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Abstract
Management practices such as no-till (NT) and nitrogen supply affect soil water and nutrient use, thereby affecting 
wheat grain yields. The 13C/12C ratio or δ13C, expressed as Δ13C discrimination in photosynthesis and wheat dry matter 
accumulation and yield may also be affected under different N supply and management practices. We utilised the Δ13C 
values of wheat dry matter at anthesis and grain sampled at harvest grown under conventional till (CT) and NT, applied 
with 0 and 75 kg N ha-1, over a 5-year period, to assess the water use and water use efficiency (WUE) under variable seasonal 
conditions and N supply in a semi-arid rain-fed conditions. There were significant seasonal differences in Δ13C (%) values 
in wheat dry matter at anthesis and wheat grain at harvest, with highest Δ13C discrimination under high water and nitrogen 
supply. Grain Δ13C values showed greater Δ13C discrimination in the NT than in the CT treatment (NT, 14.57; CT, 14.28; 
LSD, P < 0.05, 0.16) but no significant effect on anthesis dry matter Δ13C. Application of 75 kg N ha-1 per year resulted in 
lower grain Δ13C than without N application (0 kg N ha-1, 14.66; 75 kg N ha-1, 14.19; LSD, P < 0.05, 0.16). Grain Δ13C values 
increased with increase in crop water use only when N was applied. Similarly, Grain Δ13C and grain yields were positively 
correlated under either high soil N and / or fertiliser N supply. Grain WUE varied from 6 kg ha-1 mm-1 to 18 kg ha-1 mm-1. 
Similar to grain yield, grain Δ13C values and WUE were positively correlated when N was applied. It is suggested that Δ13C 
in wheat grain can be used to assess the tillage and fertiliser N treatment effects on WUE in wheat under sufficient N supply 
but not under limited N supply.
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Introduction
In rain-fed crop production systems, where water supply to crop 

is limited such as in semi-arid and arid regions under no irrigation, 
crop yield is a function of water use (WU), water use efficiency 
(WUE) and harvest index (HI) [1]. It has been shown that C3 plants 
discriminate against the carbon isotope 13C during C assimilation, 
resulting in different 13C/12C ratio (δ13C), and hence the C isotope 
discrimination (Δ13C). The Δ13C has been found to be significantly 
correlated with grain yield and dry matter production [2-6] and WUE 
[7] in field-grown wheat.

In fact, Δ13C has been proposed as an indirect selection criterion 
for improving wheat grain yields [3,8]. However, [9] observed that 
the correlation between Δ13C and grain yield was either positive or 
negative depending on the type of environmental conditions. For 
example, [10] and [4] found poor relationship between Δ13C and wheat 
grain yield in the Mediterranean environment, possibly due to water 

stress during the grain filling stage, negative relationship under water 
stress conditions [9] or even positive relationship with grain yields in 
non-water stress conditions [2,8,11]. Zhang, et al. [12] found positive 
relationship between Δ13C discrimination and grain yields under 
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moderate water stress, which frequently occurs in semi-arid rain-
fed regions. These inconsistent findings may be due to: (1) analysis 
of different plant organs (leaf, stem, grain) for Δ13C discrimination, 
(2) growth cycles (tillering, anthesis, maturity) may be different when 
plant organs were sampled, (3) water supply ( stored soil water, in-
crop rainfall, irrigation) may be different at different stages of plant 
growth, (4) nitrogen supply or available nitrogen including fertiliser 
N to plants may be different, and (4) different levels of interaction 
between water supply and nitrogen supply [13,14].

Management practices such as conventional till (CT) and no-
till (NT) affect the amount of water stored in soil and nitrogen 
mineralised during the clean-fallow period [14]. The NT practice may 
result in storing 20-30 mm more water than CT practice, especially in 
the deeper soil layers [15]. Under rain-fed conditions in the semi-arid 
environments with relatively high rainfall variability, the relationship 
between Δ13C and WUE and Δ13C and grain yield needs be evaluated 
over a number of seasons, and different management practices such as 
tillage and nitrogen supply including that from nitrogen fertilisation. 
Such investigations should assist us to practise appropriate tillage 
and N management practices to optimise water use and grain yield 
in semi-arid rain-fed regions. Therefore, the objectives of our study 
were to: (i) evaluate the relationship between Δ13C and grain yield and 
Δ13C and WUE; (ii) assess the effect of tillage practice on Δ13C, WUE 
and grain yield; and (iii) assess the effect of N fertiliser application on 
Δ13C, WUE and grain yield over a 5-year period.

Materials and Methods
Site description

A long-term field experiment was established in 1986 at Warra 
(26 o47’S, 150 o53’E), Queensland, Australia. The soil type is Typic 
Chromustert or Vertisol and contains 55% clay, 0.7% organic C, 
0.07% total N and pH 8.5 in the top 0.1 m depth. Mean maximum 
temperature in January is 27 oC and mean minimum temperature in 
July is 12 oC, with a mean annual temperature of 20.7 oC. Long-term 
annual rainfall at Warra is 600 mm and for the 5-year period, it was 
612 mm (485 mm in 1992, 597 mm in 1993, 584 mm in 1994, 725 mm 
in 1995, and 767 mm in 1996). Sowing to anthesis rainfall during this 
study varied more than the annual rainfall, 76 mm in 1992, 48 mm in 
1993, 11 mm in 1994, 48 mm in 1995, and 61 mm in 1996. Sowing to 
harvest rainfall values were, 108, 178, 97, 178, and 189 mm in 1992, 
1993, 1994, 1995 and 1996, respectively. Plant available water (0-150 
cm depth) in soil (0-1.5 m) under NT was 5-25 mm more than that 
under CT practice [14].

The soil at the experimental site is a Vertisol, Typic Chromusert. 
The soil analysis was done following the procedures described by 
[16]. Bulk density was measured using 50 mm diameter core (soil dry 
weight at 105 oC divided by core volume), soil pH was measured in 
1:5, soil: deionised water, clay content was determined by dispersion - 
sedimentation method, organic C was determined by Walkley-Black 
chromic acid digestion method, and total N by Kjeldahl method. The 
properties of the 0-0.1 m soil layer were: bulk density, 1.24 Mg m-3; 
pH, 8.6; clay content, 560 g kg-1; organic C, 7.4 g kg-1; and total N, 0.72 
g kg-1 soil [17]. At the 0-0.1 m depth, soil organic C and total N were 
not significantly different between CT and NT treatments (Dalal, et 
al. 1995 reported until 1994; R C Dalal, unpublished data for 1995-
1996 period).

Experimental design, treatments and field operations

Dalal, et al. (1995) [17] provided the detailed description of 
the field experiment. The experiment was established in 1986 in a 
randomised block design with 4 replications, and continued until 
1998. The field experiment consisted of 17 treatments grouped in to 
five farming systems: legume ley-wheat rotation (4 years - 4 years), 
legume ley-wheat rotation (1 year - 1 year), grain legume - wheat 

rotation (1 year - 1 year), continuous conventional tillage wheat + 
fertiliser N, and continuous no-till + fertiliser N. For this study, the 
treatments included a combination of tillage practice (CT or NT) and 
fertiliser N application (0 or 75 kg N ha-1). Wheat (Triticum aestivum 
L. cv. Hartog) was sown in 0.25 m rows in 6.75 m wide and 25 m 
long plots at 40 kg ha-1. Urea was applied as N fertiliser at sowing and 
placed at about 0.05 m depth in alternate mid-rows. During the fallow 
period (December-April), 2 to 4 tillage operations were carried out in 
the CT treatment with tined implements to a depth of about 0.1 m for 
weed control.

Except for the sowing operation, the soil in the NT treatment 
was not tilled and weeds were controlled by herbicide spray (1.2 L/
ha of glyphosate and 1.2 L/ha of 2.4 D-amine), 2 to 4 times during 
the fallow period.

Sampling and analysis

At anthesis, wheat plants were collected from 0.5 m wide (2 
rows) and 1 m long quadrat, dried at 70 oC for 5 days, and weighed. 
At maturity, wheat was harvested from 1.75 m wide and 22 m long 
plot by a combine harvester and wheat yield was adjusted at 12% 
water content. Wheat grain was analysed for N concentration using 
the Kjeldahl method and the acid digest analysed using automated 
ammonium analysis [18].

The anthesis plant samples and grain samples were ground to 
pass 1-mm sieve. The carbon isotopes (12C and 13C) composition, and 
C concentrations of plant and grain samples were determined using 
an Isoprime isotope ratio mass spectrometer (GV Instruments GB, 
IAEA Laboratories, Seibersdorf, Austria). Carbon isotope ratio δ13C 
(%) in grain samples was calculated as

( )tan tan 1000sample s dard s dardR R R − ×  ,

Where the standard is PDB limestone for 13C (IAEA Laboratories, 
Vienna, Austria). Carbon isotope discrimination (Δ13C) was 
calculated as

( ) ( ) ( )13 %  = 1 1000a p pC δ δ δ∆ − + ,

Where δa and δp are δ13C (%) of air and plant sample, respectively, 
and δa is taken as - 8% [2].

Soil water was measured gravimetrically from soil samples 
collected to 1.5 m depth before sowing and after harvest of the wheat 
crop [19]. WUE (kg grain ha-1 mm-1) of the wheat crop was calculated 
from grain yield (kg ha-1) divided by WU (mm), where WU by the 
wheat crop was the difference in soil water (mm) at sowing and 
harvest, plus in-crop rainfall. Runoff and leaching below the root 
zone was negligible.

Analysis of Variance (ANOVA) was performed on the data 
using tillage and N fertiliser as the fixed effects, year as the split plot 
and replications as random effects [20]. The relationships between 
different variables were explored by simple linear regression analysis.

Results
Anthesis dry matter and grain yields

Anthesis dry matter yields were 5790, 3400, 2750, 2180 and 4160 
kg ha-1 in 1992, 1993, 1994, 1995 and 1996, respectively, in the CT 
treatment, without N fertiliser application (Table 1). Dry matter yield 
was increased by N fertiliser application. Overall, dry matter increased 
by 16.5% in the Ct treatment and 27.5% in the NT treatment from 
75 kg N ha-1 application. Tillage practice had no significant effect on 
anthesis dry matter yields.

Wheat grain yields varied from 1023 kg ha-1 without N application 
in the CT treatment in 1994 to 4652 t ha-1 with 75 kg N ha-1 application 
in the NT treatment in 1992. For the 5-year period, mean grain yields 
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were 3948, 1991, 1242, 1137, and 2834 kg ha-1 in 1992, 1993, 1994, 
1995 and 1996, respectively. The seasonal conditions (different years), 
tillage and N treatments affected the wheat grain yields. Consistent 
responses to N fertiliser application to increasing grain yields (by 
30%) were obtained in all years except in 1992, which followed a long 
fallow for 18 months due to insufficient sowing rainfall received in 
1991. Moreover, overall grain yield response to N was higher (30%) 
in NT than the CT practice (19%) although in 1995 season there was 
no yield response to N fertiliser application due to growing season 
dry conditions.

Water use efficiency

Water use efficiency of anthesis dry matter was highest in 1992 
(41.9 kg ha-1 mm-1) and lowest in 1995 (15.4 kg ha-1 mm-1). There was 
no significant effect of tillage practice; however, N fertiliser application 
increased WUE from 29 kg ha-1 mm-1 without N application to 36 kg 
ha-1 mm-1 with 75 kg N application, an increase in WUE of 24% due 
to N application. There were no treatment interaction effects on WUE 
of anthesis dry matter.

Grain WUE was highest in 1992 in NT with 75 kg N ha-1 
application (19.35 kg ha-1 mm-1) and lowest in 1995 in CT with 75 kg 
N ha-1 application (4.29 kg ha-1 mm-1) (Table 2). Overall, fertiliser N 
application increased WUE by more than 20% over the 5-year period. 
However, there was an increase of more than 60% in 1996 from 
fertiliser N application (7.93 kg ha-1 mm-1 in 0 kg N ha-1 and 12.86 
kg ha-1 mm-1 in 75 kg N ha-1 treatment) (Table 2), and a significant 
year × N interaction. Over the 5-year period, tillage practice had 
no significant effect on WUE although it tended to be higher in NT 

than the CT treatment. Also, there was no significant tillage and N 
interaction and year × tillage × N interaction.

Anthesis dry matter Δ13C

Anthesis dry matter Δ13C values significantly differed among 
seasons. Highest anthesis dry matter Δ13C values were found in 1996 
and lowest in 1995 (16.99% in 1996 and 15.5% in 1995) (Table 3). 
Over the 5-year period, anthesis dry matter Δ13C values were higher 
in the NT treatment than the CT treatment. There was significant year 
× tillage interaction. There was also significant year × N interaction 
on anthesis dry matter Δ13C values, which were significantly lower in 
the N fertiliser treatment than without N treatment in 1994, 1995 and 
1996 but not in the 1992 season.

Grain Δ13C
The grain Δ13C values were highest in the high rainfall season in 1996 

and lowest in 1995 (15.00% in 1996 and 14.06% in 1995) (Table 4). In fact, 
grain Δ13C values were significantly correlated with crop water use for the 
1994-96 period when N was applied (Figure 1). However, in the absence 
of N application, grain Δ13C values were not related to crop water use.

NT practice had higher grain Δ13C than CT practice but N application 
had lower grain Δ13C than without N application. Significant interaction 
was found only between year × N treatments. While there was a general 
trend towards lower grain Δ13C in the N fertiliser than without N 
treatments, significant lower grain Δ13C values were obtained in 1992 and 
1994 only. Overall, however, grain Δ13C values were negatively correlated 
with grain N concentration (R2 = 0.77, P < 0.001), possibly a reflection of 
N supply to the crop (Figure 2).

Table 1: Effects of tillage, N application and different seasons on anthesis wheat 
dry matter yield (kg ha-1 mm-1)*.

Year Conventional till (CT) No-till (NT) Year 
meanNo N added 

(N0)
75 kg N ha-1 
(N75)

No N added 
(N0)

75 kg N ha-1 
(N75)

1992 5790 5930 5530 6810 6015
1993 3400 3820 2840 3520 3395
1994 2750 3960 2590 4070 3343
1995 2180 2140 2590 2120 2258
1996 4160 5040 2880 4350 4108
Mean 3656 4178 3286 4174 3824

*Treatment effects: least significant difference at P < 0.05; year, 1550; N, 980; 
year × N, 1620; tillage × N, 1520. Tillage, year × tillage, and year × tillage × N 
interactions were not significant.

Table 2: Effects of tillage, N application and different seasons on wheat grain 
water use efficiency (kg grain ha-1 mm-1) *.

Year Conventional till (CT) No-till (NT) Year 
meanNo N added 

(N0)
75 kg N ha-1 
(N75)

No N added 
(N0)

75 kg N ha-1 
(N75)

1992 16.54 17.36 17.39 19.35 17.66
1993 9.20 9.90 9.90 10.80 9.95
1994 4.81 7.61 5.35 6.85 6.16
1995 6.26 4.29 6.53 7.06 6.04
1996 8.49 13.10 7.38 12.63 10.40
Mean 9.06 10.45 9.31 11.34 10.04

*Treatment effects: least significant difference at P < 0.05; year, 1.00; N, 0.71; 
year × N, 1.42. Tillage, and year × tillage, tillage × N and year × tillage × N 
interactions were not significant.
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Figure 1: Relationship between crop water use and grain Δ13C values of wheat for the 75 kg N ha-1 treatments. The 0 kg N ha-1 treatments showed no significant 
relationship.
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Grain Δ13C and grain yield

Wheat grain yield was significantly correlated with grain Δ13C in 
all years under high N supply from soil and /or N application but 
not when N supply was limited (Figure 3). Thus, high soil N supply 
coupled with water supply significantly affected grain Δ13C values 
in wheat (Figure 1 and Figure 3). Under N limited conditions when 
N was applied (1994-96 period), grain yield increased from 765 kg 
ha-1 when grain Δ13C was 13.5% to 4500 kg ha-1 when grain Δ13C was 
15.5%.

Grain weight was positively correlated with grain Δ13C value (R2 = 
0.49, P < 0.001 for all years except 1992 (Figure 4). For example, grain 
weight increased by almost 40 percent as grain Δ13C value increased 
from 13.5% to 15.5%.

Grain Δ13C and water use efficiency

Grain Δ13C generally increased with increasing crop water 
use (Figure 1). Without N application, however, there was no 
significant relationship between water use and grain Δ13C. Significant 
relationship between grain Δ13C and water use was found when N was 
applied, especially when N supply from soil was low (1994-96 period). 
On the other hand, in 1992 season following drought-forced long 
clean fallow, when soil N supply was high, no significant relationship 
between grain Δ13C and water use was found (Figure 1).

Similarly, WUE and Δ13C values were significantly and positively 
correlated only when N was applied in initially low N supply seasons 
(Figure 5). For example, for the 1994-96 period, application of N to 
soil with limited N supply had significant relationship between grain 
Δ13C and WUE. Water use efficiency increased from 7.1 kg ha-1 mm-1 

at grain Δ13C value of 13.5% to 15.5 kg ha-1 mm-1 at 15.5% Δ13C value. 
Thus, grain Δ13C values were positively correlated with crop water 
use, grain yield and WUE when N fertiliser was applied to 1994-96 
crops (Figure 1, Figure 3 and Figure 5).

Discussion
We found that wheat grain yields were higher under NT practice 

than the CT practice in moderate seasons (1992, 1995) but had little 
impact on dry (1994) or wet seasons (1996); however, response to 
N fertiliser application was more consistent over this period. This 
was reflected in significant year × N interaction on WUE whereas 
tillage practice had no effect on WUE. Walley, et al. [21] also found 
no difference in WUE between NT and CT practices over the 9-year 
period. We found that WUE varied from as low as 5 kg ha-1 mm-1 (1994-
1995 period) to as high as 19 kg ha-1 mm-1 (NT and N75 treatment in 
1992). Sadras and Angus (2006) [22] estimated maximum WUE of 
22 kg ha-1 mm-1, which is only slightly higher than the highest WUE 
value in this study. From simulation studies, [23] estimated WUE of 
5.8 kg ha-1 mm-1 without fertiliser N application to an average value 
of 9.7 kg ha-1 mm-1 with N fertilisation in the Mediterranean climate. 
Our WUE values from subtropical semi-arid region fall within this 
range, with an identical average value (10.0 ± 1.4 kg ha-1 mm-1 over 
the 5-year-period). Sadras and Angus (2006) [22] reported an average 
WUE value of 9.9 kg ha-1 mm-1 for wheat for south-eastern Australia.

Both anthesis dry matter Δ13C and grain Δ13C were affected by 
tillage practices and fertiliser N application in this study, possibly 
due to their effects on water and N supply to crop. It may be due 
to greater carbon isotope discrimination or higher Δ13C values from 
higher stomatal conductance, that is, higher ratio of intercellular 

Table 3: Effects of tillage, N application and different seasons on Δ13C values (%) 
of wheat anthesis dry matter*.

Year Conventional till (CT) No-till (NT) Year 
meanNo N added 

(N0)
75 kg N ha-1 
(N75)

No N added 
(N0)

75 kg N ha-1 
(N75)

1992 15.54 15.43 16.44 16.04 15.86
1993 nd nd nd nd nd
1994 16.42 15.41 16.46 15.52 15.95
1995 15.34 14.95 16.17 15.54 15.50
1996 17.37 16.70 17.23 16.66 16.99
Mean 16.17 15.62 16.58 15.94 16.08

*Treatment effects: least significant difference at P < 0.05; year, 0.26; tillage, 
0.22; N, 0.22; year × tillage, 0.37; year × N, 0.37. Tillage × N and year × tillage × 
N interactions were not significant.

Table 4: Effects of tillage, N application and different seasons on Δ13C values 
(%) of wheat grain*.

Year Conventional till (CT) No-till (NT) Year 
meanNo N added 

(N0)
75 kg N ha-1 
(N75)

No N added 
(N0)

75 kg N ha-1 
(N75)

1992 14.08 13.72 14.70 14.36 14.22
1993 nd nd nd nd nd
1994 14.97 13.78 15.00 13.95 14.43
1995 14.15 13.80 14.27 14.03 14.06
1996 14.90 14.82 15.25 15.01 15.00
Mean 14.53 14.03 14.81 14.34 14.43

*Treatment effects: least significant difference at P < 0.05; year, 0.23; tillage, 
0.16; N, 0.16; year × N, 0.32. Year × tillage, tillage × N and year × tillage × N 
interactions were not significant.
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that the relationship between grain Δ13C and yield varied considerably 
depending on total rainfall and its distribution. This is because grain 
Δ13C integrates the effect of stomatal conductance, vapour-pressure 
deficit, CO2 concentration gradient, and photosynthetic capacity as 
affected by the nutritional status and the rate of water extraction 
by the crop. These in turn are affected by the total rainfall and its 

to atmospheric partial pressure of CO2 in the photosynthetic organ 
[7,24]. Higher stomatal conductance leads to higher photosynthetic 
rate, and thus to higher dry matter and grain yields [24-27]. However, 
both stomatal conductance and photosynthetic capacity of the crop 
are affected by water supply (or vapour pressure deficit) and nutrient 
supply, especially N supply [2,9,10,24,26,28]. For example, [9] found 
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seasonal distribution, quantity of plant available water in soil at 
sowing, evapotranspiration rates, and nutritional status [10,26].

In this study, we found positive relationship between grain Δ13C 
and grain yield of wheat when N fertiliser was applied to soil with 
relatively limited plant available N supply. These results are similar 
to those obtained by [3] and [4], who found a positive relationship 
between grain Δ13C and grain yield, especially under post-anthesis 
and residual water stress. Zhang, et al. [12] and [6] also reported a 
positive relationship between wheat grain Δ13C and grain yield under 
moderate water stress. This is not unexpected since wheat grown in this 
region frequently experiences post-anthesis water stress. However, 
when the photosynthetic capacity is limited by N supply to the crop, 
the relationship between grain Δ13C and grain yield becomes weak, as 
we found in this study. Furthermore, [12] also found that grain Δ13C 
values and grain protein were negatively correlated, as we observed 
in this study between the grain Δ13C and grain N concentration (R2 = 
0.77, P < 0.001) (Figure 2).

Similar to our findings, [13] found that wheat grown under 
N-deficient conditions had little impact on grain Δ13C values and 
related poorly to grain yield. They further observed that when wheat 
was grown under high water stress but N application increased yield, 
similar to 1994-96 period in our study, then applying fertiliser N to 
N-deficient crop reduced grain Δ13C value, a situation similar to that 
presented in figure 2. Our observations for the 1992 season in this 
study are similar to those of [13], that is, under relatively low water 
stress (long fallowing, full soil water profile) and high plant available 
N supply, then applying N fertiliser has low impact on grain Δ13C 
value. Thus, wheat grain Δ13C value can be used to identify both 
water stress and N responsiveness to wheat grown under rain-fed 
conditions.

Conclusions
The main conclusions of this study are summarised as follows: 

(i) Δ13C discrimination showed seasonal differences at both anthesis 
and harvest; (ii) greatest Δ13C discrimination occurred with high 
soil water and nitrogen supply, (iii) Grain Δ13C discrimination was 
greater in no-till than CT; (iv) grain Δ13C discrimination was reduced 
with nitrogen fertiliser application; (v) grain Δ13C discrimination was 
increased with water use and water use efficiency only when nitrogen 
was applied; and (vi) grain Δ13C discrimination and yields were 
positively correlated with either nitrogen fertiliser application or high 
soil nitrate-N at sowing.
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