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Abstract. Dairy farms located in the subtropical cereal belt ofAustralia rely onwinter and summer cereal crops, rather than
pastures, for their forage base. Crops aremostly established in tilled seedbeds and the system is vulnerable to fertility decline
and water erosion, particularly over summer fallows. Field studies were conducted over 5 years on contrasting soil types, a
Vertosol and Sodosol, in the 650-mm annual-rainfall zone to evaluate the benefits of amodified cropping program on forage
productivity and the soil-resource base. Growing forage sorghum as a double-crop with oats increased total mean annual
production over that ofwinter sole-crop systems by 40%and100%on theVertosol andSodosol sites respectively. However,
mean annualwinter crop yieldwas halved andoverall forage qualitywas lower.Ninety per cent of the variation inwinter crop
yield was attributable to fallow and in-crop rainfall. Replacing forage sorghum with the annual legume lablab reduced
fertiliser nitrogen (N) requirements and increased forage N concentration, but reduced overall annual yield. Compared with
sole-cropped oats, double-cropping reduced the risk of erosion by extending the duration of soil water deficits and increasing
the time ground was under plant cover. When grown as a sole-crop, well fertilised forage sorghum achieved a mean annual
cumulative yield of 9.64 and 6.05 t DM/ha on theVertosol and Sodosol, respectively, being about twice that of sole-cropped
oats. Forage sorghum established using zero-tillage practices and fertilised at 175 kg N/ha.crop achieved a significantly
higher yield and forageN concentration than did the industry-standard forage sorghum (conventional tillage and 55 kgN/ha.
crop) on theVertosol but not on the Sodosol. On theVertosol, mean annual yield increased from 5.65 to 9.64 t DM/ha (33 kg
DM/kgN fertiliser applied above the base rate); the difference in the response between the two siteswas attributed to soil type
and fertiliser history. Changing both tillage practices andN-fertiliser rate had no affect on fallowwater-storage efficiency but
did improve fallow ground cover. When forage sorghum, grown as a sole crop, was replaced with lablab in 3 of the 5 years,
overall forage N concentration increased significantly, and on the Vertosol, yield and soil nitrate-N reserves also increased
significantly relative to industry-standard sorghum. All forage systems maintained or increased the concentration of soil
nitrate-N (0–1.2-m soil layer) over the course of the study. Relative to sole-crop oats, alternative forage systems were
generally beneficial to the concentration of surface-soil (0–0.1m) organic carbon and systems that included sorghumshowed
most promise for increasing soil organic carbon concentration. We conclude that an emphasis on double- or summer sole-
cropping rather than winter sole-cropping will advantage both farm productivity and the soil-resource base.

Additional keywords: farming systems, forage lablab, forage sorghum, livestock,manure, oats, rain-grown, soil nitrate-N,
soil organic carbon, zero-till.

Introduction

In the subtropical cereal belt of Australia, dairy farming is based
on a succession of cereal crops, grown predominantly as sole-
crops in winter or summer, rather than pastures. Forage crops are
also grown in this region for beef and prime lamb production
(Harris et al. 1999; Stuart 2002) and there is increased interest in
their use in dairying in southern Australia (Chapman et al. 2008;
Jacobs and Ward 2011). Dairy farms based on annual crops
in this region face threats to long-term productivity from soil
erosion (Harris et al. 1999), fertility decline (Dalal and Mayer
1986) and suboptimal productivity (Ashwood et al. 1993; Kerr

et al. 2000). Winter forage systems are particularly vulnerable to
erosion because conventional farming practices leave the soil
with little or no plant cover over the summer period, when rainfall
can be intense (Webb et al. 1997).

Strategies to improve productivity and minimise negative
impacts on the soil-resource base of the dominant forage
system, namely oats (Avena sativa) grown as a sole-crop, was
investigated by Chataway et al. (2011). Changes to tillage
practices, increased rates of nitrogen (N) fertiliser or a rotation
of oats with annual legumes had some benefits on forage quality
but were generally ineffectual in raising productivity above that
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achieved using industry-standard practices. The low productivity
of these systems (typically 2–5 t DM/ha.annum) also left limited
residue following grazing to protect soil from erosion over the
fallow and contribute to the soil organic matter (SOM) pool.
While the temperate perennial legume lucerne (Medicagao
sativa L.) can be a partial substitute for oats (Minson et al.
1993; Chataway et al. 2011), and has some soil-resource
benefits, cereal crops are still required to provide the bulk of
winter forage production in rain-grown systems.An alternative to
sole-cropped oats would be growing oats within a double-
cropping program. Growing two crops in the 1 year would
increase the potential quantity of plant residue available to
contribute to the SOM pool (Peterson et al. 1998) and the soil
would be better protected from erosion (Freebairn et al. 1997;
Buxton et al. 1999). However, while double cropping for forage
production is common where temperature and water conditions
are favourable (Lloveras-Vilamanya 1987; Garcia et al. 2008), it
is less common in semiarid agricultural regions (Chataway et al.
2003). For cereal crops grown for grain, double-cropping on a
routine basis is not regularly practiced due to the risk of crop
failure as a result of water stress (Russell and Jones 1996) and
opportunity cropping, rather than fixed sole- or double-cropping,
is recommended (Wylie 1993). More recently, Singh et al.
(2009a) determined that a profitable wheat crop (>1 t grain/ha)
could be grown in just over 50% of years in the 600-mm-rainfall
isohyet when double-croppedwith forage lablab. Because forage
crops offer greater management flexibility than do grain crops
(Muldoon 1984), they have more scope in a double-cropping
program.However, given adequate nutrition andwater, they have
a potentially longer growing season (French 1981),whichmay be
underutilised in a double-cropping program.

Insufficient plant nutrients and time for ground preparation are
also cited by dairy farmers as limiting factors (Chataway et al.
2003). The adoption of ‘zero’ or ‘no-tillage’ planting (Thomas
et al. 2007)would go a longway to addressing the latter issue, and
increasing the application of plant nutrients, in fertilisers and/or
manure, should address the other. In the present study, we
hypothesise that a short-term summer crop can be combined
with a winter crop, with resultant productivity and soil-resource
benefits over a winter sole-crop.

With respect to summer crops, hybrid forage sorghums
(Sorghum spp.) are the most commonly grown species (Kerr
et al. 1996). These crops are typically sown into a cultivated
seedbed, followingaperiodof fallowoverwinter,withNfertiliser
applied at a rate similar to that for winter forage crops of
~50 kg N/ha (Kerr et al. 1996; Chataway et al. 2003). In the
present study, we refer to these agronomic practices as ‘industry
standard’. Forage sorghum is noted for its high potential yield,
efficient use of water and, particularly under irrigated conditions,
its response tohigher ratesofN fertiliser (Muldoon1985;Rahman
et al. 2001). If improvements could be made to the productivity
of Sorghum spp., and in turn residue production, this would
have benefits for soil erosion and the soil C balance (Paustian
et al. 1997; Strong and Holford 1997). These benefits would be
enhanced if crops could be successfully established using zero-
tillage methods (Unger et al. 1991). In sole-crop systems,
unless crops are planted into stubble, considerable erosion can
be caused by early summer storms (Wockner and Freebairn
1990). The inclusion of an annual legume in the system would

reduce system requirements for N fertiliser, improve overall
forage quality (Muldoon 1985b; Minson et al. 1993) and meet
farmers desire to increase the proportion of legumes in the forage
base (Chataway et al. 2003). However, potential biomass
production relative to well fertilised sorghum crops would be
reduced (Stuart 2002).We hypothesise that productivity and soil-
resource benefits could be achieved by modifying current
industry-standard practices for summer sole-crops.

In the present paper, we consider the merits or otherwise of
combining a short-term summer crop with a winter oats crop
(double-cropping) against oats grown predominantly as a sole-
crop. Three possible double-cropping systems are considered,
with one variation being the use of manure as an additional input
and the second variation being the replacement of the summer
cereal with a legume. As a further contrast, summer sole-crop
systems with variation in terms of N fertiliser, tillage and the
inclusion of a legume are considered and compared with each
other and against the winter and double-cropping systems.

Materials and methods

This experiment was conducted at two farm sites, on contrasting
soil types, on the central Darling Downs, north of the township of
Oakey. Site details, rainfall and general management practices
are given in Chataway et al. (2011). In brief, the Kulpi site was
located on a self-mulching black Vertosol considered well suited
to forage cropping, but depleted in its capacity to grow crops. The
second site atAclandwas located on a texture contrast soil (brown
Sodosol) and represented a more structurally difficult soil type.
The recent fertiliser history at this site had been one of higher N
inputs than that on the Vertosol.

Long-term mean annual rainfall for the area 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, 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. Median annual
rainfall over the study period was 548 and 585 mm at Kulpi and
Acland respectively.

Treatments
In the present paper, 7 of the 11 forage systems evaluated are
reviewed. One forage system (S1) was based predominantly on
sole-crop oats. Three systems (S2, S3, S4) had an increased
emphasis on summer crops, with a winter and summer crop
grown in 4 of every 5 years. These systems varied in the type
of summer crop grown (cereal or legume) and the addition of
feedlot manure. For the three remaining systems (S5, S6, S7) the
emphasiswas solely on summer cropping,with variationbetween
the systems in crop choice (legume or cereal), the amount of
tillage and N fertiliser. The seven systems under review are
detailed in Table 1. In total, 11 systems (4 not reviewed in the
present paper)were established in a randomisedblockdesignwith
three replications, in plots 30 by 9 m in size.

Techniques
Crop termination and fallow management
For sole-crops, to manage the fallow and prepare a seedbed,

plots were either cultivated (CT) two or three times or sprayed
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(zero-tillage, ZT) two to four times with glyphosate herbicide
(450 g 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. For summer crop
systems (S5, S6, S7), the first cultivation or spraying usually took
place in June/July after cessation of plant growth.Where systems
were double-cropped, the summer component was routinely
terminated in February/March with glyphosate (450 g a.i./L) at
1–1.5 L/ha to enable a short period of fallow before planting the
winter crop. The winter crops in both the sole-cropping (S1) and
double-cropping program were terminated with the same
herbicide, typically in mid-November. The exception was in
the high-rainfall Year 2 when oats remained productive longer
and terminationofoat plots in the sole-croppingprogram(S1)was
delayed until mid-December.

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-
engaging tools and press wheels.

Crop types, planting rates and time of planting
OatsAvena sativaL. cv. Graza 50 (Years 1 and 2), cv. Nugene

(Years 3–5) at 40 kg/ha, sorghum sudangrass hybrid cv. Nectar
[Sorghum bicolour (L.) Moench · Sorghum sudanese (Piper)
Stapf.] at 8 kg/ha and lablab (Lablab purpureus L.) cv. Rongai at
30 kg/hawere planted as early as possible within their established
crop-planting windows (Harris et al. 1999) following rainfall
considered sufficient for germination and establishment. Oats
was planted betweenApril and July inclusive,withMay being the
most common month. In 4 of the 5 years, oats was sown in both
double- and single-crop programs on the same date. In the
other year, oats planted in double-crop plots was delayed by
20 days (Kulpi, Year 4) and 50 days (Acland, Year 2). Summer
cropswere planted betweenOctober andDecember inclusive. On
average, summer crops in double-crop programs were planted
30 days later than sole-crop plots and all crops at Acland were
generally established later than those at Kulpi due to shorter and
less frequent planting windows, and a need to replant summer

crops in Years 2 and 4 due to insufficient plant establishment in
both CT and ZT plots (<6 sorghum plants/m2).

Fertiliser
At planting, 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. N fertiliser, as urea, was applied between every
second crop rowvia an inter-row tine. For lowNsystems (S1, S7),
all urea fertiliserwas appliedat planting.For cereal cropsgrown in
high-N systems, it was intended to apply 100 kg N/ha at planting
and 50 kg N/ha after the first and second grazing. A maximum of
200 kgN/hawas to be applied to each crop. As Table 2 shows, the
actual rates applied were generally lower, and N rates were
reduced after Year 3 for Systems 1–4 in response to lower
than expected crop yields and observed soil nitrate-N
concentrations (0–1.2 m). Survey data were originally used to
determine current industry-practice rates (Anon 1988; Kerr et al.
1996) and these rates are described in the study as ‘low N’ (S5,
S7), while ‘high N’ concentrations were based on the expert
opinion of project scientists and past research work conducted
with forage sorghum (Muldoon 1985; Chataway et al. 1994).

For one double-crop treatment (S3), feedlot manure was also
applied at 10 t DM/ha in October 1997 (containing 2.5%N, 1.1%
P and 3.2% K).

Grazing
Forage plots at each site were grazed by the dairy herd one

replicate at a time, with back-fencing used to exclude animals
from previously grazed replicates. Grazing of a replicate was
normally completed in 1–2days. Electric fencingwas also used to
exclude cattle from plots that were not ready for grazing or were
being fallowed. The level of grazing intensity was comparable to
other fields being grazed on the farm at the same time. It varied
according to seasonal conditions and stage of crop growth and
there was a tendency for removal to be higher at the Acland site.
Animals typically grazed for 2–4 h per day before being moved
out of thefield forwatering and lounging. The time tofirst grazing
varied according to climatic conditions, but was typically
6–8 weeks following planting for the sorghum sudangrass
hybrid, 10–12 weeks for lablab and 8–10 weeks for oats. The

Table 1. The seven forage systems and their associated cropping sequence for experiments conducted at Kulpi and Acland
CT, conventionally tilled; ZT, zero tillage; low N, 50 kg nitrogen (N)/ha as urea; high N, described in Table 2; +, plus feedlot manure

Forage system 1996 1997 1998 1999 2000 2001
Year 1 Year 2 Year 3 Year 4 Year 5

Winter-dominant forage system
S1. Oats (ZT high N) SorghumA Oats Oats Oats Oats Oats

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) Sorghum Oats Sorghum Oats Sorghum Oats Sorghum Oats – Oats
S3. Sorghum–oats (ZT high N+) Sorghum Oats Sorghum Oats Sorghum Oats Sorghum Oats – Oats
S4. Lablab–oats (ZT high N) Lablab Oats Lablab Oats Lablab Oats Lablab Oats – Oats

Summer-forage systems
S5. Sorghum (CT low N) Sorghum Sorghum Sorghum Sorghum Sorghum
S6. Sorghum (ZT high N) Sorghum Sorghum Sorghum Sorghum Sorghum
S7. Lablab–sorghum (ZT low N) Lablab Lablab Sorghum Lablab Sorghum

AThis sorghum crop (S1) was terminated after one grazing, 60 days before summer crops in S2–S4 were terminated. At Acland, no sorghum crop was grown in
Year 1 in S1 but a sorghum crop (unfertilised) was grown across all systems (S1–S7) in an additional sixth year.
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timing of subsequent grazings was dependent on the incidence
and extent of in-crop rainfall and associated growing conditions.
A target height at grazing was 1–1.5 m for sorghum and 0.4 m for
oats.

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

the twocentral planter runs. Forfirst harvest, summer foragecrops
wereharvested at 0.15maboveground level and thewinter cropat
0.075 m. For repeat samplings, only new growth was harvested.
Samples were handled to collect yield, N and neutral detergent
fibre (NDF) data as per Chataway et al. (2011). Following sample
preparation, N content was determined using Kjeldahl digestion,
followed by automated continuous-flow methods (Crooke and
Simpson1971;Technicon1976),while the analysis forNDFused
a modified version of the method of Van Soest et al. (1991).

An estimate of forage 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,withinfive sampling locations (each 1m2) that
had not been harvested for yield, forage remaining above the
sampling height was cut and fresh detached material 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 over the fallow period were

conducted for summer sole-crops (S5, S6, S7) before crops
were sown in Years 5 and 6. 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 plotwas themeanof the percentage values for
the three random sites. The visual estimates were based on photo-
standards for summer and winter cereals (Molloy 1988).

Soil sampling and analysis
Sampling and analysis for soil nitrate-N, organic carbon and
plant-available water was conducted in the same manner, and
using the same parameters, as per Chataway et al. (2011).

Calculations
To determine plant N and %NDF, the apparent recovery of
fertiliser N and fallow water-storage efficiency, calculations
were conducted as per Chataway et al. (2011).

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 subsets of relevant forage
systems for forage dry matter yield, forage N concentration, soil
nitrate-N, soil water and soil cover. Significant differences
between 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 production

General comparisons

Year-to-year yield variation within systems was high, with
forage yields for the same systems generally lower at Acland than
at Kulpi (Tables 3, 4). At both sites, production (DM t/ha) from
well fertilised sorghum (S6) was about double that from well
fertilisedoats (S1) (Tables3, 4).AtAcland, double-croppinggave
a yield similar to that from summer sole-cropping, while at Kulpi,
the yield from double-cropping was intermediate between those
fromwinter and summer sole-cropping systems (Tables 3, 4); the
different relative yields at each site were influenced by the
contribution sorghum made to the system, which is reflected in
mean annual NDF values (Tables 5, 6). There was less inter-site
difference for NDF than for yield. Nitrogen content of the
forage was lowest in systems dominated by forage sorghums

Table 2. The rate of nitrogen applied as fertiliser (kg N/ha) to forage crops at Kulpi and Acland
See Table 1 for explanation of codes

Forage system 1996 1997 1998 1999 2000 2001 Mean annual rate
Year 1 Year 2 Year 3 Year 4 Year 5

Winter-dominant forage system
S1. Oats (ZT high N) 160/105A 205 105 55 55 115/105A

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) 210 210 260 160 0 168
S3. Sorghum–oats (ZT high N+) 210 210 260 160 0 168
S4. Lablab–oats (ZT high N) 105 155 105 55 0 84

Summer-forage systems
S5. Sorghum (CT low N) 55 55 55 55 55 55
S6. Sorghum (ZT high N) 105 205 205 205/155A 155/105A 175/155A

S7. Lablab–sorghum (ZT low N) 5 5 55 5 55 25

AWhere different rates were applied, values are expressed as Kulpi/Acland.
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(Tables 5, 6) and there was a predictable influence of forage
species on the system’s NDF concentration; for example, mean
NDF of oats (S1) at both sites was 44% compared with that of
sorghum (S5, S6) at 59–60% (Tables 5, 6).

In all systems, themajority of forage was harvested during the
spring–summer period (September–February inclusive) and
ranged from 60% for the winter system (S1) to 80% for sole-
cropped sorghum. Winter forage production (June–August) was
low, even for thewinter sole-crop systemwhich provided grazing
of 1.5–2.5 t DM/ha during this period in only 3 of the 5 years; for
double-cropping systems, thiswas reduced to 2 of 5years atKulpi
and 1 of 5 years at Acland. With respect to forage utilisation, this

was generally higher at Acland than at Kulpi, and at both sites,
utilisation was inferior for all systems alternative to S1.

Double-cropping systems

For these systems, where sorghumor lablabwas grown before
the oats crop in 4 of the 5 years (Table 1), there was a general
increase in total annual production (Tables 3, 4) above that
achieved in the winter-dominant oats system (S1); however,
double-cropping had a substantial and negative overall impact
on theproductivity of theoats crop.For similar systems, butwith a
different cropping frequency (S1, S2), the increased emphasis on

Table 3. Annual harvestable forage yield and estimated utilisation for seven forage systems evaluated at Kulpi over 5 years
Rainfall is based on water year, from 1 October to 30 September. In Year 1 of the winter-dominant forage systems. a sorghum crop (1 grazing) was grown. This
summer crop contributed 3.0 t DM/ha to total yield.Means followed by the same letter do not differ significantly atP = 0.05; n.d., not determined. See Table 1 for

explanation of codes

Forage system Annual harvestable forage yield (t DM/ha) Mean
Year 1

(1996–1997)
Year 2

(1997–1998)
Year 3

(1998–1999)
Year 4

(1999–2000)
Year 5

(2000–2001)
Mean

(1996–2001)
utilisation

(%)

Rainfall (mm) 445 926 596 508 554 606

Winter-dominant forage system
S1. Oats (ZT high N) 6.75d 7.38d 3.24a 2.07a 4.43bc 4.78a 75

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) 5.48c 10.18e 8.65cd 5.19b 4.54cd 6.81c 69
S3. Sorghum–oats (ZT high N+) 5.24bc 13.56f 9.57d 5.75bc 4.68cd 7.76d 65
S4. Lablab–oats (ZT high N) 3.68a 9.46e 6.40b 2.44a 3.05a 5.01a 69

Summer forage systems
S5. Sorghum (CT low N) 4.63b 5.12b 6.91b 6.28c 5.31d 5.65b 69
S6. Sorghum (ZT high N) 5.62c 6.45c 11.39e 14.41e 7.34e 9.64e 70
S7. Lablab1,2,4sorghum3,5 (ZT low N) 5.12bc 3.84a 8.42c 7.35d 7.51e 6.47c 69

l.s.d. (P = 0.05) 0.78 0.87 1.03 0.97 0.85 0.61 n.d.

Table 4. Annual harvestable forage yield and estimated utilisation for seven forage systems evaluated at Acland over 6 years
Rainfall is based onwater year, from1October to 30September. InYear 6, assay cropof forage sorghumplanted across all systems (noN fertiliser applied).Means

followed by the same letter do not differ significantly at P = 0.05; n.d., not determined. See Table 1 for explanation of codes

Forage system Annual harvestable forage yield (t DM/ha) Mean yield
Year 1

(1996–1997)
Year 2

(1997–1998)
Year 3

(1998–1999)
Year 4

(1999–2000)
Year 5

(2000–2001)
Mean

(Years 1–5)
Year 6

(2001–2002)
utilisation

(Years 1–5) (%)

Rainfall (mm) 484 1124 665 544 474 658 711

Winter-dominant forage system
S1. Oats (ZT high N) 3.58b 5.06b 2.56a 1.45a 1.12a 2.75a 7.66d 85

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) 2.98ab 13.80d 7.48c 3.58bc 1.57ab 5.88c 5.3a 72
S3. Sorghum–oats (ZT high N+) 3.83b 16.20e 7.50c 4.88c 2.07b 6.89d 6.76bcd 70
S4. Lablab–oats (ZT high N) 2.10a 7.66c 5.16b 2.19ab 1.23a 3.67b 7.05cd 72

Summer forage systems
S5. Sorghum (CT low N) 3.32b 8.46c 6.61c 8.42d 3.24c 6.01d 6.45a 74
S6. Sorghum (ZT high N) 3.05b 8.27c 7.42c 8.42d 3.11c 6.05d 5.93ab 75
S7. Lablab1,2,4sorghum3,5 (ZT low N) 2.10a 3.15a 7.45c 4.66c 4.41d 4.43b 6.21abc 72

l.s.d. (P = 0.05) 0.90 1.15 1.42 1.56 0.71 0.70 1.01
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a summer crop reduced mean annual oats production by ~50%;
from 4.1 to 2.2 t/annum at Kulpi and from 3.2 to 1.5 t/annum at
Acland. On a year-to-year basis, the reduction in oats production
was variable (Fig. 1) and similar at both sites; in Years 1–4,
respectively, the reduction was 100%, 20%, no reduction
(P > 0.05) and 85% at Kulpi and 100%, 25%, 20% and 90%
at Acland. For the sole (S1) or double-cropping systems (S2),
the mean fallow length preceding the oats crop was reduced from
158 to 90 days at Kulpi and from 168 to 81 days at Acland. This
reduced average fallow and in-crop rainfall per crop by 261mmat
Kulpi and 194 mm at Acland. The reduction in forage yield was
least at both sites in Years 2 and 3 (Fig. 1), when rainfall was at or
above average. Fallow plus in-crop rainfall accounted for 90% of
the variation in annual oats forage yield in the double-cropping
systems (S2, S3) (Fig. 2).

For the summer-crop component of the double-crop system
(S2), foragewas typically harvested in twograzings,with the total
mean annual production at both sites during Years 1–4 being
similar at 5.2 and 5.4 t DM/ha.annum. However, the relative
contribution sorghummade to annual forage yield (S2)was lower
at Kulpi (64%) than at Acland (82%). This different proportional
contribution of sorghum to double-crop yields is reflected in the
lower mean annual NDF value for S2 at Kulpi (51.9%) than at
Acland (55.8%) (Tables 5, 6).

The addition of feedlot manure to the double-crop sorghum–

oats system(S3) increased (P<0.05) themeanannual forageyield
at both sites (Tables 3, 4). Most of this increased yield was in the
high-rainfall Year 2. There was no difference (P > 0.05) in the N
concentration of harvestable material between S3 and S2
(Tables 5, 6).

Table 5. Annual weighted nitrogen (N) and neutral detergent fibre (NDF) content (%DM) for seven forage systems evaluated at Kulpi over 5 years
Rainfall is basedonwater year, from1October to30September. InYear 1of thewinter-dominant forage system(S1), a sorghumcrop (1grazing)wasgrownaswell

as oats. Means followed by the same letter do not differ significantly at P = 0.05; n.d., not determined. See Table 1 for explanation of codes

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(Years 1–5)

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

Rainfall (mm) 445 926 596 508 554 606

Winter-dominant forage system
S1. Oats (ZT high N) 1.97d 45.4 2.79c 47.3 3.82e 39.4 2.52d 38.4 2.89c 43.5 2.69d 44.2

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) 1.50bc 57.5 2.80c 48.7 2.88c 54.5 2.09bc 56.1 3.21d 43.5 2.58d 51.9
S3. Sorghum–oats (ZT high N+) 1.60c 57.6 2.89c 50.0 3.02cd 54.7 2.28cd 55.3 3.05cd 43.3 2.67d 52.1
S4. Lablab–oats (ZT high N) 1.99d 38.6 3.25e 40.0 3.26d 42.7 3.24f 35.0 3.04cd 42.3 3.03e 40.3

Summer forage systems
S5. Sorghum (CT low N) 1.22a 57.5 1.85a 55.1 1.57a 61.2 1.19a 57.3 1.51a 63.5 1.47a 59.1
S6. Sorghum (ZT high N) 1.43b 58.5 2.50b 55.3 2.20b 62.0 1.96b 59.0 2.32b 62.5 2.09b 59.7
S7. Lablab1,2,4 sorghum3,5 (ZT low N) 2.21e 37.4 3.16de 30.9 1.79a 61.5 2.9e 39.2 2.22b 62.5 2.36c 49.0

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

Table 6. Annual weighted nitrogen (N) and NDF contents (%DM) for seven forage systems evaluated at Acland over 6 years
Rainfall is based onwater year, from1October to 30September. InYear 6, assay cropof forage sorghumplanted across all systems (noN fertiliser applied).Means

followed by the same letter do not differ significantly at P = 0.05; n.d., not determined. See Table 1 for explanation of codes

Forage system Year 1
(1996–1997)

Year 2
(1997–1998)

Year 3
(1998–1999)

Year 4
(1999–2000)

Year 5
(2000–2001)

Mean
(Years 1–5)

Year 6
(2001–2002)

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

Rainfall (mm) 484 1124 665 544 474 667 711

Winter-dominant forage system
S1. Oats (ZT high N) 2.19a 38.7 3.46d 44.0 2.43c 49.8 1.80b 47.5 2.26c 37.2 2.82d 43.6 1.78bc 60.2

Double-cropping forage systems
S2. Sorghum–oats (ZT high N) 2.31a 62.8 1.88ab 55.9 2.04b 56.3 1.77b 59.7 2.28c 37.2 2.04b 55.8 1.27a 60.8
S3. Sorghum–oats (ZT high N+) 2.14a 60.5 2.01b 55.5 2.03b 55.9 1.77b 60.5 2.27c 37.2 2.00b 55.8 1.55ab 60.3
S4. Lablab–oats (ZT high N) 3.05b 34.1 2.64c 44.3 2.63c 42.3 2.57c 31.3 2.22bc 37.2 2.61c 41.0 1.98c 60.5

Summer forage systems
S5. Sorghum (CT low N) 2.15a 58.2 1.64a 59.3 1.44a 66.6 1.17a 56.3 1.89a 58.7 1.55a 59.6 1.41a 60.4
S6.Sorghum (ZT high N) 2.17a 59.7 1.85ab 59.1 1.55a 66.5 1.30a 56.1 1.93ab 56.5 1.67a 59.7 1.73abc 60.1
S7. Lablab1,2,4sorghum3,5 (ZT low N) 3.08b 39.8 1.94b 42.4 1.20a 67.2 3.02d 35.5 1.98abc 58.4 2.03b 52.4 1.53ab 60.0

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. 0.34 n.d.
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Changing the summer component from forage sorghum to
lablab (S4) reduced (P < 0.05) the overall production at both sites
(Tables 3, 4). This was principally due to a reduction in the
mean annual summer production in Years 1–4, from 5.20 to

3.25 t DM/ha at Kulpi and from 5.40 to 2.65 t DM/ha at Acland.
In the double-cropping systems, due to the slower growth rate of
lablab than that of sorghum, lablabwas grazed only once. At both
sites, the overallN concentration of harvestable foragewas higher
(P < 0.05) in this system (S4) than in S2 and S3 and the NDF
concentration was reduced by 10–15 units (Tables 5, 6). The
overall forage quality in this system was similar to that achieved
by the winter-dominant forage system (S1).

Summer sole-crop systems

For industry-standard sorghum (S5), the mean annual yields
were similar at both sites, 5.65 and 6.0 t DM/ha, while year-
to-year variation was greater at Acland than at Kulpi
(Tables 3, 4). Mean annual weighted concentrations of forage
N and NDF at both sites were also similar, at ~1.5% and 59%
respectively (Tables 5, 6). When N-fertiliser inputs were
increased and the fallow period was managed with herbicides
rather than tillage (S6), both the annual forage production and
N concentration increased (P < 0.05) over industry-standard
sorghum (S5) in all years at Kulpi, whereas there was no
difference at Acland (Tables 3–6). At Kulpi, where the mean
application of N in S6 was 175 kg N/ha, the response was 33 kg
DM/haper kgN fertiliser applied above the industry-standard rate
of 55kgN/ha.annum.Year-to-year variation also increased under
the higher rate ofNapplication atKulpi,with a production peak in
Year 4 at 14.4 t/ha. Peak forage production was associated with
a spring–summer (September to February inclusive) rainfall of
~450mm at both sites. Changedmanagement practices (S5 v.S6)
had no effect on forage yield at first grazing, which was typically
~3.0 t/ha (Fig. 3).

When lablab replaced sorghum in Years 1, 2 and 4 (S7) and
the fallow period was managed with herbicides rather than
tillage, there was a rise (P < 0.05) in the mean annual forage
yield and N concentration over the industry standard (S5) at
Kulpi (Tables 3, 5). At Acland, the overall N concentration of
forage increased (P < 0.05) but there was a fall in themean annual
production, relative to industry-standard sorghum (Tables 4, 6).
For Years 3 and 5, when sorghum was grown, yield from this
forage system (S7) was higher (P < 0.05) than yield from the
industry-standard sorghum (S5) in both years at Kulpi
(Table 3) and in 1 year at Acland (Table 4).

At both sites, harvestable yield at grazing was typically
between 2.0 and 4.0 t DM/ha but reached 6.0 t DM/ha at times
(data presented only for Kulpi, Fig. 3). At Kulpi, N concentration
was commonly increased (P < 0.05) for the first and subsequent
grazings with the application of additional N fertiliser (S5 v. S6)
(Fig. 3), but at Acland, there was no difference between the
systems in the N concentration of forage sorghum at any
individual grazing (data not presented).

Soil water

Plant-availablewater (PAW) to 1.2m (mm) before sowingwinter
crops was reduced (P < 0.05) in 3 of the 4 years of double-
cropping (S2, S3, S4) when fallow length was reduced relative to
sole-cropped oats (S1). Over the 4 years, mean PAW to 1.2-m
depth of single- and double-cropping systems was 81 and 40 mm
at Kulpi and 66 and 31 mm at Acland respectively (data not

Rainfall (fallow plus in-crop) (mm)
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crop systems (S2, S3) for both Kulpi and Acland in Years 1–4. The equation
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presented). For the double-cropping systems (S2, S3, S4), there
was no difference in PAW before the oats crops were sown. For
the summer sole-crop systems (S5, S6, S7), there was also no
difference in pre-sowing PAW among these three systems in
any year at either site (data not presented). For Years 1–6, the
mean pre-sowing PAW (mm, 1.2 m) for all summer systems was
138, 19, 157, 100, 40 and 87 mm at Kulpi and 56, 26, 104, 29, 31
and 61 mm at Acland. The overall mean was 90 mm at Kulpi and
51 mm at Acland.

Fallow water-storage efficiency
Mean fallow water-storage efficiency for the summer sole-crop
systems (S5, S6, S7) varied from 10% to 25% on a year-to-year
basis at Kulpi and from 15% to 18% at Acland. Mean water-
storage efficiency over all years was similar at both sites at 16%
and 17% (Table 7). The unusually low fallow water-storage
efficiency of 10% recorded in Year 1 at Kulpi was for a short
fallow that received well below-average rainfall. Fallow
efficiency could not be calculated for the double-crop systems
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because only one soil-sampling event was conducted between
crops.

Pre-sowing nitrate-N

For the double-cropping systems, with the exception of Year 5,
nitrate-N concentrations remained relatively constant across
years and among systems at Acland, while at Kulpi there was
a general increase in nitrate-N concentrations from the low levels
present at the commencement of the study (Fig. 4).AtKulpi, there
was a difference (P < 0.05) between manured (S3) and non-
manured systems in Years 3–5 (Fig. 4). At both sites, there was a
pronounced rise in nitrate-N concentrations before the winter
crop was sown in Year 5 (Fig. 4). We attribute this rise to the
contribution of unused fertiliser by the Year 4 winter crop (failed
crop) and the land remaining fallow over the following summer
due to no crop being planted because of late planting rains.

For the summer sole-cropping systems (S5, S6, S7), mean
nitrate-N concentrations at the commencement of the summer
cropping program at Kulpi and Acland were 5 and 67 kg/ha to
1.2 m (Fig. 5). At both sites, pre-sowing nitrate-N concentrations
remained at or close to these concentrations for industry-standard
managed forage sorghum fertilised with 55 kg N/ha.crop (S5).
Changing fallow-management practices (ZT) and increasing the
mean annual application rate of N fertiliser by another 100 kg/ha
at Acland and 120 kg/ha at Kulpi (S6) did result in some
differences (P < 0.05) in pre-sowing nitrate N concentrations
compared with industry-standard management practices,
particularly towards the end of the study period (Fig. 5). When
a legume forage crop was grown instead of industry-standard
forage sorghum in Years 1, 2 and 4 (S7), the concentration of soil
nitrate-N at the commencement of the subsequent cropping year
was higher (P < 0.05) than that following industry-standard
sorghum (S5) in 2 of the 3 years at Kulpi, but not in any years
at Acland (Fig. 5). At Kulpi, the difference in soil nitrate-N
following legumes in Year 1, relative to industry-standard
sorghum (S5), was 35 kg nitrate-N/ha. This difference
remained relatively unchanged after a second legume crop.

Apparent N recovery from fertiliser

For the sole-cropping systems at Kulpi, the apparent recovery of
N fertiliser applied above the industry-standard rate (S5 v.S6)was
91%. This was in contrast to Acland where the recovery rate was
very low at 8%. At Acland, there was evidence that some of this
unutilised N remained present in the soil profile at the completion
of the present study (Fig. 6).

Table7. Mean fallowwater-storage efficiency (at 0–1.2-mdepth) overfive fallowperiods (Years2–6) for the three summer forage
systems (S5, S6, S7) at Kulpi and Acland

PAW, plant-available water. See Table 1 for definition of S5–S7

Cropping year Year 2 Year 3 Year 4 Year 5 Year 6 General mean

Kulpi
Fallow rainfall (mm) 79 277 154 198 244 190
Fallow length (days) 110 140 136 201 195 156
PAW, fallow start (mm) 11 104 62 13 50 48
PAW, fallow end (mm) 19 157 100 40 87 81
Change in PAW (mm) 8 53 38 27 37 33
Efficiency (%) 10 19 25 14 15 17

Acland
Fallow rainfall (mm) 122 248 155 203 160 178
Fallow length (days) 114 112 136 225 152 148
PAW, fallow start (mm) 4 63 5 1 37 22
PAW, fallow end (mm) 26 104 29 31 61 50
Change in PAW (mm) 22 41 24 30 24 28
Efficiency (%) 18 17 15 15 15 16
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Fig. 4. Pre-sowingnitrate-N (kg/ha per 1.2-m soil layer) for thewinter phase
of double-cropping forage systems over 5 years at (a) Kulpi and (b) Acland.
S2, sorghum–oats (ZT high N) (solid bar); S3, sorghum–oats (ZT high N+)
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Fallow stubble cover (summer systems S5, S6, S7)

At Kulpi, stubble cover was consistently lower (P < 0.05) in the
2 years assessed for the industry-standard system (S5) than that
in the two alternative systems using changed crop-management
practices (S6, S7). For the industry-standard system (S5), stubble
cover ranged between 15% and 20% at all sampling events, while
for the two alternative systems (S6, S7), cover was always above
30%, ranging between 70% and 40% following sorghum in
Years 4 and 5 and from 40% to 30% following lablab in
Year 4 (data not presented).

At Acland, there was substantially less stubble cover, with the
levels remaining only above 30% in the untilled sorghum system
(S6) following the Year 4 crop. This was higher (P < 0.05) than
that for S5 and S7 following the Year 4 crop; however, following
the low-yielding Year 5 crop, cover remained between 20% and
10% for all systems (S5, S6, S7), with no differences (P > 0.05)
between systems (data not presented).

Soil Organic Carbon (SOC)

The mean SOC concentration (0–10 cm) taken in the first year
of the study was 1.47% and 0.81% at Kulpi and Acland,
respectively, with no difference (P > 0.05) among the forage
systems within a site. Sampling 2 years later showed a general
increase in SOC at each site, with some differences (P < 0.05)
among the systems. At Kulpi, all alternative systems to sole-crop
oats (S1), except S5, had higher SOC (P < 0.05) concentrations.
At Acland, only double-cropping systems were higher (P < 0.05)
(Table 8). At the third sampling, there was a substantial rise in

themeanSOCatKulpi,while atAcland, values tended to decline.
However, the difference between the S1 and other systems
remained relatively unchanged. At the final sampling, 2 years
later at Kulpi and 2.5 years at Acland, the relative difference
between the systems at each site generally remained. When
variable starting concentrations of SOC were also considered,
all systems alternative to continuous oats (S1), with the exception
of S4 at Kulpi, experienced a positive change (P < 0.05) in SOC
concentration. At both sites, double-cropping systems based on
forage sorghum and oats (S2, S3) had a consistently positive
impact on SOC relative to sole-crop oats (S1). When the total
forage production between the first and final sampling points
was considered, a logarithmic relationship, with a modest
predictability between the forage production and change in
SOC concentration (0–10 cm) (r2 = 0.61, P < 0.05), was
established (Fig. 7).

With respect to the 10–20-cm soil layer, SOC concentration
at the first and last sampling points was 1.24% and 1.27% at
Kulpi and 0.67% and 0.70% at Acland. There was no difference
(P > 0.05) among the systems at any of the sampling points (data
not presented).

Discussion

Double-cropping

Our results showed that with early termination of the summer
crop, double-cropping could be successfully undertaken in years
of average or above-average rainfall, with a yield penalty of 25%
or less comparedwithwinter sole-crop production, and improved
soil-resource benefits. However, as a routine practice, double-
cropping will come at a cost to security of winter production and
overall forage quality. Other studies on double-cropping in
semiarid environments have drawn similar conclusions. Using
a combination of field studies and simulations, Singh et al.
(2009a) determined that in the 600-mm-rainfall isohyet of the
subtropical cropping zone, a forage lablab–grain wheat system
would yield a profitable crop of lablab (>3 t forage DM/ha) in
90% of years and a profitable wheat crop (>1 t grain/ha) in 54%
of years. Comparedwith sole-cropwheat, environmental benefits
associated with this system included reduced potential rainfall
runoff and drainage. In southern Iowa, USA (800 mm annual
rainfall), Buxton et al. (1999) found that forage sorghum double-
cropped with winter rye had a positive influence on reducing
soil loss on a 2–7% slope over sole-cropped sorghum, but costs
increased significantly and the double-crop systems was more
vulnerable to drought. They concluded that if winter rye were
to be grown as a double-crop with sorghum, it would be for
environmental rather than yield benefits. In our situation, further
strategies could be adopted to reduce the risk of crop failure in
multi-crop systems. This could include use of seasonal
forecasting tools (Carberry et al. 2000; Bureau of Meteorology
2010) to better predict the likelihood of success of a second crop.
Second, the duration of the summer crop could be restricted to just
one grazing or mechanical harvest 6–8 weeks after planting (~3 t
DM/ha);with a commensurate reduction in fertiliser requirement.
Thiswould further reduce the riskofwinter crop failure,while still
achieving environmental benefits (reduced runoff, improved
ground cover) over a sole-crop oats system.
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While the present study could not replicate the priorities and
issues a farmerwould consider in determiningwhether to double-
crop or not, it has shown that herbicides, variable fertiliser rates
and zero-tillage are effective tools in addressing factors – other
than water supply – that limit double-cropping (Chataway et al.
2003). This flexibility is not available in conventional systems
that require a fallow period to build up plant-available nutrients
and prepare a fine, stubble-free seedbed for planting. Double-
cropping has environmental benefits over sole-cropping in
reducing the days land is fallow and thereby increasing the
period of soil water deficits and increasing surface cover
through a living crop or crop stubble (Freebairn et al. 1997;
Buxton et al. 1999).

We have reservations about the use of lablab in a double-
cropping program. Its thick twining stems, which remain after

grazing,make it difficult to sowcrops into before it has undergone
a period of decomposition. While breaking down the stubble
through mowing would reduce this problem, it would increase
costs. An alternative to grazing would be to mechanically harvest
the crop for hayor silage; thiswouldminimise the problemcaused
by stubble. One other limitation of lablab in a double-cropping
programis that it ismost useful as a sourceof fodder in late autumn
(Minson et al. 1993), so removing it earlier – to enable a period of
fallow before the winter crop – negates one of its major strengths.

The addition of feedlot manure to the double-cropping
systems was beneficial in raising forage production and
indicates benefits from this alternative fertiliser source when
applied in addition to inorganic fertilisers. As manure is
relatively rich in P, and also a source of most other elements
(Strong and Holford 1997) and organic matter (Haynes and
Naidu 1998), we believed that it would be mostly beneficial to
the Sodosol soil which has greater nutrient and structural
impairments than does the Vertosol (Harris et al. 1999).
However, benefits were similar at both sites, indicating that the
additional N provided was beneficial; particularly during Year 2
when rainfall was high. Of the N in manure, up to one-half may
be available in the year of application (Jokela 1992) and, after
allowing for volatilisation losses at spreading (Stevenson et al.
1998), it could be expected that up to 100 kg N/ha was available
for summer and winter crops in Year 2. This would have been
sufficient to account for the additional forage produced. These
findings provide support for valuing manure as a fertiliser, in
addition to its recognised role as a soil ameliorant (Strong and
Holford 1997).

While sampling for SOC was conducted only on a limited
number of occasions and the concentrations didfluctuate between
seasons (Wang et al. 2004), there was a strong indication that
double-cropping was advantageous over predominantly sole-
cropped oats. There are positive benefits to SOC from systems
that generate higher levels of crop residue and reduce the time the
soil is fallow (Peterson et al. 1998). The ability to have a positive
impact on SOC concentrations, while continuing to crop, is an

Table 8. Soil organic carbon concentration (%) (at 0–10-cm depth) at Kulpi andAcland on four sampling occasions, and the difference, in percentage
points, between the first and last sampling

Means followed by the same letter do not differ significantly at P = 0.05; n.s., not significant. See Table 1 for explanation of codes

Forage system Kulpi Acland
May
1997
(1st)

May
1999
(2nd)

Dec.
1999
(3rd)

Dec.
2001
(4th)

Difference
(4th and
1st)

May
1997
(1st)

May
1999
(2nd)

Dec.
1999
(3rd)

May
2002
(4th)

Difference
(4th and
1st)

Winter-dominant forage system
1. Oats (ZT high N) 1.45 1.38a 1.57ab 1.44a –0.01a 0.78 0.77a 0.78a 0.79a 0.01a

Double-cropping forage systems
2. Sorghum–oats (ZT high N) 1.50 1.59bc 1.70c 1.62bcd 0.12bc 0.80 0.99b 0.91b 0.96bc 0.16c
3. Sorghum–oats (ZT high N+) 1.52 1.64c 1.86d 1.67d 0.15cd 0.84 1.13c 0.97bc 1.00c 0.16c
4. Lablab–oats (ZT high N) 1.53 1.57bc 1.68bc 1.53abcd 0.00a 0.80 0.90b 0.80a 0.86a 0.06b

Summer forage systems
5. Sorghum (CT low N) 1.38 1.49ab 1.53a 1.52abc 0.14cd 0.81 0.82a 0.83ab 0.87ab 0.06b
6. Sorghum (ZT high N) 1.48 1.59bc 1.70c 1.66cd 0.18d 0.77 0.78a 0.80a 0.86a 0.09b
7. Lablab–sorghum (ZT low N) 1.42 1.59bc 1.56ab 1.51ab 0.09b 0.83 0.78a 0.79a 0.89b 0.06b
Mean 1.47 1.55 1.66 1.57 0.10 0.81 0.88 0.82 0.89 0.08

l.s.d. (P = 0.05) n.s. 0.15 0.13 0.15 0.05 n.s. 0.11 0.10 0.10 0.05

Forage yield (kg DM/ha)
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Fig. 7. The relationship between forage yield (kg DM/ha) between the first
and last soil sampling and the change in soil organic carbon concentration
(percentagepoints) in the surface soil (0–10cm) at bothKulpi andAcland sites
for seven forage systems.Theequation for the line is: y=0.2191· ln(x)–0.641
(r2 = 0.61, P < 0.05).
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important finding when there are biophysical, economic and
sociological impediments to the rotation of cropping with a
pasture phase (Chataway et al. 2003; Singh et al. 2009b).
We measured less benefit when lablab was substituted for
sorghum and this concurs with Armstrong et al. (1999) who
found cropping legumes to be generally ineffectual in raising
SOMconcentrations,with the larger residue input offibrous grass
roots being important (Clarke et al. 1967; Hossain et al. 1996).
The addition of manure to the double-crop cereal systems
increased SOC more quickly than did a similar treatment that
used only inorganic fertiliser. However, this difference did not
exist by the end of the study. This would suggest that continued
applications of manure would be required to maintain an
advantage over systems that use inorganic fertiliser only and
rely on the return of crop residues to maintain or raise SOC
(Anderson et al. 1990). While benefits of manure application on
SOM are well recognised (McCalla 1974; Sommerfeldt et al.
1988), inorganic fertilisers are indirectly beneficial through
increasing residue levels. Anderson et al. (1990) found, in a
long-term study on a cultivated silt loam in Missouri, that there
was no significant difference in soil physical properties between
treatments applying either manure or inorganic fertiliser. Both
were superior to where no fertiliser was used.

Summer sole-crop systems

At both sites, the mean annual biomass production of well
fertilised multi-cut forage sorghum was about twice that of
multi-cut oats grown at the same site. This difference was
most likely due to the following two factors: the greater water
constraints facedbywinter crops than summer crops in thepresent
study, and the lower inherent potential of C3 plants for radiant-
energy conversion (Minson et al. 1993). Expected inherent
differences in C3 and C4 grasses were also reflected in NDF
concentration.With respect to the response to N fertiliser applied
at above industry rates, the systems nature of the studymeans this
response cannot be isolated from changes to tillage practices.
However, as themain driver of increased crop yield from reduced
tillage is increased water storage over the fallow period (Thomas
et al. 2007), and in our study changes in tillage practices had no
effect on water storage, improvement in forage yield could most
likely be attributed to the higher N inputs.

For N fertiliser, our findings support the view that sorghum
can be highly responsive (Muldoon 1985; Rahman et al. 2001)
but that the response can be variable. In studies at four separate
locations in the Darling Downs and West Moreton regions,
Chataway et al. (1994) found that the response to additional N
fertiliser ranged from 0 to 32 kg forage DM per kg N applied
(0–150 kg N/ha). Low responses were recorded under
conditions of low rainfall and high soil fertility or, conversely,
where rainfall was very high, resulting in water logging, and
conditions favoured denitrification (Strong et al. 1992). In
southern Australia, Jacobs and Ward (2011) found variable
yield responses of rain-grown summer forage crops to fertiliser
N and identified available soil water as a major limiting factor.
In our study, site differences were the main driver of overall
variability, with theKulpi site responding strongly to increasedN
fertiliser, reflecting an essentially N-constrained system, similar
to that commonly seen in tropical perennial-grass systems

(Cowan et al. 1995). The distribution of rainfall also appeared
tobe an important factor indeterminingyields,with themaximum
yield being achieved at this site in a year of average but well
distributed rainfall. In contrast, the Acland site was not N-
constrained due to the combination of higher pre-trial inputs of
fertiliser N and the inherently lower forage capacity of this soil
(Harris et al. 1999).

At Acland, the lack of response to additional N fertiliser, in
terms of plant yield and forage N concentration, and a relatively
high concentration of nitrate-N present in the soil profile post-
grazing (Fig. 6) provided evidence of an oversupply of this
element. There were also likely to be losses from this site
through denitrification (Craswell and Martin 1974) and some
leaching. This was also indicated by the very low apparent
recovery of N applied above the industry standard. In contrast,
at Kulpi, the high rate of N fertiliser appears to have been
relatively well matched to crop requirements, although the
98% apparent recovery of N fertiliser at this site appears
unrealistically high. Possible error factors could include: first,
a greater opportunity for recycling ofN at higher levels, because a
higher biomass of plant residues was returned to the forage
system, given that a similar proportion (70%) of forage was
utilised across low and high N-input systems. Second, a higher
input of imported nutrients (in manure and urine) would
potentially enter the higher-yielding systems due to a greater
relative time this systemwas occupied by grazing animals. Third,
there is the possibility that the high N-input regime led to a
soil complex that was more conducive to higher rates of N
mineralisation thanwas the lowN-input system (Yan et al. 2006).

That there are benefits of including a legume in the summer
sole-cropping program at Kulpi is an important finding for
providing an alternative approach to increasing forage
production on N-depleted soils, and is in line with the farmers’
desire to increase the contribution of legumes to their forage base
(Chataway et al. 2003). At this site, the yield of summer legumes
ranged from 2.84 to 7.35 t DM/ha, which is in the range given by
Hendricksen (1980) andMullen andWatson (1999). The benefits
of the legume phases at this site on soil nitrate-N concentrations,
measured before following sorghum crops, were ~30–50 kg/ha
fertiliser N equivalents, similar to those found byArmstrong et al.
(1997) in studies in centralQueenslandbut less than the 100kg/ha
N equivalents found by Herridge and Holland (1984) in northern
New South Wales. On the Sodosol site, the production from
sole-cropped lablab was lower and, when combined with higher
soil nitrate-N concentrations, there were no clear soil nitrate-N
benefits to subsequent crops (Doughton and Holford 1997).
Where productivity was improved following lablab (Year 5),
we believe thiswasmainly through amore friable seedbed (Wylie
1997), which could have improved plant establishment and/or
initial plant growth. The usefulness of lablab in providing quality
animal forage and benefiting subsequent cereal crops through N
fixation has been noted in other studies in semiarid cropping
environments (Singh et al. 2009a; Njarui and Mureithi 2010).
The perennial temperate legume lucerne (Medicago sativa) has
potential as an alternative legume forage. At both sites, its
productivity in Years 1 and 2 exceeded that of lablab and,
when terminated, it had positive benefits on soil nitrate-N
concentrations (Chataway et al. 2011). While there are issues
with bloat (Thompson 1988) and depletion of soil water (Strong
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et al. 2006) associated with lucerne, it does provide another
legume alternative to lablab.

Soil erosion and organic carbon

Newly planted summer crops provide little surface cover, and
unless crops are planted into stubble, considerable erosion can be
causedbyearly summer storms (Wockner andFreebairn1990). In
the present study, successful establishment of summer crops
using ZT was an important finding because ZT enables better
preservation of stubble over the fallow period. As well as
providing cover, summer crops also lower soil water content,
which is critical for reducing runoff (Freebairn and Wockner
1986) and in turn erosion. The same attributes of a cropping
program that minimise potential for erosion should also benefit
SOMconcentrations (Paustian et al. 1997). Inour study, therewas
evidence from soil analysis that any of the summer cropping
programs – industry standard (S5) and alternatives (S6, S7) –
would be beneficial over a winter-dominant cropping program
(Table 8). There was insufficient evidence from soil analysis to
conclude that one summer cropping system was beneficial over
another. However, other studies have found that a program that
generates high plant residues, minimises tillage and favours grass
species over legumes ismore likely to benefit SOM(Hossain et al.
1996; Peterson et al. 1998; Armstrong et al. 1999).

Conclusion

Forage systems that include summer crops will have higher
biomass production, reduced risk of erosion and improved
SOC concentrations over winter sole-cropping systems.
Double-cropping, while maintaining an emphasis on the winter
crop, is possible and desirable but requires flexibility in
management to respond to seasonal forecasts and determine a
termination date for the summer crop. All forage systems need
to move away from cultivation to zero tillage to preserve crop
residue and enhance flexibility. On soils that are depleted in
available N, higher rates of N fertiliser or legumes will be
beneficial to both forage yield and quality.
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