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Abstract

The application of an adequate rate and splitting of nitrogen (N) is essential for the efficient use
of N fertiliser and to maintain the economic sustainability of cropping systems. A 3-year field
experiment was conducted on a Vertisol under Mediterranean conditions to determine the effect
of tillage systems, crop rotation, and variations in N timing on the grain yield and N recovery
of ©®N-labelled fertiliser (NR) in hard red spring wheat (Triticum aestivum L.). The experiment
was designed as a randomised complete block with a split-split plot arrangement and 3
replications. The main plots were tillage system (no-tillage [NT] and conventional tillage [CT]),
and the subplots were the preceding crop with 2-year rotations (wheat-sunflower WS, wheat-
chickpea WC, and wheat-faba bean WFB). Sub-subplots were the N timing (all at the same rate
of 100 kg N hal), and the fertiliser was applied 50% at sowing and 50% at stem elongation and
50% at tillering and 50% at stem elongation. The area of each basic plot was 50 m? (5 m x 10
m). The residual NOz —N content (0—90 cm) was significantly higher in CT than in NT, the
opposite occurring with grain yield. The NR of NT was greater than that of CT. According to
the previous crop, the NR was WS > WFB = WC. The soil nitrate content was twice as much
when the preceding crop was a legume compared with sunflower and the wheat yields were as

follows: WFB >WC > WS. Although the N timing did not have an effect on overall grain yield,



the interactions with year, tillage system and previous crop were significant. The average
recovery of °N fertiliser by wheat was 44.6%, with 33.7% obtained in the grain (41% in stem
elongation, 32% in tillering and 27% in sowing). The habitual use of high rates of N fertiliser
and the frequency of dry years in the agrosystem studied generated a progressive accumulation
of residual in the soil profile. This can represent an important source of mineral N for the cereal

and can reduce the need to apply N fertiliser to the crop.

Keywords: no tillage; soil nitrate; °N recovery; grain yield; sunflower; chickpea; faba bean

Introduction

Cereal yields are low and vary in response to inadequate and erratic seasonal rainfall under
Mediterranean conditions. Available soil water is the principal constraint to the yield potential
of wheat and its response to N (Garabet et al., 1998). According to Campbell et al. (1993), there
is a strong interaction between the use of soil water and the response of crops to fertilisers in
semi-arid regions. The agronomic efficiency of N fertiliser in a Mediterranean climate may be

lower than that in temperate zones.

The response of wheat to N fertiliser is also influenced by factors including N fertiliser
management, soil type, crop sequence, and the supply of residual and mineralised N. The effect
of N fertiliser on cereal during wet years was more marked in wheat rotations without legumes.
Conflicting reports exist regarding the N balance and use efficiency of crops grown under no
till systems compared with conventional tillage systems. Some researchers have reported that
conservation tillage systems have increased fertiliser N rates to prevent yield limitations from
short-term N immobilisation (Fageria and Baligar, 2005). However, Torbert et al. (2001)
reported that there was no indication of N limitations in no-tillage systems compared to other
tillage systems. Several studies reviewed by Hansen et al. (2011) report decreases of N
mineralisation in non inverted soils compared with conventionally tilled soils. Direct-drilled
crops may therefore require greater N inputs compared with crops in ploughed systems,
although Thomsen and Christensen (2007) concluded that conversion from mouldboard
ploughing to shallow tillage had little influence on fertiliser N balance. Malhi et al. (2009),
Giacomini et al. (2010) and Hansen et al. (2011) have observed that tillage system had little
effect on fertiliser N dynamics of the soil in spring cereals.



Over the past several decades, numerous researches have sought to improve nitrogen-use
efficiency (NUE) by developing fertiliser management strategies based on a better
synchronisation between the supply of N and its requirement by a given crop (Ladha et al.,
2005). Many studies have shown that split applications of N fertiliser result in higher rates of
plant recovery and higher grain yields than under single applications. However, the proportions
of the split should be determined locally, with due consideration of the initial soil fertility
(Campbell et al., 1993; Mahler et al., 1994; Stockdale et al., 1997; Recous and Machet, 1999).
Lopez-Bellido et al. (2000) maintain that under dry Mediterranean conditions, a small
application of N could be used at seeding, and additional N fertiliser could be applied as a top
dressing at the end of tillering or at the beginning of stem elongation, depending on the winter
rainfall, the previous culture in the rotation, and the amount of residual N in the soil at the end

of winter.

The isotopic labelling method provides the most accurate measure of the relative contributions
of soil N and fertiliser N to plant uptake. Numerous studies on the split application of N suggest
that top-dressing applications in spring, whether during stem elongation and/or tillering
(depending on the weather), improve the recovery of N fertiliser and the NUE when compared
to application at sowing only (Sowers et al., 1994; Tran and Tremblay, 2000; Blankenau et al.,
2002; Jia et al., 2011). Under a Mediterranean climate and in semi-arid regions, the amount of
5N recovered is less than 50% (Garabet et al., 1998 and Grageda-Cabrera et al., 2011). In a
study on dry Vertisols in southern Spain, Lopez-Bellido et al. (2005) obtained recovered °N
values that, on average, did not exceed 40% and found that more °N-labelled fertiliser was
recovered following a split N application than after an application of N during the fall.

Many approaches have been suggested for increasing nitrogen-use efficiency (NUE), such as
using the optimal time, rate, and method of application for matching N supply with crop
demand. Because some of the main factors, such as climate controlling crop needs for N, are
largely outside farmer control, it remains difficult to predict the amount of N to apply for
optimum growth. Appropriately managing N fertiliser for wheat production in dry areas is
critical to obtaining the maximum economic yield and for improving water efficiency. As a
consequence, we investigate agronomic factors and strategies of fertiliser N application that we
hypothesised may influence the N fertiliser dynamic. The present study sought to determine in

hard red spring wheat cultivated on a Mediterranean Vertisol under dry conditions: (i)
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fractionation of the N fertiliser rate more appropriate for better fertiliser efficiency and (ii) the
effects of tillage system, crop rotation, and variation in N timing on the grain yield and N
recovery of °N-labelled fertiliser.

Material and methods

2.1. Location and experimental design

Field experiments were conducted in Cordoba in southern Spain (37°46. N, 4°31.W, 280 m
a.s.l.) on a Vertisol (Typic Haploxererts) typical to the Mediterranean region, where rainfed
cropping is the standard practice. The study took place over a 3-year period (2003—2004, 2005—
2006 and 2006-2007) within the framework of a long-term experiment named “Malagon”,
which started in 1986. The year 2004-2005 was not considered in the study because of bad
growing season: only 263 mm of rain, most of which occurred in the fall-winter period, were

precipitated in the area causing crop failure.

The properties of the Vertisol used in our field experiments were collected by Lopez-Bellido et
al. (1997). The experiment was designed as a randomised complete block with a split-split plot
arrangement and 3 replications. The main plots were the tillage system (no-tillage NT and
conventional tillage CT), and the subplots were the preceding crop with 2-year rotations (wheat-
sunflower WS, wheat-chickpea WC, and wheat-faba bean WFB). The sub-subplots were the N
timing by the application of 100 kg N ha at 50% between sowing and stem elongation (50-0—
50) and between tillering and stem elongation (0-50-50). The area of each basic plot was 50
m2 (5 m x 10 m) with a total size of 1800 m?2.

2.2. Crop management

The NT plots were seeded with a no-till drill (Great Plains). Weeds were controlled with
glyphosate + MCPA at a rate of 0.5 + 0.5 | a.i. ha® prior to sowing. Conventional tillage
treatment included mouldboard ploughing as well as disk harrowing and/or vibrating tine
cultivation to prepare a proper seedbed. Information on cultivar, planting and herbicides applied
during the growing season is provided in Table 1. Nitrate values before the start of the
experiment were: 131 kg N ha* and 123 kg N ha! in faba bean rotation, 134 kg N ha and 117
kg N hal in chickpea rotation and 45 kg N ha* and 46 kg N ha! in sunflower rotation for CT
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and NT, respectively. Nitrogen fertiliser only was applied to wheat plots, as ammonium nitrate
(34.5% N). When the 50% was applied before sowing, the N was incorporated by disk
harrowing in conventional tillage and surface broadcast in no-tillage plots. The remaining N
was applied as top dressing at tillering corresponding to stage 21 of Zadoks’ scale (Zadoks et
al., 1974) and stem elongation (stage 31 of Zadoks’ scale) depending on N timing. Every year,
wheat plots were also supplied with P fertiliser at a rate of 65 kg ha*; this was incorporated in
conventional tillage following the standard practice and banded with drilling in no-tillage plots.
Soil-available K was adequate (530 mg kg™). Wheat was harvested early in june each year,
using a 1.5 m wide Nursemaster elite plot combine. For each plot, a total area of 30 m? was

collected from two adjacent strips of 15 m? (1.5 m x 10 m) each.

2.3. Plant and soil analysis

Soil samples were collected at a depth of 0-90 cm prior to wheat sowing. Soils were analysed
for nitrate content using the Griess-lllosvay colourimetric method as modified by Barnes and
Folkard (1951), with a Bran and Luebbe Il Auto Analyser. At harvest, a biomass portion of 0.5
m?2 at the centre of each wheat sub-subplot was sampled to determine the N content of straw and

grain using the Dumas combustion method (Leco FP-428 analyser).

2.4. Labelled nitrogen experiment

72 microplots (1 m x 2 m each) were established within the main experiment area to monitor
the uptake of 1°N-labelled fertiliser. Microplots were arranged in a randomised complete block
with 3 replications of 4 treatments. All microplots received 100 kg N ha™*, with the following
application timings: (1) 50% sowing (**N-labelled) — 50% top dressing (TD) at stem elongation;
(2) 50% sowing — 50% TD at stem elongation (**N-labelled); (3) 50% TD at tillering (**N-
labelled) —50% TD at stem elongation, and (4) 50% TD at tillering —50% TD at stem elongation
(**N-labelled). The data from treatments (1), (2), (3), and (4) were combined to determine the
total contribution of sowing-applied and top-dressed N fertiliser to plant N from this application
regime. Fertiliser solutions were formulated with ammonium nitrate (34.5% N) and N-
enriched ammonium nitrate (2.5 atom% excess *°N) for sowing and TD applications. Sowing
applications were implemented immediately after this, and top dressings were implemented at

the stages of tillering (stage 21 of Zadoks’ scale) and stem elongation (stage 31 of Zadoks’



scale), depending on N timing (Zadoks et al., 1974). The treatments were applied to the soil

surface of the microplot area in 4 L of distilled water per microplot using a hand sprayer.

Upon maturity, a 0.5 m? sample of plants was harvested from each microplot and threshed,
dried, and ground. All samples were analysed for °N content and total N concentration using a
Carlo Erba 1108 Elemental Analyser coupled to a VG Isochrom isotope-ratio mass
spectrometer in continuous flow and using the Dumas combustion method (EA 3000
Eurovector SpA, Milan, Italy).

Labelled-fertiliser N recovery (NR) in the plant on an area basis and percentage basis was
calculated as follows, after Hauck and Bremmner (1976):

N, =NxS"2  and %N, = VR 100
a-b f

where, Nt is the total plant N at maturity in kg ha, a the atom% N in the fertiliser, b the atom%
5N in the unfertilised plant, ¢ the atom% °N in the fertilised plant, and f the fertiliser rate in

kg N ha® applied to the crop.

The percent of total plant N derived from °N fertiliser (NF), was calculated as:
N, = N= 1100
N

t
2.5. Statistical analyses

We analyzed data using Mixed-Model ANOVA with three fixed factors, tillage system, crop
rotation, and N timing of application treatment. Year was considered as a random factor in this
work due to unpredictable weather conditions under rainfed Mediterranean conditions (Gémez
and Gomez, 1984). The NR, NF and the rest of the parameters studied were subjected to analysis
of variance (ANOVA) using a split-split plot design combined over the years, tillage system,
preceding crop and N timing, following error term according to Mcintosh (1983). When they
had significant effects, the treatment methods were compared using Fisher’s protected least
significant difference (LSD) test at P = 0.05. Analyses of variance were performed using
Statistix 8.1 (Analytical Software, 2005) to determine the treatment effects.

Results



3.1. Weather conditions

Significant year-to-year variations in rainfall were recorded over the study period. Figure 1
shows the monthly distribution of rainfall and changes in mean temperature (maximum and
minimum) during the 3 years studied. The total rainfall was 741, 412, and 403 mm for the 2004,
2006, and 2007 years, respectively. The mean annual rainfall of the study area over the last 30
years is 584 mm. The period from 2004 was therefore a wet year, and the period from 2006 and
from 2007 were considered to be dry, with the corresponding values of mean annual rainfall
172 and 181 mm below the average annual rainfall, respectively. Rainfall distribution also
differed between years (Fig. 1).

Temperature differed only slightly between the 3 study years (Fig. 1). The mean minimum
winter and mean maximum spring of the study area over the last 30 years are 4.8 °C and 22.9
°C, respectively. Mean minimum winter temperatures ranged between 2 and 5°C over the 3
years, with a range of 5 to 6°C in 2004, 3 to 4°C in 2006 and 1 to 4°C in 2007. During the grain
filling period (April-May), the mean temperature was 17°C in 2004, 20 °C in 2006, and 16 °C
in 2007. The mean maximum temperature during this period was 25°C in 2004, 27°C in 2006,
and 22°C in 2007 (Fig. 1).

3.2. Tillage effect

The level of nitrates at sowing was overall significantly greater in conventional tillage (CT)
(153 kg ha) than in no tillage (NT) (132 kg ha™) (Table 2 and Fig. 2). In the year x tillage
system x preceding crop interaction, the highest nitrate contents were found under NT and CT
treatments respectively when faba bean and chickpea were used as a preceding crop only in the
year 2007 (Fig. 2). Adversely, no effect of tillage system was found on the nitrate content of

soil at sowing when sunflower was used as the preceding crop (Fig. 2).

The tillage system had a significant overall effect on yield (Table 2), with NT (3.2 t ha') having
a 2.7% higher yield than CT (3.1 t ha) (Fig. 3) According to year, wheat yield was higher in
NT in 2004 and 2006 and in CT in 2007 (Table 3 and Fig. 3A).



The influence of tillage system on N uptake varied depending on the year and the previous crop
in rotation (Table 2). When faba bean was used in the rotation, wheat under the NT treatment
had higher N uptake level than that under the CT treatment in 2004, with the inverse occurring
in 2007 (Fig. 4). In the chickpea and sunflower rotations, there were no significant differences

in the N uptake of wheat in any year and in either tillage system (Fig. 4).

The NT produced a higher total recovery of N-labelled fertiliser (NR) than CT (47.3% and
41.9%, respectively) (data not shown). There were significant differences only in 2004 (Table
3). The N derived from labelled fertiliser (NF) was higher in NT (49.4%) than in CT (42.7%)
(data not shown).

3.3. Preceding crop effect

The soil nitrate content was significantly affected by preceding crop before sowing wheat, as
the significance of interactions year x preceding crop, tillage system x preceding crop, and year
X tillage system x preceding crop show (Table 2). Rotations with legumes produced higher
levels of soil nitrates (an average of 170 and 175 kg ha* in the 0-90 cm profile of soil sown
with faba bean and chickpea, respectively) compared to sunflower used as a preceding crop
(averagely 81 kg ha* of nitrate in the same profile) (Fig. 2).

The wheat yield was significantly affected by the biannual rotation (Table 2), with yield
increases of 16.5% and 31.4% if the wheat was preceded by the faba bean (3.6 t ha*) rather
than by the chickpea (3.1 t ha'l) or the sunflower (2.7 t hal), and 12.7% if preceding crop was
the chickpea rather than the sunflower (Fig. 3). In 2004, the sowing of wheat preceded by both
legumes resulted in a significant increase in yield than when sunflower was used as the previous
crop (Table 3).

The N uptake of wheat was significantly different depending on the year and the preceding crop
(Table 2). The highest N uptake occurred when wheat was sown in rotation with faba bean (120
kg N ha!) which differed significantly from chickpea (101 kg N ha*) and sunflower (86 kg N

ha!) as previous crops, the latter two also different from each other (Table 3).

Overall, the NR by the wheat was significantly greater in the sunflower rotation (47%)

compared to that recorded in the faba bean and chickpea rotations, which were approximately
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equal to one another (44.2% and 42.6%, respectively) (Fig. 5). A significantly higher NF value
(55.7%) was obtained from wheat-sunflower rotation compared to wheat-faba bean and wheat-
chickpea ones, both significantly different from each other (38% and 44.4%, respectively) (Fig.
6).

3.4. N timing effect

Wheat yield was not affected by the N timing of the fertiliser, although the interactions year x
N timing, tillage system x N timing, preceding crop x N time, year X tillage system x N timing
and year x preceding crop x N timing were significant (Table 2). The influence of N timing on
grain yield varied as a function of year and tillage system (Fig. 3A). In the year 2004, the best
grain yield response was obtained by NT without significant differences between the two forms
of N-fertiliser splitting (sowing-stem elongation and tillering-stem elongation), followed by the
response to CT when N fertiliser was applied at sowing and stem elongation (Fig. 3A). In 2006,
the highest yield was always obtained from NT but with the treatment which provided N applied
at sowing and stem elongation (Fig. 3A). In 2007, the result was favourable to CT in both split
N treatments, with the application at tillering-stem elongation having the highest wheat yield
(Fig. 3A). As regards rotation, faba bean with the N splitted between sowing and stem
elongation (5.2 t ha*) and chickpea with the N splitted between tillering and stem elongation
(5.1 t ha) were the combinations that provided the highest wheat yields (Fig. 3B). Unlike
legumes, wheat yield was notably reduced by the rotation with sunflower (approximately 1 t of
grain), obtaining the highest yields when N was applied to the sowing-stem elongation (4.1 t
hat) compared to the tillering-stem elongation (3.8 t ha't). In 2006, there was no clear influence
of the previous crop or N timing on grain yield (Fig. 3B). In 2007, wheat yield was significantly
affected by faba bean as the preceding crop compared to chickpea and sunflower (which
produced comparable results) in both treatments of N fertiliser splitting (sowing-stem
elongation and tillering-stem elongation). The latter also showed significant differences in grain
yield (2.8 and 3.4 t ha', respectively) when faba bean was used as the preceding crop (Fig. 3B).

The split application of N fertiliser in tillering-stem elongation produced a significantly higher
NR than the N splitted between sowing and stem elongation (46% and 43.2%, respectively)
(Fig. 5). The interaction year x preceding crop x N timing (Fig. 5) shows the strong influence
of the year and, to a lesser extent, the rotation on NR as a function of N timing. The NR by the

wheat in rotation with faba bean was significantly greater in the sowing-stem elongation split
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of N fertiliser in 2004 and 2006 (Fig. 5). In the rotation with chickpea, the N applied at the
tillering-stem elongation in 2004 produced the highest NR value, followed by the values
measured in 2006, in which no difference in NR was found between both splitting treatments.
In 2007, the lowest NR values were measured, with a significantly lower NR value when the N
was splitted at the tillering-stem elongation than at the sowing-stem elongation (Fig. 5). Finally,
in the sunflower rotation, the highest NR value was produced with the sowing-stem elongation
application in 2004. In the 2006 and 2007 years have been obtained the lowest NR values,
although no difference was found between the different application methods (Fig. 5). The NR
of the grain had a very similar behaviour to the total percentage of N recovered by the entire
plant (Fig. 5). As a general trend, the N fertiliser applied during stem elongation in both splitting
treatments led to significantly higher NR values than the N applied at the sowing or tillering
(indicated by an asterisk in Fig. 5).

On average, the application of fertilizer N splitted between the stage of sowing or tillering and
stem elongation did not lead to significant differences in NF values (45% and 47.1%,
respectively) (Table 2). The interaction between year x preceding crop x N timing (Fig. 6)
shows the strong influence of the year and preceding crop on NF, with a lesser influence on N
timing. Only during 2006 and in the chickpea and sunflower rotations the NF value was
significantly higher when the N application was splitted between the tillering-stem elongation
than the sowing-stem elongation application (Table 3 and Fig. 6). Generally, the N fertiliser
applied in the stem elongation led to significant increases of NF (indicated by an asterisk in Fig.

6) in both treatments compared to the N applied in the sowing or tillering stage.

Discussion

As Craswell and Godwin (1984) and Campbell et al. (1993) observed, the high interannual
variability of rain, typically as occurs in Mediterranean climate, induced large variations in
grain yield, soil N content, and the efficiency of N use by wheat. In several experiments carried
out on dry Vertisols of southern Spain, Lopez-Bellido et al. (1996, 2000) and Garrido-Lestache
et al. (2004) found a relationship between wheat yield and seasonal trend: during the wet years
(i.e., growing season precipitations greater than 500 mm) was seen a positive increase in wheat
yield up to the rate of 100 kg N ha*, while a little or no effect of N fertiliser during the dry years
(i.e., growing season precipitations less than 450 mm) was observed. In fact, in the year 2006,

the low grain yield of wheat (Fig. 3) was mainly due to the scarcity of rain (Fig. 1),(Fig. 3), but
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in 2007 this resulted in a significant accumulation of residual mineral N (especially as nitrates)
in the soil. The carry-over effect of residual N has been observed by Corbeels et al. (1998) and
Lépez-Bellido et al. (2000) as a characteristic of Mediterranean rainfed Vertisols. The
significant accumulation of N in the soil profile is a product of its high clay content and the
generally scarce rains in the Mediterranean region. This dynamic generates an elevated stock
of mineral N that dampens, and sometimes reduces or even eliminates, the response of wheat
to N fertiliser. Johnson and Mattern (1987) found that a high N residual in soil was due to the
cumulative effect of N fertiliser applications over many years in order to provide less N fertiliser
to wheat. Under dry soil conditions, much of the N fertiliser not absorbed by wheat may remain
in the soil as nitrates available to subsequent crops, particularly when high rates of N are applied
(Olson et al., 1976). Additionally, in Vertisols the N residual is progressively distributed
throughout the soil profile occupied by roots, and soil cracks contribute significantly to this
process. For this reason, wheat can utilise this N more efficiently than fertiliser applied during
the growing season. In another experiment carried out in Vertisols under dry conditions in
southern Spain, Lopez-Bellido et al. (2005) observed the substantial contribution of soil N to
total plant N, which varied between 50% (when the N fertiliser was applied to wheat entirely

as a top dressing) and 83% (when applied at sowing).

In 2004, year with the highest yield, the N uptake per kg of wheat grain was notably reduced
(28 g kg!) compared to other years (36 and 39 g kg, in 2006 and 2007, respectively). The
more favourable growth conditions during the 1st year were induced by increased rainfall that
led to increased N uptake efficiency in wheat. Lopez-Bellido and Lépez-Bellido (2001) and
Lépez-Bellido et al. (2005, 2008) reported N uptake values of wheat grain ranging 28-33 g kg
L under dry Mediterranean conditions in southern Spain, with lowering of values under irrigated
condition (Jia et al., 2011).

The average, overall value of N derived from labelled fertiliser (NF) (46.1%) recorded in the
experiment was higher than that obtained in the previous experiment mentioned above (28.6%)
(Lopez-Bellido et al., 2005). Under irrigation, Jia et al. (2001) obtained slightly higher NF
values (34-55%) by using different applications at sowing (15-22%) and top dressing (16—
40%).

Generally in the CT system the nitrate content was significantly higher at sowing than in the

NT ones (approximately 15% greater), but this phenomenon did not manifest consistently
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across years and among preceding crops, as indicated by the significant existing interactions
(Fig. 2). However, in the same experiment but at previous periods Lopez-Bellido and L6pez-
Bellido (2001) did not find differences in the soil content between tillage systems. Giacomini
et al. (2010) also observed that, in Central Europe, the type of tillage system had little effect on

N fertiliser dynamics in the soil.

The tillage system influenced the recovery of °N by wheat, with overall NT values significantly
higher than CT values (47% and 42%, respectively), although this difference only occurred in
2004, the year of the greatest grain yield. In the other years covered by this study, the recovery
of °N-labelled fertiliser, expressed as a percentage (NR) was similar in both tillage systems. In
northern Europe, Thomsen and Christensen (2007) reported NR values between 59-64%, and

the values were lower under shallow tillage than under mouldboard ploughing.

An interesting aspect regards the strong influence that the preceding crop had on soil nitrate
content. In agreement with Lopez-Bellido and Ldopez-Bellido (2001), both legumes tested in
this study, and especially faba bean, generated soil nitrate levels that were notably higher than
those produced by sunflower. Giacomini et al. (2010) found similar results, indicating that the
previous crop in the rotation had a greater role on the N uptake of wheat than the tillage system.
In fact, the soil N content was more than double with the legume as preceding crop compared
with sunflower, resulting in an average of approximately 90 kg ha™* in the 0-90 cm profile. This
demonstrates the importance of the previous crop in a rotation when establishing the N needs

of the grain as well as the efficient role of legumes in fixing N.

The NR was higher in the wheat-sunflower rotation, and residual was notably lower than that
in other legume rotations at wheat sowing (Fig. 5). When sunflower was the preceding crop,
the reduced availability of mineral N for wheat increased the efficiency of N fertiliser and
illustrates the importance of residual to the balance and fertilisation of cereal in Mediterranean
rainfed Vertisols.

Previous studies undertaken both in the long-term Malagdn experiment and in other locations
have demonstrated that the threshold for a significant response of wheat yield to rates of N
fertiliser was never greater than 100 kg N ha (L6opez-Bellido et al., 1996; Lopez-Bellido et al.,
2000; Garrido-Lestache et al., 2004). Nevertheless, wheat yields differed significantly when the

total N rate was splitted between sowing and tillering-stem elongation, as compared to a single
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application upon sowing. Using °N-labelled fertiliser with a single rate of 150 kg N ha, Lopez-
Bellido et al. (2005) found that recovery of °N by wheat was 3 times greater when applied as
a top dressing (stem elongation) compared to application at sowing.

Wheat yields remained generally consistent also when the wheat was tested against different
application times of a 100 kg ha® rate of N fertiliser, ascribing this result to elevated levels of
residual NOs—N recorded at sowing in the 3 years of the study. The significant interactions
between the year and tillage system (Fig. 3) show the strong influence of annual weather
conditions, especially rain, in the variable response of yield to applied N fertiliser. Moreover,
springtime drought stress, especially in dry years (2006 and 2007), diminished the yield
response upon later application of the fraction of N fertiliser (stem elongation). In general, in
dry years (especially during the spring), the application of N splitted between sowing and stem
elongation is more favourable than the tillering-stem elongation splitting, demonstrating the

greater efficiency of N fertiliser applied at sowing.

The NR across both split treatments of N fertiliser (44.6%), was lower than the 51.7% average
recorded in previous experiments undertaken in the same area (Lopez-Bellido et al., 2005). The
fraction of NR was highest in stem elongation followed by that applied during tillering, with
the least fraction obtained when applied at sowing. Of the total *°N recovery by wheat measured
in this study, 27% corresponded to sowing application, 32% to tillering, and 41% to stem
elongation. Ladha et al. (2005) conducted an exhaustive review of the efficiency of N fertiliser
in cereals and reported average values that vary by 20-30% under dry conditions and 30-40%
under irrigation worldwide. In Europe, total NR values were 61%, and grain NR was 44%.

Conclusions

The NT system produced greater grain yields and higher °N recovery than CT. Legumes play
an important role in the agrosystem sustainability because they produce higher yield and savings
of N fertiliser. However, N recovery efficiency was higher with sunflower as preceding crop
(most common crop in the area in rotation with wheat) thanks to the characteristics of their root

system that allows synchronization in the use of water and residual N.
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The splitting of N fertiliser in sowing-stem elongation produced higher grain yields in dry years,
while tillering-stem elongation led to greater yields in wet years. The recovery of N fertiliser
was always higher if the N was mainly applied during stem elongation.

Due to the characteristics of Vertisol, an increase of N is generated in the soil and tends to
accumulate along the profile due to cracks. The high rates of N fertiliser applied to wheat by
the farmers lead to overfertilisation in soils already rich in nitrates.

Consequently, under Mediterranean rainfed Vertisol conditions, the quantity of nitrates in the
soil profile, the type of preceding crop, and the projected precipitation during the growing
season should be understood prior to sowing wheat. Determining these conditions can establish
the optimal rate and splitting of N fertiliser, with significant economic and environmental
implications. In view of our results, future works undertaken aim to further reduce the rate of

N fertiliser, especially when the winter is dry, and apply it mainly in top dressing.
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Table 1. Information for each crop about cultivar, planting, herbicides, and others.

Planting density
Crop Cultivar Planting and Wide row Seeding Specific herb|0|des Others
harvest dates rate (quantity)
cm kg ha!

Wheat Gazul early Dec.- 18 150 Diclofop Methylt + —

early June Tribenuront (0.9 g a.i.

ha'+15ga.i. ha)
Sunflower  Pioneer early Mar.- 50 5 —
PR63A76 mid Aug.

Chickpea  Zoco early Feb.- 35 80 Dilurony[ (1.35 L a.i. Ascochyta blight [Ascochyta rabiei

mid-July ha) (Pass.) Labr.] was controlled with

chlorothalonil# (0.75 L a.i. ha'")

Faba Alameda late Nov.- 50 170 Dilurony[ (1.35 L a.i. Broomrape (Orobanche crenata
bean early June ha-) Forsk) was controlled with

glyphosate® (0.065 L a.i. ha)

TDicIofop Methyl: [2-(4-(2,4-dichlorophenoxy)phenoxy)propanoic methyl].

j;Tribenuron: {methyl-2-[((N-4-methoxy-6-methyl-1,3,5-triazin-2-yl)-N-methylamino)carbonyl amino sulphonyl]benzoate}. §Trifluraline: [N,N-
dipropil-2,6-dinitro-4-trifluoromethilaniline].

{IDiluron: [3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea ].

#Chlorothalonil: [2,4,5,6-tetrachloroisophthalonitrile].

it was applied as a postermergence spray on faba bean plots when broomrape was about 0.5 to 1 cm high.

Table 2. Mean squares and significant effects of year, tillage system, preceding crop and N timing on soi
nitrates, grain yield, total N uptake, N recovery an N derived from labeled fertiliser (N¢) in wheat crop over 3 yea

period.
Source Soil NO3 Grain yield TotaIkN N recovery (Ngr) . Ne
(kg ha) (tha-") upta _e Total Grain (%)
(kg ha) (%) (%)
Year (Y) 190451*** 60.77%** 19 103 915%** 424** 2121%*
Tillage (T) 11928** 0.49* 143 786*** 181 1230**
YxT 1150* 3.35%** 2447* 823*** 395* 427
Error a 819 0.03 188 8 41 30
Preceding crop (P) 101813** 6.60*** 10344** 177 221 2890***
YxP 9426* 2.36*** 2919** 112* 105* 193***
TxP 21265** 0.04 167 132* 116 116*
YxTxP 13267* 1.04*** 1923*** 223 92 19
Error b 3354 0.03 142 31 34 27
N timing (N) 0.04 147 208** 2104 123
Y xN 0.71%* 3172+ 382+ 256** 151*
TxN 0.39** 33 103 16 10
PxN 0.13* 1013** 351%** 39 35
YxTxN 0.24* 251 6 13 47
YxPxN 0.41%* 1672+ 490** 218 116*
TxPxN 0.06 765* 137 2 7
YxTxPxN 0.02 198 29 45 17
Error ¢ 0.03 132 25 32 38

*, ¥ ¥ Significant at the 0.05, 0.01 and 0.001 probability level
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Table 3. Soil nitrate, grain yield, total N uptake, N recovery and N derived from fertiliser influenced
by tillage (NT, no tillage; CT, conventional tillage), preceding crop (Fb, faba bean; Ch, chickpea;
Sf, sunflower) and N timing (50-0-50, N applied at sowing and stem elongation; 0-50-50, N applied
at tillering and stem elongation) within each years.

Soil NO-3  Grain yield Total N uptake %‘w&(‘:? F
-1 -1 -1 0

(kgha') ~ (tha’)  (kgha') o T (%)

2004
Tillage system NT 95a 4883a 136a 55a 41a 43a
CT 104a 4312b 122b 39 31b  33b
Preceding crop Sf 46b 3942b 103b 51a 40a  50a
Fb 127a 4937a 144a 44b 33b  30b
Ch 125a 4913a 140a 47ab  36ab  33b
N timing 50-0-50 - 4676a 127a 46a 37a  38a
0-50-50 - 45190 131a 48a 36a 37a

2006
Tillage system NT 85b 2735a 91a 47a 34a 52a
CT 117a 2339 92a 49a 36a 53a
Preceding crop Sf 66b 2528ab 89a 51a 38a 58a
Fb 125a 2660a 97a 47ab 34a  48b
Ch 113ab 2423b 90a 46b 34a  52b
N timing 50-0-50 - 2656a 101a 49a 37a 4%
0-50-50 - 2418b 83b 46a 33b  56a

2007
Tillage system NT 215a 1915b 77b 40a 30a S4a
CT 238a 2477a 96a 38a 30a 42b
Preceding crop Sf 131b 1663c 67b 39ab 32a 60a
Fb 262a 3090a 119a 42a 33a  36¢
Ch 285a 1834b 74b 35b 25b  48b
N timing 50-0-50 - 2054b 77b 34b 27b  48a
0-50-50 - 2338a 96a 44a 33a  48a

a For each year and effect, means followed by the same letter are not significantly different at p < 0.05
according to LSD.
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Figure 1. Monthly and annual rainfall, mean maximum and minimum temperatures over the 3-

year study at Cordoba (Spain).
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Figure 2. Soil nitrate content before wheat sowing as affected by year, tillage system and

preceding crop. For each preceding crop means followed by the same letter are not significantly

different at P<0.05 according to LSD. Vertical bar represents LSD for the same year.
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Figure 3. Wheat yield as affected by year, N timing (50-0-50, N applied at sowing and stem
elongation; 0-50-50, N applied at tillering and stem elongation) and: A) tillage system (NT, no-
tillage; CT, conventional tillage), B) preceding crop (Fb, faba bean; Ch, chickpea; Sf,
sunflower). For each year means followed by the same letter are not significantly different at

P<0.05 according to LSD. Horizontal bars represent LSD for different years.
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Figure 4. Total N uptake by wheat as affected by year, tillage system and preceding crop. The

lower part of the bars represent grain N uptake and the top represent straw N uptake. For each

preceding crop means followed by the same letter are not significantly different at P<0.05

according to LSD. Vertical bar represents LSD for the same year.
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Figure 5. Total (A) and grain (B) nitrogen recovery (Nr) as affected by year, preceding crop
and N timing (50-0-50, N applied at sowing and stem elongation; 0-50-50, N applied at tillering
and stem elongation). The inside of the bars represents the Nr of the first application of N
fertiliser and the outside represent the Nr of the second application for both splitting treatment;
the asterisk represents significant differences between both applications. For each preceding
crop means followed by the same letter are not significantly different at P<0.05 according to

LSD. Horizontal bars represent LSD for the same year.
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Figure 6. Total plant nitrogen derived from °N fertiliser (N) as affected by year, N timing
(50-0-50, N applied at sowing and stem elongation; 0-50-50, N applied at tillering and stem
elongation) and crop preceding. The lower part of the bars represents the Nr of the first
application of N fertiliser and the top represent the Nr of the second application for both
splitting treatment; the asterisk represents significant differences between both applications. For
each preceding crop means followed by the same letter are not significantly different at P<0.05

according to LSD. Vertical bar represents LSD for the same year.
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