an issue at Kulpi but
not at Acland. At Kulpi, the decision to terminate the lucerne with
herbicides was more difficult than anticipated, as noted by other
authors (Davies et al. 2005), and was a contributing factor. It took
4 months from when the spraying program commenced in spring
to kill all the plants and this was then followed by a shorter than
planned fallow. This scenario was not repeated at Acland where a
blade ploughwasvery effective in terminatinggrowthquickly; this
is a practice we would recommend until more reliable herbicide
strategies can be developed. This was then followed by a longer
fallow period and higher fallow rainfall than had been recorded in
thepreviousyearatKulpi.Whilewewereunsureofthesuitabilityof
the Acland site for lucerne because of the species vulnerability to
water-logging (Bullen2002), our results indicated that lucernemay
have wider application in dairy forage systems than is generally
perceived (Chataway et al. 2003).

Because lucerne exhausts the soil water from thewhole profile
within 1–2 years (McCallum et al. 2001; Strong et al. 2006),
further growth is dependent on episodic rainfall events, making
production less reliable. This is an issue that deters dairy farmers
frommaking greater use of lucerne (Chataway et al. 2003). In our
study, above average rainfall in Year 2 probably prolonged the

period of reliable production and diminished this issue in the
3-year (Kulpi) and4-year (Acland) stands.Apractical response to
this issue, when lucerne is grown under more typical seasonal
conditions, would be to routinely terminate leys 24 months after
planting to minimise this period of lower and less reliable
production. This would also have minimal impact on N
fixation because the amount of N fixed is closely associated
with the total amount of dry matter produced, rather than the
duration of the ley (Peoples and Baldock 2001).

Conclusion

Zero-tillage and lucerne can be successfully integrated into the
current winter-dominant forage system, without penalties to
forage yield, and the changes will be beneficial to long-term
productivity. Additional N fertiliser can also be used to build up
soil nitrate-N and forage quality as required. However, these
strategies do not negate the risk of low forage yields due to low
rainfall, and when low stubble levels are combined with summer
fallows, the system will remain vulnerable to erosion and soil
organic matter decline.

Acknowledgements

We thank Dairy Australia for the funding support; host farmersMr Bruce and
Mrs JanelleWieck andMrNeville andMrsChristineVietheer for provision of
land and managerial input; Mr Scott Lowe, Mr Wayne Ehrlich and Ms Anne
Carlye for technical support; Mr Steve Childs and Mr James Henderson
for field operations; Dr Pat Pepper and Mr Kevin Lowe for statistical and
manuscript support, and Dr Wayne Strong for project development and
scientific advice.

References

Anon (1988) Queensland dairy farmer survey 1986–87. Queensland
Department of Primary Industries, Brisbane.

Armstrong RD, McCosker KJ, Millar GR, Walsh K, Johnson S, Probert ME
(1997) Improved nitrogen supply to cereals in central Queensland
following short legume leys. Australian Journal of Experimental
Agriculture 37, 359–368. doi:10.1071/EA96129

Ashwood A, Kerr D, Chataway RG, Cowan TM (1993) Northern Dairy
Feedbase2001. 5. Integrateddairy farmingsystems for northernAustralia.
Tropical Grasslands 27, 212–228.

Balesdent J, Chenu C, BalabaneM (2000) Relationship of soil organic matter
dynamics to physical protection and tillage. Soil & Tillage Research
53, 215–230. doi:10.1016/S0167-1987(99)00107-5

Best EK (1976) An automated method for the determination of nitrate-
nitrogen in soil extracts. Queensland Journal of Agriculture and
Animal Science 33, 161–166.

Blanco-Canqui H, Lal R (2009) Corn stover removal for expanded uses
reduces soil fertility and structural stability. Soil Science Society of
America Journal 73, 418–426. doi:10.2136/sssaj2008.0141

Bremner JM (1965) Total nitrogen. In ‘Methods of soil analysis. Part 2’. (Ed.
CA Black) pp. 1149–1178. (American Society of Agronomy: Madison,
WI)

Bridge BJ, Bell MJ (1994) Effect of cropping on the physical fertility of
krasnozems. Australian Journal of Soil Research 32, 1253–1273.
doi:10.1071/SR9941253

Bullen KS (2002) ‘Lucerne management handbook.’ 4th edn. (Department
of Primary Industries, Queensland: Brisbane)

Bureau of Meteorology (2006) An exceptionally dry decade in parts of
southern and eastern Australia: October 1996–September 2006. Special
Climate Statement 9. (Bureau of Meteorology: Melbourne)

Sustaining dairying based on crops Animal Production Science 901

dx.doi.org/10.1071/EA96129
dx.doi.org/10.1016/S0167-1987(99)00107-5
dx.doi.org/10.2136/sssaj2008.0141
dx.doi.org/10.1071/SR9941253


ChanKY,Hulugalle NR (1999) Changes in some soil properties due to tillage
practices in rainfed hardsetting Alfisols and irrigated Vertisols of eastern
Australia. Soil & Tillage Research 53, 49–57. doi:10.1016/S0167-1987
(99)00076-8

Chapman DF, Kenny SN, Beca D, Johnson IR (2008) Pasture and forage
crop systems for non-irrigated dairy farms in southern Australia. 1.
Physical production and economic performance. Agricultural Systems
97, 108–125. doi:10.1016/j.agsy.2008.02.001

Chataway RG (2006) The role of farmer participants in developing
practices that better sustain the soil resource base on cropping based
dairy farms in southern Queensland. In ‘Practice change for sustainable
communities: exploring footprints, pathways and possibilities’.
APEN 2006 international conference, 6–8 March 2006, LaTrobe
University, Beechworth, Victoria, Australia. (Eds RJ Petheram, R
Johnson) 10 pp. Available at www.regional.org.au/apen/2006 [Verified
12 November 2010]

ChatawayRG,OrrWN,CowanRT, FranzAJ, Buchanan IK, Long PL (1994)
Milk responses to nitrogen fertiliser applied to dryland forage crops in
south east Queensland. Final Report Project DAQ066. Dairy Research
and Development Corporation, Melbourne.

Chataway RG, Doogan VJ, Strong WM (2003) A survey of dairy farmers’
practices and attitudes to some aspects of arable land management in the
Darling Downs and South Burnett regions off Queensland. Australian
Journal of Experimental Agriculture 43, 449–457. doi:10.1071/
EA01179

Chataway RG, Barber DG, Callow MN (2010) Increasing milk production
from forage: production systems and extension service preferences of
the northern Australian dairy industry. Animal Production Science 50,
705–713.

Clarkson NM, Chaplain NP, Fairbairn ML (1987) Comparative effects of
annual medics (Medicago spp.) and nitrogen fertiliser on the herbage
yield and quality of subtropical grass pastures in southern inland
Queensland. Australian Journal of Experimental Agriculture 27,
257–265. doi:10.1071/EA9870257

Clewett JF, Clarkson NM, George DA, Ooi SH, Owens DT, Partridge IJ,
Simpson GB (2003) Rainman StreamFlow version 4.3: a comprehensive
climate and streamflow analysis package on CD to assess seasonal
forecasts and manage climate risk, QI03040, Department of Primary
Industries, Brisbane.

Cox PG (1996) Some issues in the design of agricultural decision support
systems. Agricultural Systems 52, 355–381. doi:10.1016/0308-521X(96)
00063-7

Crooke WM, Simpson WE (1971) Determination of ammonium in Kjeldahl
digests of crops by an automated procedure. Journal of the Science of
Food and Agriculture 22, 9–10. doi:10.1002/jsfa.2740220104

Dalal RC, Mayer RJ (1986) Long-term trends in fertility of soils under
continuous cultivation and cereal cropping in southern Queensland.
II. Total organic carbon and its rate of loss from the soil profile.
Australian Journal of Soil Research 24, 281–292. doi:10.1071/
SR9860281

Dalal RC, Henderson PA, Glasby JM (1991) Organic matter and microbial
biomass in a Vertisol after 20 years of zero-tillage. Soil Biology &
Biochemistry 23, 435–441. doi:10.1016/0038-0717(91)90006-6

DalalRC, StrongWM,WestonEJ,Cooper JE, LeahaneKJ,KingAJ,Chicken
CJ (1995) Sustaining productivity of a Vertisol at Warra, Queensland,
with fertilisers, no-tillage, or legumes 1. Organicmatter status.Australian
Journal of Experimental Agriculture 35, 903–913. doi:10.1071/
EA9950903

Davies SL, Virgona JM, McCallum MH, Swan AD, Peoples MB (2005)
Effectiveness of grazing and herbicide treatments for lucerne removal
before cropping in southern New South Wales. Australian Journal of
Experimental Agriculture 45, 1147–1155. doi:10.1071/EA04202

FreebairnDM,WocknerGH (1986)A study of soil erosion onVertisols of the
easternDarlingDowns,Queensland 1. Effect of surface conditions on soil
movement with contour bay catchments. Australian Journal of Soil
Research 24, 135–158. doi:10.1071/SR9860135

Garcia SC, Fulkerson WJ, Brookes SU (2008) Dry matter production,
nutritive value and efficiency of nutrient utilisation of a
complementary forage rotation compared to a grass pasture system.
Grass and Forage Science 63, 284–300. doi:10.1111/j.1365-
2494.2008.00636.x

Harris PS, Biggs AJW, Coutts AJ (1999) ‘Central Darling Downs land
management manual.’ (Department of Natural Resources, Queensland:
Brisbane)

Holford ICR,DoyleAD,LeckieCC (1992)Nitrogen response chacteristics of
wheat protein in relation to yield responses and their interactions with
phosphorus. Australian Journal of Agricultural Research 43, 969–986.
doi:10.1071/AR9920969

Isbell RF (1996) ‘The Australian soil classification.’ (CSIRO Publishing:
Melbourne)

Jenkinson DS (1988) Soil organic matter and its dynamics. In ‘Russell’s soil
conditions and plant growth’. (Ed. AWild) pp. 564–607. (JohnWiley and
Sons, Inc.: New York)

Kemp D (1974) Comparison of oats and annual ryegrass as winter forage
crops. Tropical Grasslands 8, 155–162.

Kerr D, Davison T, Hetherington G, Lake M, Murray A (1996) Queensland
dairy farm survey 1994–95. Queensland Department of Primary
Industries, QI96115, Brisbane.

Kerr DV, Pepper PM, Cowan RT (2000) Estimates of achievable milk
production on subtropical dairy farms in Queensland. Australian
Journal of Experimental Agriculture 40, 805–811. doi:10.1071/EA99150

LloydDL, SmithKP,ClarksonNM,WestonEJ, JohnsonB (1991) Sustaining
multiple production systems. 3. Ley pastures in the subtropics. Tropical
Grasslands 25, 181–188.

Marshall JP,CrothersRB,MacnishSE,Mullins JA(1988) ‘Landmanagement
fieldmanual south-east DarlingDowns districts.’ (Department of Primary
Industries, Queensland Government: Brisbane)

McCallum MH, Connor DJ, O’Leary GJ (2001) Water use by lucerne and
effect on crops in the Victorian Wimmera. Australian Journal of
Agricultural Research 52, 193–201. doi:10.1071/AR99164

McClement IN,HowardKF (1980)Oats. In ‘Forage crops and regional forage
systems in Queensland’. pp. 1–11. (Queensland Department of Primary
Industries: Toowoomba, Qld)

McGarry D (1993) Degredation of soil structure. In ‘Land degredation
processes in Australia’. (Eds GH McTainsh, WC Broughton)
pp. 271–305. (Longman Cheshire: London)

Minson DJ, Cowan T, Havilah E (1993) Northern dairy feedbase 2001. 1.
Summer pasture and crops. Tropical Grasslands 27, 131–149.

Molloy JM (1988) ‘Field manual for measuring stubble cover.’ (Queensland
Department of Primary Industries: Brisbane)

NRC (2001) ‘Nutrient requirements of dairy cattle.’ 7th revised edn. (National
Academy Press: Washington, DC)

Paustian K, Andren O, Janzen HH, Lal R, Smith P, Tian G, Tiessen H, Van
Noordwijk M, Woomer PL (1997) Agricultural soils as a sink to mitigate
CO2 emissions. Soil Use and Management 13, 230–244. doi:10.1111/
j.1475-2743.1997.tb00594.x

Payne RW, Harding SA, Murray DA, Soutar DM, Baird DB, Welham SJ,
Kane AF, Gilmour AR, Thompson R, Webster R, Tunnicliffe Wilson G
(2007) ‘The guide to GENSTAT release 10, part 2: statistics.’ (VSN
International: Hemel Hempstead, UK)

Peoples MB, Baldock JA (2001) Nitrogen dynamics of pastures: nitrogen
fixation inputs, the impact of legumes on soil nitrogen fertility, and the
contributions of fixed nitrogen to Australian farming systems. Australian
Journal of Experimental Agriculture 41, 327–346. doi:10.1071/EA99139

902 Animal Production Science R. G. Chataway et al.

dx.doi.org/10.1016/S0167-1987(99)00076-8
dx.doi.org/10.1016/S0167-1987(99)00076-8
dx.doi.org/10.1016/j.agsy.2008.02.001
www.regional.org.au/apen/2006
dx.doi.org/10.1071/EA01179
dx.doi.org/10.1071/EA01179
dx.doi.org/10.1071/EA9870257
dx.doi.org/10.1016/0308-521X(96)00063-7
dx.doi.org/10.1016/0308-521X(96)00063-7
dx.doi.org/10.1002/jsfa.2740220104
dx.doi.org/10.1071/SR9860281
dx.doi.org/10.1071/SR9860281
dx.doi.org/10.1016/0038-0717(91)90006-6
dx.doi.org/10.1071/EA9950903
dx.doi.org/10.1071/EA9950903
dx.doi.org/10.1071/EA04202
dx.doi.org/10.1071/SR9860135
dx.doi.org/10.1111/j.1365-2494.2008.00636.x
dx.doi.org/10.1111/j.1365-2494.2008.00636.x
dx.doi.org/10.1071/AR9920969
dx.doi.org/10.1071/EA99150
dx.doi.org/10.1071/AR99164
dx.doi.org/10.1111/j.1475-2743.1997.tb00594.x
dx.doi.org/10.1111/j.1475-2743.1997.tb00594.x
dx.doi.org/10.1071/EA99139


Radford BJ, Gibson G, Nielsen RGH, Butler DG, Smith GD, Orange DN
(1992) Fallowing practices, soil water storage, plant-available nitrogen
accumulation and wheat performance in south west Queensland. Soil &
Tillage Research 22, 73–93. doi:10.1016/0167-1987(92)90023-5

Rahman M, Fukai S, Blamey FPC (2001) Forage production and nitrogen
uptake of forage sorghum, grain sorghum and maize as affected by
cutting under different nitrogen levels. In ‘Proceedings of 10th
Australian agronomy conference’, Hobart. (Ed. B Rowe). Available at
www.regional.org.au/au/asa/2001/1/c/rahman.htm [Verified 10 January
2011]

Sims JR, Haby VA (1971) Simplified colorimetric determination of soil
organic matter. Soil Science 112, 137–141. doi:10.1097/00010694-
197108000-00007

StrongWM,Holford ICR (1997)Fertilisers andmanures. In ‘Sustainable crop
production in the sub-tropics: anAustralian perspective’. (EdsALClarke,
PBWylie) pp. 214–235. (Department of Primary Industries, Queensland:
Brisbane)

Strong WM, Dalal RC, Cahill MJ, Weston EJ, Cooper JE, Lehane KJ, King
AJ, Chicken CJ (1996a) Sustaining productivity of a Vertisol at Warra,
Queensland, with fertilisers, no-tillage or legumes 3. Effects of nitrate
accumulated in fertilised soil on crop response and profitability.
Australian Journal of Experimental Agriculture 36, 675–682.
doi:10.1071/EA9960675

StrongWM,Dalal RC,Weston EJ, Cooper JE, Lehane KJ, King AJ, Chicken
CJ (1996b) Sustaining productivity of a Vertisol at Warra, Queensland,
with fertilisers, no-tillage or legumes 2. Long-term fertiliser nitrogen
needs to enhance wheat yields and grain protein. Australian Journal of
Experimental Agriculture 36, 665–674. doi:10.1071/EA9960665

StrongWM, Dalal RC, Weston EJ, Lehane KJ, Cooper JE, King AJ, Holmes
CJ (2006) Sustaining productivity of a Vertosol at Warra, Queensland,
with fertilisers, no-tillage or legumes. 9. Production and nitrogen benefits
from mixed grass and legume pastures in rotation with wheat. Australian
Journal of Experimental Agriculture46, 375–385. doi:10.1071/EA05007

Technicon (1976) Individual/simultaneous determination of nitrogen and/or
phosphorus in BD acid digests. Industrial method no.329–74 W/
A. Technicon Industrial Systems, Tarrytown, New York.

ThomasGA, TitmarshGW, FreebairnDM,Radford BJ (2007)No-tillage and
conservation farming practices in grain growing areas of Queensland:
a review of 40 years of development. Australian Journal of Experimental
Agriculture 47, 887–898. doi:10.1071/EA06204

Thompson PJM, Bywater JW (1987) Red tipped oats. Queensland
Agricultural Journal 113, 165–170.

Van Soest PJ, Robertson JB, Lewis BA (1991) Methods for dietary fibre,
neutral detergentfibre and non starch polysaccharides in relation to animal
nutrition. Journal of Dairy Science 74, 3583–3597. doi:10.3168/jds.
S0022-0302(91)78551-2

Wang JR, Dalal RC,Moody PW (2004) Soil carbon sequestration and density
distribution in a Vertosol under different farming practices. Australian
Journal of Soil Research 42, 875–882. doi:10.1071/SR04023

Webb AA, Grundy MJ, Powell B, Littleboy M (1997) The Australian sub-
tropical cereal belt: soils, climate and agriculture. In ‘Sustainable crop
production in the sub-tropics: anAustralian perspective’. (EdsALClarke,
PB Wylie) pp. 8–23. (Department of Primary Industries, Queensland:
Brisbane)

Weston EJ, Dalal RC, StrongWM, Lehane KJ, Cooper JE, King AJ, Holmes
CJ (2002) Sustaining productivity of a Vertisol at Warra, Queensland,
with fertilisers, no-tillage or legumes. 6. Production and nitrogen
benefits from annual medic in rotation with wheat. Australian Journal
of Experimental Agriculture 42, 961–969. doi:10.1071/EA01083

Whitehead DC (1995) ‘Grassland nitrogen.’ (CAB International:
Wallingford, UK)

Wylie PB (1997) Integrated farming systems. In ‘Sustainable crop production
in the sub-tropics: an Australian perspective’. (Eds ALClarke, PBWylie)
pp. 320–328. (Department of Primary Industries, Queensland: Brisbane)

Manuscript received 1 March 2011, accepted 4 July 2011

Sustaining dairying based on crops Animal Production Science 903

http://www.publish.csiro.au/journals/an

dx.doi.org/10.1016/0167-1987(92)90023-5
www.regional.org.au/au/asa/2001/1/c/rahman.htm
dx.doi.org/10.1097/00010694-197108000-00007
dx.doi.org/10.1097/00010694-197108000-00007
dx.doi.org/10.1071/EA9960675
dx.doi.org/10.1071/EA9960665
dx.doi.org/10.1071/EA05007
dx.doi.org/10.1071/EA06204
dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
dx.doi.org/10.1071/SR04023
dx.doi.org/10.1071/EA01083

