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Farming systems’ productivity and soil organic carbon stocks
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Abstract. Depleted soil nitrogen supplies in long-term continuously cultivated soil for cereal grain cropping have
resulted in reduced cereal yields, low grain proteins and hence low economic returns. This has necessitated the
development of alternative management practices to sustain crop yields, as well as to restore and maintain soil
fertility. In the present study we examined the comparative performance of several management options over a
12-year period, including: a 4-year rotation of grass +legume pasture followed by wheat (GL—wheat); 2-year rotations
of lucerne-wheat, annual medic—wheat and chickpea—wheat; and continuous conventional tillage (CT) or no-tillage (NT),
without or with fertiliser N application (0, 25 and 75 kg N ha ™' for each crop). Average wheat grain yields were highest in
the chickpea—wheat rotation, followed by the NT wheat with 75 kg Nha'; the lowest grain yields were in the CT or NT
wheat treatment without fertiliser N application. Crop water use and gross margin were strongly correlated. However, there
was an increasing potential for the deep leaching of nitrate-N at 75 kg Nha " application, as well as from the GL pasture
initiated in 1987, but not from that initiated in 1986, emphasising the effect of variability in growing seasons. Soil organic C
stocks increased under the 4-year GL pasture in the 0—0.1 m depth only, then decreased steadily following the cropping
phase. The rotation of 4-year GL pasture followed by wheat cropping for 4-6 years may maintain initial soil organic C
stock, but a shorter cropping phase is required to increase soil organic C and N stocks and soil fertility in the long term.
Partial economic analysis of the treatments suggested that restoring or maintaining soil N fertility, either through legume-
based pastures, grain legume and/or N fertiliser, provides long-term positive economic return.

Additional keywords: annual medic, chickpea, gross margin, lucerne, purple pigeon grass, Rhodes grass, soil nitrate,

wheat.

Received 25 August 2017, accepted 25 January 2018, published online 4 May 2018

Introduction

The cereal growing areas of subtropical regions, such as southern
Queensland and northern New South Wales, Australia, have
relied largely on nitrogen mineralised from soil organic matter
for crop growth for almost 100 years. Organic N (and C) in cereal
cropping soils has now been depleted by up to 70%, due primarily
to the removal of N in produce (mostly grains; Dalal and Mayer
1986a, 1986b) and other N losses, such as denitrification and
deep leaching (Page et al. 2002). Sustaining cereal grain
production on these soils requires increased nitrogen inputs,
either through legume N, fixation and/or external N supply,
such as fertiliser nitrogen (Strong et al. 1996a, 1996b; Dalal et al.
1998; Holford et al. 1998; Thomas et al. 2010). Therefore, the
inclusion of legumes in crop rotations with cereal grain crops,
and/or fertiliser application, is required to achieve not only high
grain yield, but also high grain protein (Holford and Crocker
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1997; Armstrong et al. 1999) because economic returns are
based on both wheat grain yield and protein concentration;
for example, for prime hard (PH) wheat (Strong et al. 1996b),
the improvement in soil fertility following these practices
may also result in increased economic benefits (Thomas et al.
2010).

Although nitrogen accretion in soil, either from legumes or
N fertiliser, may increase wheat yield and protein, it may also
be subjected to loss via denitrification (as gaseous N,O and
N,) and deep leaching. Gaseous N losses, especially as N,O,
contribute to global warming (Dalal et al. 2003) and therefore the
judicious management of N in cropping systems is required
(Wang and Dalal 2015). Deep leaching of nitrate-N below
the root zone contributes to groundwater pollution as well as
being an economic loss. Therefore, cropping systems require
an optimum balance between N supply and crop uptake, or N
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supply and crop water use (Dalal et al. 2013), for both
production and economic return (Thomas et al. 2010).

Continuous cereal grain cropping of soils in the region has
resulted in the loss of up to 70% of their initial organic C
(and N; Dalal and Mayer 1986a, 1986b). This can be ascribed
primarily to aggregate disruption from tillage operations (Dalal
et al. 1991), reduced addition of organic materials, including
crop Cinputs (Dalal et al. 1995), and increased soil erosion (Cook
et al. 1992). Cropping systems that involve no-tillage (NT)
practices may reduce aggregate disruption, and the inclusion
of pasture in rotations could lead to increased organic material
inputs to soil (Dalal et al. 1995). Therefore, both practices may
reduce continuing soil organic C loss, or even increase soil
organic C, in cereal farming systems (Dalal et al. 1995;
Hossain et al. 1996a; Studdert et al. 1997; Holford et al. 1998;
Thomasetal.2010; Chanetal. 2011; Salvo etal. 2014). Increases
in soil organic C, with concomitant increases in soil N, will
improve soil fertility and may result in more sustainable
crop production and hence increased economic return in this
region.

In the present study we examined the comparative effects of
pasture—wheat rotation, including long-term pasture (4 years) or
short-term pasture (1 year), grain legume, chickpea—wheat
rotation and conventional till (CT) or NT wheat cropping,
with and without fertiliser application, on a fertility-depleted
Vertosol over a 12-year period. The objectives of the study
were to: (1) evaluate the comparative effects of alternative
management strategies, including pasture legumes, a food
grain legume, fertiliser application and reduced tillage on
wheat yields and gross margins; and (2) assess the effects of
these practices in restoring or maintaining soil organic C on a
fertility-depleted Vertosol.

Materials and methods
Site details

The long-term field experiment was established at Warra
(26°47'S, 150°53’E) in southern Queensland on a soil that
had been cultivated for cereal cropping since 1935. The site
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originally had predominantly brigalow (Acacia harpophylla)
and belah (Casuarina cristata) vegetation. The soil was a
grey Vertosol (Typic Chromustert) that had lost 70% of
organic C (from 2.23% to 0.68%) and total N (from 0.203%
to 0.06%) from the 0-0.1 m layer after 50 years of continuous
cereal cropping (Dalal and Mayer 1986a, 1986h; Dalal et al.
1995). The soil description, mean monthly maximum (27°C)
and minimum (12°C) temperatures, mean monthly rainfall and
growing season rainfall at the field site (1987-98) have been
reported by Weston et al. (2002) and Dalal et al. (2004a). The
soil contained 56% clay, 17% silt and 27% sand at 0—0.1 m
depth; it was alkaline at 0-0.1 m depth (pH 8.6) trending to
strongly acidic (pH 4.9) at 0.9—1.2 m depth. The average annual
rainfall from 1986 to 1998 at the Warra site was 597 mm. During
the experimental period, annual rainfall at the site varied from
396 mm in 1986 to 778 mm in 1998 (Fig. 1).

Experimental design and pasture and crop establishment

The experimental setup, treatments, pasture and agronomic
practices, stubble and tillage management, weed control, soil,
pasture and crop monitoring and sampling procedures have been
described in detail by Dalal et al. (1995). Briefly, 17 treatments
were established in a randomised block design having four
replicates in plots that were each 25m long and 6.75m wide.
Five major farming systems were examined: (1) 4-year
grass +1legume (GL) pasture—wheat (Triticum aestivum L. cv.
Hartog) rotation (GL—wheat); (2) legume ley—wheat rotation, 2-
year rotation of lucerne (Medicago sativa L. cv. Trifecta)-wheat
or medics (Medicago scutellata L. Mill cv. Sava and Kelson and
Medicago truncatula Gaertn. cv. Jemalong, Cyprus, Paraggio
and Sephi)-wheat; (3) food grain legume—wheat, 2-year rotation
of chickpea (Cicer arietinum L. cv. Barwon)-wheat; (4)
continuous CT wheat, with fertiliser N application at 0, 25,
and 75kgNha™' (CT wheat ON, CT wheat 25N and CT wheat
75N, respectively); and (5) continuous NT wheat, with fertiliser
N application at 0, 25, and 75kgNha ' (NT wheat ON, NT
wheat 25N and NT wheat 75N, respectively). All treatments
received a basal rate of 10 kg ha™' phosphorus as superphosphate,
fortified with copper and zinc annually.

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Calendar year

Fig. 1.

Mean annual rainfall distribution from 1986 to 1998 (experimental period).
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The GL pasture was a mix of lucerne, medic and grasses
(Setaria incrassata Stapf cv. Inverell and Chloris gayana Kunth
cv. Katambora). These were established in January 1986, 1987
and 1988, and were grown for 3.75 years (hereafter referred to
as GL86, GL87 and GLS88, respectively). In the lucerne—wheat
and medics—wheat rotations of short duration, lucerne and
medics were undersown with wheat during May—July
(depending on sowing rainfall) at rates of 2 and 5kg ha '
respectively, with the wheat seed rate the same as that for the
CT-wheat treatment. However, annual medics were sown only
once because of their self-generating nature. For the chickpea—
wheat rotation, chickpea was sown at a rate of 60 kg ha ' using
phytophthora (Phytophthora megasporium)-tolerant lines or
cv. Barwon. Chickpea was sown at the same time as wheat
in other treatments. All short-duration (2-year) rotations consisted
of both phases each year.

For the CT wheat treatments, conventional tillage operations,
usually two to four, were performed using tined implements to a
depth of ~100 mm during the fallow period (December—April)
for weed control and seed bed preparation. Wheat was sown at a
depth of ~50 mm in rows 250 mm wide at a rate of 40 kg ha ' in
May—June in all years, except in 1990 and 1993, when wheat
was sown at a rate of 50 kg ha ' in July. Fertiliser was applied as
urea at sowing at rates of 0, 25 and 75 kg N ha ' and was placed
at a depth of ~50 mm in alternate mid-rows. In the NT wheat
treatments, weeds were controlled by herbicide spray (1.2L
glyphosate and 1.2L 2,4-D amine ha') two to four times
during the fallow period. The rates of sowing and fertiliser N
applications for the NT wheat were same as that for the CT
wheat.

Pasture management

Detailed descriptions of pasture managements are given by
Weston et al. (2002), Dalal et al. (2004a) and Strong et al.
(2006). Briefly, the pasture yields were measured by forage
harvesting to a height of 0.1 m at 3-monthly sampling intervals
(December, March, June and September) for the grasses and
lucerne, and in June and September for the annual medics. The
harvested plant material was dried at 75°C in a forced-draught
oven, weighed and ground to pass through a 1-mm sieve and the
N concentration of the material determined by Kjeldahl analysis
(Crooke and Simpson 1971). The pastures were terminated in
early October by blade ploughing at a depth of 0.10-0.15m to
coincide with maturity of the annual medics and to provide a
similar opportunity for soil water recharge as would occur for the
continuous cropping treatment during the summer fallow.
Weeds during the fallow period were controlled by tillage to
a depth of ~0.1 m (two or four events), as for the continuous
CT cropping.

Crop management

The wheat grain yields were measured by machine harvesting
an area~1.75 m x 23 min the central area of each plot. The grain
yields were adjusted to 12% moisture content. Wheat grain and
straw N concentrations were determined by Kjeldahl analysis
(Crooke and Simpson 1971). Wheat grain protein concentration
was calculated from grain N concentration using 5.7 as the
nitrogen-to-protein conversion factor (Tkachuk 1966).
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Soil sampling and analysis

For the soil water and nitrate concentrations, each plot was
sampled to a depth of 1.5m using a 50-mm diameter tube
attached to a hydraulic sampler in May (before sowing) and
November (after harvest) each year. Two soil cores taken from
each plot were bulked in 0.1-m layers to a depth of 0.3 m and in
0.3-m layers below 0.3 m depth. The soil samples were collected
and sealed in airtight bags and stored at 4°C until analysis. Soil
moisture content was determined gravimetrically by drying the
soil samples at 105°C for 48 h. For the determination of nitrate
concentration, the soil was dried at 35°C under draught and
ground to <2 mm; nitrate was extracted using 10 g soil in 100 mL
of 2M KCI solution and the extract analysed colourimetrically
for nitrate (Best 1976). The volumetric soil water content and
amount of soil nitrate for each depth interval was obtained
using bulk density adjusted for the soil moisture content for
that depth interval (Strong et al. 1996b). The amount of crop
water use was calculated from the amount of presowing water
(usually in May) at a depth of 0—1.2 m plus in-crop rainfall minus
the amount of water at harvest (usually in November) at a depth
of 0—1.2 m. Potential deep leaching of nitrate-N was estimated
from the amount of nitrate-N at a depth of 1.2—1. 5 m in different
treatments, including the ON treatment during the experimental
period. The Newman (1966) line intersection method was used
to estimate root lengths from core soil samples dispersed
ultrasonically, and root biomass was calculated from the root
length and root weight (3 mg m™' root length) in a given volume
of soil at each depth (Dalal ef al. 1995).

For determination of soil organic C and total N, five soil
samples from each plot were collected at a depth of 0-0.1 m
and occasionally at depths of 0.1-0.2 and 0.2-0.3m in
November—-December after the pasture or crop harvest using
a 50-mm diameter tube sampler, a procedure similar to that
reported by Dalal ef al. (1995). The samples were bulked, sealed
in plastic bags and stored at 4°C until analysis. The soil sample
was dried at 35°C in a forced-draught oven, ground to pass
through a <2-mm sieve and mixed thoroughly. A subsample was
further ground to <0.25 mm for colourimetric determination of
organic C by the Walkley—Black method (Sims and Haby 1971),
as well as determination of total N, including NO5-N, by the
modified Kjeldahl method (Dalal et al. 1984). Soil organic C
and N stocks were calculated from soil organic C and N
concentrations multiplied by the corresponding bulk density
and depth of sampling. The bulk density values in different
treatments were not significantly different (P <0.05); therefore,
no adjustment in the soil organic C and N stocks was required
for equivalent soil mass.

Gross margin and net return on crop water use

The gross margins of wheat from different treatments were
compared with farm-gate income derived from the grain price
of wheat yield at different protein concentrations less the
variable costs (tillage for CT, sowing, fertilisers, herbicides
and harvest) at commercial on-farm rates (Department of
Primary Industries 2000). Wheat grain transportation costs
were taken as A$10 t ' from the farm gate to the Warra silo
(16 km away), and A$22 t' from the Warra silo to the Brisbane
port. Wheat grain prices for the Australian Standard Wheat
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(ASW), prime hard (PH) variety (PHV) and PH wheat based on
protein concentrations at the Brisbane port were provided by
the Australian Wheat Board. Net return on crop water use was
calculated from the gross margin divided by the crop water
use (A$ ha 'mm") for each treatment to provide a potential
benchmark for the comparative bioeconomic productivity of
different treatments.

Statistical analysis

The significance of differences between treatments was assessed
using analysis of variance (ANOVA; Research Experiment
Management System, Queensland Department of Primary
Industries, Brisbane, Qld, Australia), and time trends in soil
parameters and the relationship among various parameters were
examined using regression analysis (Snedecor and Cochran
1967). Soil organic C and total N values were normalised
with regard to the CT wheat treatment according to Dalal and
Mayer (1986b) and Dalal ez al. (1995).

Results
Wheat grain yield

The wheat grain yield varied from 4.78 tha ' in the NT wheat
75N treatment in 1988 to 0.49tha' in the medics—wheat
treatment and 0.5tha™' in the lucerne-wheat treatments in
1995 (Table 1). The chickpea—wheat rotation performed better
or equal to any other rotation or the continuous CT wheat
75N or NT wheat 75N treatments from 1988 to 1995, and
significantly better than the CT wheat ON treatment during the
1988 and 1998 cropping seasons. The wheat yields increased
following fertiliser N application (75 kg ha™") in all years except

Table 1.
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in 1995, when grain yields were lower than without fertiliser N,
due primarily to the dry season (48 mm pre-anthesis rainfall).
Similar effects on grain yield were observed with the GL86—
wheat, GL87-wheat, GL88—wheat, lucerne—~wheat and medic—
wheat rotations.

When all phases of the rotations for wheat production
were compared (1992-98), average yields were highest in the
chickpea—wheat and the NT wheat 75N treatments (2.53 tha ')
and GL87-wheat (2.49tha "), but lowest in the CT wheat ON
and NT wheat ON treatments (1.9tha'; Fig. 2). Although the
mean grain yield of the lucerne—wheat rotation (1.9tha™') was
similar to the latter treatments, the mean grain yields of the
medics—wheat (2.31tha '), CT wheat 75N (2.32tha ') and NT
wheat 25N (2.31tha') treatments were not significantly
different from that of the NT wheat 75N treatment. Among
the GL pastures, the GL86—wheat and GL87—wheat performed
similarly (Fig. 2). Average yields of the GL88—wheat rotation
were not compared because it was reverted back to pasture from
1996 to 1998.

Wheat grain protein concentration

The wheat grain protein concentrations varied from 8% in the
CT wheat ON treatment in 1989 to 16.3% in the medics—wheat
treatment in 1993 (Table 2). Average protein concentrations
(1992-98) were highest in the GL87—wheat treatment (13.7%),
although this was not significantly different from that in the CT
wheat 75N (13.5%), medics—wheat (13.3%), GL86—wheat
(13%) and NT wheat 75N (13%) treatments (Fisher’s l.s.d.,
grain protein, 0.89%; P=0.05). As expected, the lowest protein
concentrations occurred in the NT wheat ON (9.2%) and CT
wheat ON (9.5%) treatments.

Wheat grain yield in different farming systems

Data show mean yields for both phases of 2-year rotations of lucerne-wheat, medic—wheat and chickpea—wheat, as well as

conventional tillage (CT) and no-tillage (NT) continuous wheat fertilised at a rate of 0, 25 and 75 kg N ha ' (CT wheat ON,

CT wheat 25N and CT wheat 75N, NT wheat ON, NT wheat 25N and NT wheat 75N, respectively). GL86—, GL87— and
GL88—wheat, grass+legume (GL)-wheat rotation, with pastures established in 1986, 1987 and 1988, respectively

Farming system

Wheat grain yield (t ha™")

1988 1989 1990 1992 1993 1994 1995 1996 1997 1998
GL86-wheat GL GL 338" 371 1.84% 146 0744 361 2.54 2.03
GL87—wheat GL GL GL  4.03* 196% 159 0.74% 3.78 278 257
GL88-wheat GL GL GL  3.65% 183 156 079 GL GL GL
Lucerne-wheat 2.82 1.85% 3438 340 120% 170 050% 2628 244B 10938
Medic—wheat 294 270 3598 384 1338 134B  049® 4128 279  2.18®
Chickpea—wheat 462° 288 359 423 220° 1.60° 1.76° 3.02¢ 255 1.87
CT wheat ON 3.08°  2.07° 223 348° 1.88  1.02° 1.20° 227 211®  1.40®
CT wheat 25N 439 257 284 368 203 1.42 1.06 319 231 1.66
CT wheat 75N 4.65 231 3.41 375 1.88°  1.51°  0.88°  3.68° 235 2.19
NT wheat ON 2.56 2.08 2.52 3.92°  2.03°  0.95° 133 183" 208 1.42
NT wheat 25N 377 282 314 425 253 1.19 137 307 214 1.62
NT wheat 75N 478 246 335 4650 217° 148° 1152 357° 261 2.06
Mean 373 242 315 388 1.91 1.40 1.00  3.16 245 1.88
ls.d. (P<0.05) 056 027 028 058 0.8 020 0.18 034 037 038

AData from Strong et al. (2006).
BData from Dalal ef al. (2004b).
CData from Dalal et al. (1998).
PData from Dalal ez al. (2013).
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Fig. 2. Mean wheat grain yields (1992-1998) of the farming systems, namely grass+legume

(GL)-wheat rotation for pastures established in 1986 and 1987 (GL86-wheat, GL87—wheat) and
both phases of 2-year rotations of lucerne—wheat, medic—wheat and chickpea—wheat, as well as
conventional tillage (CT) and no-tillage (NT) continuous wheat fertilised at a rate of 0, 25, and
75 ngha’1 (CT wheat ON, CT wheat 25N, CT wheat 75N, NT wheat ON, NT wheat 25N and NT

wheat 75N, respectively).

Table 2. Wheat grain protein at 12% grain moisture in different farming systems

Data show mean yields for both phases of 2-year rotations of lucerne—wheat, medic—wheat and chickpea—wheat, as well as

conventional tillage (CT) and no-tillage (NT) continuous wheat fertilised at a rate of 0, 25 and 75 kg N'ha™' (CT wheat ON,

CT wheat 25N and CT wheat 75N, NT wheat ON, NT wheat 25N and NT wheat 75N, respectively). GL86—, GL87—and
GL88—wheat, grass + legume (GL)-wheat rotation, with pastures established in 1986, 1987 and 1988, respectively

Farming system

Wheat grain protein (%)

1988 1989 1990 1992 1993 1994 1995 1996 1997 1998
GL86-wheat GL GL 13.04 1324 1494 124 144 122 11.9 12.1
GL87-wheat GL GL GL 1324 1534 1410 1474 132 13.1 12.6
GL88—wheat GL GL GL .74 147 108 141  GL GL GL
Lucerne—wheat 7.9 157%  13.08 116 1617  114®  160® 106° 1172 11.9®
Medic—wheat 7.9 1328 1218 1278 163%  12.1B 1565 126 11.8% 1198
Chickpea—wheat 9.4 101 94  124° 118 101 121¢ 101° 110 112
CT wheat ON 8.3¢ 8.0¢ 83¢  10.8° 9.6¢ 87¢ 11.8° 102  9.0% 10.6®
CT wheat 25N 8.9 9.0 8.8 13.0 13.2 9.7 13.1 11.0 9.4 11.4
CT wheat 75N 13.0 145 11.8 13.4 15.1 13.4 14.1 13.3 12.4 12.7
NT wheat ON 7.8 8.1 8.6 9.6 9.0 8.7 11.0 9.7 8.6 11.1
NT wheat 25N 8.5 9.4 9.1 10.7 11.1 9.6 13.0 11.3 9.7 11.5
NT wheat 75N 10.4 135 11.6 123 14.6 125 13.6 13.2 11.9 12.8
Mean 9.5 113 10.6 12.1 135 11.1 13.6 11.6 11.0 11.8
Ls.d. (P<0.05) 1.0 0.9 0.8 1.0 0.6 1.0 0.6 0.9 1.1 1.0

AData from Strong et al. (2006).
BData from Dalal ef al. (2004b).
CData from Dalal ez al. (1998).

Gross margin and net return on crop water use

In addition to grain yield, wheat grain prices are based on
protein concentration within the wheat classification (ASW,
PHV, PH), which affects the economic returns from different
treatments. The average gross margin for the period 1992-98
was highest (A$338 ha ') for the GL87-wheat treatment and

lowest for the NT wheat ON treatment (Table 3). For the
experimental period, the CT wheat 75N, GL86—wheat,
medics—wheat, NT wheat 75N and chickpea—wheat treatments
had similar gross margins. Gross margins calculated for the
period 1992-98 varied by more than one order of magnitude.
During the experimental period, the chickpea—wheat treatment
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Table 3. Range and mean values of crop water use, gross margin and net return of water use in different
farming systems (1992-98)
Data show mean yields for both phases of 2-year rotations of lucerne-wheat, medic-wheat and chickpea-wheat, as
well as conventional tillage (CT) and no-tillage (NT) continuous wheat fertilised at a rate of 0, 25 and 75 kg N ha '
(CT wheat ON, CT wheat 25N and CT wheat 75N, NT wheat ON, NT wheat 25N and NT wheat 75N, respectively).
GL86—, GL87— and GL88—wheat, grass+legume (GL)—wheat rotation, with pastures established in 1986, 1987
and 1988, respectively

Farming system Crop water use

Gross margin Net return/water use

(mm) (A$ ha™) (A$ ha ' mm")
Range Mean Range Mean Range Mean
GL86—wheat 154-275 222 13-622 276 0.09-2.92 1.21
GL87-wheat 154-286 227 14-686 338 0.09-2.89 1.42
GL88—wheat 138-207 186 21-455 217 0.15-2.19 1.08
Lucerne-wheat 127-255 210 —25-414 192 —0.19-2.15 0.87
Medics—wheat 146-310 229 —28-571 272 —0.19-2.56 1.08
Chickpea—wheat 192-270 230 73-561 240 0.36-2.31 1.02
CT wheat ON 159-262 213 —2-412 149 —0.01-1.96 0.69
CT wheat 25N 174-278 224 28-591 227 0.14-2.62 1.02
CT wheat 75N 188-281 221 14-611 283 0.07-2.83 1.25
NT wheat ON 184-247 217 —32-434 130 —0.17-1.90 0.57
NT wheat 25N 170-263 219 —21-485 190 —0.11-2.09 0.86
NT wheat 75N 167-281 227 14-559 254 0.08-2.36 1.06
Mean 221 229 1.01
Ls.d. (P=0.05) 8 55 0.22
had the minimum variability in gross margin (minimum 400 - y=7.19x-1395
A$73ha' in 1995 and maximum a A$561ha' in 1992). For R?=0.63, P<0.01
all treatments, the minimum gross margins were recorded in - o
1994-95 and the maximum gross margins were recorded in 1992 & 3001
following the long-term fallow period (December 1990-May 2
1992). A wheat crop was not sown in 1991 due to insufficient z 200 ]
sowing rainfall. 2
Negative gross margins were also recorded in some years €
for certain treatments (Table 3). For example, the NT wheat § 100
ON, NT wheat 75N and CT wheat ON treatments in 1994 1]
recorded negative gross margins of —32, —21 and —2 A$ha '
respectively. The lucerne—wheat and medics—wheat treatments 0 . . . . .
210 215 220 225 230 235

also recorded negative gross margins in 1995 of -25 and
28 A$ha ! respectively.

The net return for the amount of water used by the wheat
crop varied from —0.19 A$ha ' mm™" for the lucerne-wheat and
medics—wheat treatments in 1995 to 2.92 ASha ' mm ' for the
GL86—wheat treatment in 1992. The average net return for each
1 mm of water used was highest for the GL87—wheat treatment
during the period 1992-98 (Table 3). For this period, the average
gross margin and crop water use were significantly correlated
(R2=0.63, P<0.01; Fig. 3), except for the 1993 season.

Soil organic C and total N

Across the 12-year experimental period, the first 8 years of soil
organic C and total N concentration values were reported by
Dalal et al. (1995). During the pasture phase, soil organic C
stocks generally increased in the GL86—wheat, GL87—wheat
and GL88—wheat treatments compared with the CT wheat ON
treatment (Fig. 4a). Soil organic C increased significantly during
the pasture phase (0—4 years) and the following year after pasture
root residue incorporation (5th year) during tillage operations to
prepare the land for the wheat crop phase. However, during the

Crop water use (mm)

Fig. 3. Relationship between crop water use and gross margin for the
period 1992-98.

remaining wheat crop phase (6 years), organic C declined until it
reached similar concentrations to that at the start of the
experiment.

There were no consistent effects of the short-term lucerne—
wheat, medic—wheat, chickpea—wheat rotations, or tillage and
N fertiliser application on soil organic C stocks over the 12-year
period. In general, organic C decreased in soil under these
treatments for the duration of the experiment, although it
decreased, on average, by only 0.04tha™' year' (0.5t C ha™’
over the 12-year period).

Root biomass was estimated in December 1989 for the GL86
and GL87 pastures and for all other treatments in December
1990 (Dalal et al. 1995). For the 0—1.2m soil profile, root
biomass was highest in the GL pastures at the end of the
pasture phase (9.8, 10.7 and 9.2tha™' in the GL86, GL87
and GLS88 pastures respectively), lowest in the chickpea
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Fig. 4. Effects of grass +legume (GL) pasture on (a) organic C stocks and
(b) total N stocks during the pasture phase (198689, 1987-90 and 1988-91)
and following cereal cropping from 1990 to 1998. (&), pasture—wheat
rotation, GL-wheat (GL86—wheat, GL87-wheat, GL88-wheat); (H),
conventional tillage continuous wheat fertilised at a rate of 0kgNha '
(CT wheat ON). Soil organic C and total N concentration values up to
1994 (i.e. the first 8 years) are given in Dalal et al. (1995). Bar heights show 1.
s.d. values at P<0.05.

(2.03tha ") and wheat (1.65-2.2tha ") cropping systems and
intermediate in the lucerne (4.3tha™') and medics phase
(3.94tha™"). The proportion of total root biomass in the 0—
0.1 m depth was 20-30% in GL pasture, 30-35% in the lucerne
and medics pastures, 47% in chickpea crops and up to 35% in
wheat crops.

Over the course of the experiment, soil total N stocks for the
pasture phases followed a similar trend to those of soil organic C
(Fig. 4b). Total N stocks increased significantly during the
pasture phase under the GL86—wheat, GL87—wheat and GL88—
wheat treatments and reached a maximum value by Year 5 when
plots were converted to wheat cropping (Fig. 4b). During the
wheat cropping phase, total soil N stocks decreased each year,
until after 6 years of wheat cropping they were similar to those
under continuous wheat cropping. However, other treatments
showed inconsistent effects on total soil N stocks. For example,
the Lucerne 1988—wheat (L88-wheat) and Medic 1988—wheat
(M88-wheat) only had higher total soil N stocks during the
legume phase in Years 5 and 6, and the CT wheat 75N and NT
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wheat 75N treatments only had higher total soil N stocks in
Year 6 compared with the CT wheat ON treatment.

Deep leaching of nitrate

Potential nitrate leaching in the soil from different treatments
was assessed from the amount of nitrate-N in the 1.2- to 1.5-m
depth interval at the end of the experiment (after 12 years).
The soil NO3-N values were highest in the GL87-wheat rotation
(42kgNha™'; Fig. 54). The CT wheat 75N (25kgNha ') and
the NT wheat 75N (22kgNha ') treatments contained similar
amounts of NOs-N, which were higher than the CT wheat
ON and NT wheat ON (6 nghafl) treatments. Nitrate-N in
the lucerne-wheat (11kgNha') and the chickpea—wheat
(9kgNha™') treatments was not significantly higher than that
in the CT wheat ON treatment, whereas nitrate-N content in the
GL86—wheat and medics—wheat treatments was higher than in
the CT wheat ON treatment, but similar to that in the lucerne—
wheat and the chickpea—wheat rotations.

Nitrate-N in at a depth of 1.2—1.5m accumulated steadily
over the experimental period, especially in the last 4 years
following three below-average crop growing seasons (1993—
95). This demonstrated that nitrate-N mineralised from soil
and/or added through fertiliser could accumulate if it was not
used by the crop, and subsequently leach deep in the soil profile.
This is shown for the GL86—wheat, CT wheat ON and CT wheat
75N treatments (Fig. 5b).

Discussion
Grain yield and protein concentration

Nitrogen supply is critical for optimising crop yields in most
environments (Strong et al. 1996b; Campbell ef al. 2007). In the
present study, the highest grain yields were obtained in the
chickpea—wheat rotation and the NT wheat 75N treatment due to
a balance between plant-available water and nitrogen supply.
In comparison, in the lucerne—wheat rotation yield was
depressed despite adequate N supply because of inadequate
plant-available water. Similarly, in the CT wheat ON and NT
wheat ON treatments, yield was depressed due to insufficient N
for optimum yields, despite adequate plant-available water
(Dalal et al. 1997, 2013). These data corroborate the findings
of Holford and Crocker (1997) for similar rotations on a
Vertosol.

Nitrogen supply to wheat is also important for increasing
grain protein concentrations (Strong et al. 1996h). Without N
either from a legume or fertiliser N, protein concentrations in the
CT wheat ON and NT wheat ON treatments remained generally
low throughout the experimental period (1988-98) in this
N-depleted soil (Dalal and Mayer 1986b). Nitrogen supply
from either the legumes (chickpea, legume pasture) or
fertiliser enhanced protein concentrations by as much as 5%
(Table 3; Strong et al. 1996bh, 2006; Dalal et al. 1998, 2004b;
Weston et al. 2002). Herridge et al. (1995), Hossain et al.
(1996h), Marcellos et al. (1998) and Dalal et al. (1998)
observed additional N supply following a chickpea crop of
28-51kgNha'. Nitrogen supply from pasture legumes was
much higher, up to 100 kg Nha ' year ' (Hossain et al. 1996b;
Holford and Crocker 1997; Holford et al. 1998; Weston et al.
2002; Dalal et al. 2004b; Strong et al. 2006), and there was a
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Fig. 5. (a) Amount of residual nitrate-N present at the end of the 12-year experiment in the 1.2 to 1.5-m
depth interval in each rotation and (b) the trend in nitrate-N accumulation during the 12-year period
shown for three different treatments. (#), grass +legume (GL)-wheat rotation for pasture established in
1987 (GL87—wheat; y=0.44x> — 2.34x+4.46; r=0.97, P<0.01); (H), control (conventional tillage
continuous wheat fertilised at a rate of 0 kg N'ha ' (CT wheat ON; y=0.60x +3.8; r=0.64, P<0.05); (O),
conventional tillage continuous wheat fertilised at a rate of 75 kg N'ha ' (CT wheat 75N; y=2.05x +0.32;

r=0.89, P<0.01).

boost in grain protein concentrations following the pasture
legumes (Table 2).

Economic analysis

Thomas et al. (2010) showed that net returns from wheat
following grain legumes (chickpea, faba beans), pasture
legumes (lucerne, annual medics) and fertiliser N applications
generally resulted in positive gross margins in this semi-arid

environment for dryland agriculture. Similar results were
obtained in the present study. For example, in the 1992
season, when both water and N supply to the wheat crop were
adequate following long fallow, the highest gross margin
(A$483 ha™') and net return (A$2.18 ha ' mm ™) were obtained
as compared with all the years (1992-98; mean A$229 ha ' and
A$1.01 ha ' mm ! respectively). The average gross margins were
higher in the GL87-wheat, CT wheat 75N, GL86—wheat,
medics—wheat, NT wheat 75N and chickpea—wheat treatments
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than the CT wheat ON treatment (additional income of A$100—
180ha ' year ). Furthermore, Thomas ef al. (2010) showed
that gross margins could be further increased in the chickpea—
wheat treatment if fertiliser N was applied to the following wheat
crop to match plant-available water and nitrogen at sowing
according to the relationship developed by Dalal et al. (1997).
It appears that optimising crop water use is also associated with
increasing gross margin (Fig. 3). This is consistent with the
findings of Dalal et al. (2013), who showed that water use
efficiency and nitrogen use efficiency in the N-fertilised wheat
crops were interlinked. These observations also possibly apply
to the legume-N supply to the following wheat crops (Thomas
et al. 2010).

Thomas et al. (2010) suggested a potential benchmark of
net return of A$1ha ' mm ' for the cropping system in this
environment. In the present study, this long-term target was
achieved or exceeded for the GL-wheat, medics—wheat,
chickpea—wheat, CT wheat 25N, CT wheat 75N and NT
wheat 75N treatments (1992-98; Table 3). For the lucerne—
wheat treatment, it was usually the soil water deficit after
lucerne, in some years, that adversely affected the yield of the
following wheat crop (McCallum ez al. 2001; Dalal et al. 2004b),
whichresulted inthe average netreturn of lessthan A$1 ha ' mm '
(A$0.87ha ' mm™"). However, in the CT wheat ON and NT
wheat ON treatments (average net return A$0.60 ha ' mm '), the
lack of sufficient N supply to the wheat crop limited both yield
and protein concentrations (Strong et al. 1996b).

Negative gross margins and net returns were obtained in
seasons when in-crop rainfall was insufficient to produce
optimum yields commensurate with N supply, either from
pasture legume or fertiliser N. For example, the in-crop
rainfall from sowing to anthesis was only 11 mm in 1994 and
48 mm in 1995. This reduced income from the sale of grains
because variable costs were similar to those in the good in-crop
rainfall season. One option, especially for fertiliser N, is to
reduce the rate of N application when there is either not enough
soil water at sowing or in-crop rainfall is likely to be low
(although, in this region, seasonal in-crop rainfall is difficult
to predict). Dalal et al. (1997) suggested that grain protein
concentration can be predicted from crop-available water
and nitrogen in the soil profile at sowing so that fertiliser N
applications are made at sowing to achieve target protein levels
(11.5-12%) that are optimum for grain yields (Strong et al.
1996b), and PH wheat (>13%). Admittedly, such adjustments
are not feasible following pasture legumes (Holford et al. 1998)
such as lucerne—wheat, where there is sufficient N supply but
a deficit in plant-available water in some seasons (McCallum
et al. 2001; Dalal et al. 2004b).

Soil organic C and total N

As reported previously for measurements made until 1994 in
the present study (Dalal et al. 1995), soil organic C stocks
significantly increased in the GL pasture treatments (GLS86,
GL87 and GL88) compared with the CT wheat ON treatment
in the 0- to 0.1-m depth interval only (Fig. 4). Similar findings
have been reported for other experiments and pasture systems
in this environment and soil type (Hossain ef al. 1996a; Holford
et al. 1998; Armstrong et al. 1999; Thomas et al. 2009), as well
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as in other regions and soil types (Chan ez al. 2011; Salvo et al.
2014; Robertson et al. 2016). No consistently significant
increase in soil organic C was observed in the 2-year pasture—
crop rotations (lucerne-wheat, medics—wheat), the 2-year
chickpea—wheat rotation or the continuous CT and NT wheat at
25 and 75 kg N ha ' applications, thus corroborating the findings
of Robertson and Nash (2013) for different cropping systems in
Victoria, Australia.

Dalal et al. (1995) observed that the root biomass of the GL
pastures (GL86, GL87 and GL88) was approximately 10tha '
compared with approximately 4tha ' for lucerne and medics
and <2.5tha ' for chickpea and wheat crops in the 0- to 1.2-m
profile in a good pasture and crop growth season (December
1990). We found a significant relationship between soil organic
C and root biomass at depths of 0—0.1 and 0—1.2 m at this site in
1990 (Fig. 6a, b). Assuming roots contained 40% C, except for
the GL pastures, only <0.6 t ha™' (0-0.1 m) of C was added to the
soil from these farming systems. Because root biomass C is the
primary contributor to soil organic C (Rasse et al. 2005; Fig. 6),
to maintain soil organic C stocks even at a depth of 0-0.1 m in
this soil requires >0.6 t C ha ' each year (Dalal and Mayer
1986b) or >1.5tha ' root biomass (0-0.1 m depth). This was
achieved only during the GL pasture phase (>2 t C ha '; Fig. 6a).
Thus, increases in soil organic C were only consistently achieved
under the GL pasture phase, corroborating the findings of Chan
et al. (2011) and Salvo et al. (2014).

Rabbi et al. (2015) also found that increases in soil organic C
stocks in agricultural soils could only be achieved if cropping
lands were converted to pastures, although climate and soil
properties limited the magnitude of the soil organic C storage
that could be achieved (Robertson et al. 2016). Once the legume
phase was terminated in the present study, soil organic C
declined during the cropping phase for six wheat crops until
it reached the original soil organic C stock, and reached similar
levels to that in the CT wheat ON treatment at the end of the
experiment (12 years; Fig. 4). Based on these observations, we
propose that 4 years of the GL phase followed by 4-6 years of
wheat crop phase may maintain soil organic C stocks in this and
possibly other soils (Grace et al. 1995; Holford et al. 1998).
Studdert et al. (1997) also suggested that in their pasture—crop
rotations, a maximum of 7 years of conventional cropping
should be followed by a minimum of 3 years of pasture
phase to maintain soil organic C levels on a loess soil
(Argiudoll) in Argentina. For increasing soil carbon levels,
fewer than four crops may be desirable following the pasture
phase if carbon stocks are to be increased or at least maintained
in the long term.

The total soil N stocks under different treatments, especially
those in the GL86—wheat, GL87-wheat and GL88—wheat
treatments followed similar trends to that of soil organic C
(C:N ratio 9.5-10.5 during the experimental period). Hossain
etal.(1996a), in an adjacent grazing experiment, found that after
4 years the soil under GL pastures had 258 kg ha~' N more than
the continuous wheat treatment (at a depth of 0—0.1 m), which is
similar to that measured in the present study for the GL86—
wheat, GL87-wheat and GL88-wheat at the end of the pasture
phase (mean (+ s.e.m.) 215+90kg ha'; Fig. 4b). The N
accreted under the legume phase when mineralised to nitrate-
N during the cropping phase not only increases both grain
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Fig. 6. Relationships between soil organic C at a depth of 0—-0.1 m and
root biomass at depths of (¢) 0-0.1 m and (b) 0—1.2 m. Treatments included a
4-year rotation of grass+legume pasture followed by wheat (GL—wheat)
for pastures established in 1986, 1987 and 1988, 2-year rotations of
lucerne-wheat, medic—wheat and chickpea—wheat and continuous
conventional tillage (CT) or no-tillage (NT), without or with fertiliser N
application at rates of 0, 25 (25N) and 75 kg N'ha '. Root biomass was not
measured for the CT wheat 25N and NT wheat 25N treatments.

yield and grain protein (Strong et al. 2006), but also provides
a potential source of N,O production as a greenhouse gas
(Dalal et al. 2003), as well as deep leaching of nitrate-N.

Deep leaching of nitrate-N

Deep leaching of nitrate-N occurred when there was an
increased level of residual nitrate-N in the soil profile. High
residual nitrate-N levels were present in legume-based pastures
(Hossain et al. 1996b; Holford et al. 1998; Strong et al. 2006)
or with continuous wheat where fertiliser N was applied
(Campbell et al. 1994; Strong et al. 1996a). Nitrate-N build-up
in the soil profile generally occurred during the period when
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crop growth was poor due to inadequate water supply, and the
crop could not effectively use soil and/or fertiliser available
N. Subsequent rainfall during the fallow period and further N
mineralisation and/or fertiliser N addition resulted in nitrate-N
accumulation at depths below 1.2 m. Consequently, significant
amounts of nitrate-N accumulation occurred in the GL87-
wheat and the CT wheat 75N and NT wheat 75N treatments
(Fig. 5a, b). In these treatments, for example, the proportion of
nitrate-N and fertiliser N in the fertilised treatments (kg Nha ")
to that of the plant-available water at sowing (mm) at a depth
of 0—1.2m was close to 1 or higher (0.9-1.27), compared with
<0.4 in the other treatments (data not shown). In their earlier
work, Dalal et al. (1997) recommended that PH wheat (>13%
grain protein) can be produced when the plant-available water
(mm) is matched by nitrate-N (plus fertiliser N; kg ha ') ata depth
of 0—1.2m. However, in the long term such a recommendation
could also lead to excess nitrate-N accumulation in the soil
profile, N,O emissions and potential nitrate leaching below
the root zone.

Conclusion

The comparative productivity of the different farming systems
examined in the present 12-year study showed that wheat grain
yields on this soil are maintained by either 4-year GL pasture—
wheat rotations, 2-year chickpea—wheat rotations or CT or NT
wheat with 75kgNha ' fertiliser application. However, long-
term deep leaching of nitrate-N needs to be monitored. Soil
organic C stocks could only be increased under the grass-—+
pasture phase. The 4-year pasture phase followed by 4-6 years
of continuous wheat cropping may maintain the initial soil
organic C and N stocks in the long term. A shorter wheat
cropping phase is required if soil organic C stocks are to be
increased over the long term under GL—wheat rotations in this
soil. Partial economic analysis (gross margin, net return) of the
treatments showed that restoring or maintaining soil N fertility,
either through legume-based pastures, grain legume and/or N
fertiliser, provides long-term sustainable yields and a positive
economic return.
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