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Abstract: End-of-season yield results do not permit the evaluation of within-season management 
interactions with the production environment and consequently do not allow full understanding of 
the applied management practice. Therefore, crop performance was measured twice a week during 
the 2007/08 crop cycle with a handheld NDVI sensor in a long-term trial established in 1992 under 
irrigated, arid conditions in northwestern Mexico. Different bed planting systems (conventionally 
tilled beds [CTB] and permanent raised beds [PB]) were compared for a wheat-maize rotation. 
Residue management varied from full to partial retention and burning. Nitrogen (N) fertilizer 
treatments differed in dose (0, 150 or 300 kg N ha-1) and time of application (basal or split 
application). Wheat crop development throughout the season clearly depends on tillage, crop 
residue management and amount and timing of N fertilization. Three tillage-straw systems could 
be distinguished based on their different effect on crop growth: CTB-straw incorporated, PB-straw 
burned and PB where straw was not burned. When no N fertilizer was applied, the CTB-straw 
incorporated took off fast compared to the PB systems, but plant performance decreased abruptly 
two weeks after the first auxiliary irrigation and was lower than in the PB where straw was not 
burned thereafter. When N fertilizer was applied, the high plant performance in CTB was 
maintained throughout the season. In the PB-straw burned, plant performance was lower 
throughout the season than in the other tillage-straw treatments when no N fertilizer was applied. 
When N fertilizer was applied, the initial growth in the PB-straw burned was equally fast than in the 
CTB-straw incorporated. However, later in the season plant performance decreased faster in the 
PB-straw burned than in the other tillage-straw treatments. When N fertilizer was applied, the PB 
where straw was not burned showed slower initial crop growth than CTB and PB-straw burned. The 
difference was more pronounced when more straw was retained. Increasing levels of N fertilizer 
resulted in plant performance closer to that of CTB-straw incorporated later in the season. 
Increasing the amount of N fertilizer increased plant performance in all tillage-straw treatments, 
but differences between N fertilizer treatments were small in the PB-straw burned. There is an 
important interaction between tillage/residue management practice and N fertilizer application 
practice that needs further research. 
Key words: conservation agriculture, normalized difference vegetative index, NDVI handheld 
sensor 
 

INTRODUCTION 
The International Maize and Wheat Improvement 
Center (CIMMYT) is committed to improving 
livelihoods in developing countries by improving the 
productivity and profitability of farming systems while 
sustaining natural resources. It is essential to have 
indicators of sustainability of an agricultural system 
or lack thereof well before the catastrophic 
consequences of non-sustainability become apparent. 
Long-term field experiments with contrasting 

treatments offer the best practical way to test 
sustainability (Powlson and Johnston, 1994). CIMMYT 
has therefore started various long-term agronomic 
trials focused on different agro-climatic production 
systems. The long-term experiment described in this 
paper is conducted at the experiment station near 
Ciudad Obregón in the Yaqui Valley in the arid, 
northwestern part of Mexico. Grain yields in the area 
exceed 6 t ha-1 and input levels are high, e.g. the 
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average N rate for wheat is 275 kg N ha-1. In the 
Yaqui Valley over the past 25 years, more than 95% 
of the region’s farmers have switched from using 
flood irrigation on the flat to planting on raised beds 
(Aquino, 1998). One to four rows are planted on top 
of the bed, depending on the bed width and crop, 
with irrigation applied in the furrow. Farmers growing 
wheat on beds obtain 8% higher yields and save 
nearly 25% in production costs, compared with the 
flood irrigation systems (Aquino, 1998). Bed planting 
provides a natural opportunity to reduce compaction 
by confining traffic to the furrow bottoms. Another 
remarkable change in farmer practices in the Yaqui 
Valley has been crop residue management. In the 
1992/93 cycle, residues were burned by 95% of the 
farmers. This practice was deeply entrenched. By 
2001, however, 96% of the farmers are no longer 
burning but incorporating the residue.  

The next logical step to increase the sustainability 
of beds is to make them permanent, avoiding tillage 
(only reshaping the beds as needed) and retaining 
and distributing crop residues on the surface. In that 
way, the system is converted step by step in a 
conservation agriculture system, including its three 
key components: (1) minimal soil movement, (2) the 
retention of rational amounts of residue cover, (3) 
economically viable crop rotations, all resulting in a 
reduction in management costs.  

Crop growth is the integrated evaluator of the 
efficiency of the chosen agricultural management 
system within the boundaries of the agro-ecological 
environment. Given a cultivar that has been selected 
for the agro-ecological zone, the crop forms the 
integrated evaluator of all environmental factors, 
including the influence of agricultural management 
and how it determines resource use efficiency. Yield 
can be measured as an end of season static result of 
seasonal crop performance, but this does not reflect 
the within season dynamics of crop performance and 
its relation with the production environment. In order 
to understand and evaluate cropping systems, and to 
fine-tune resource management (e.g. N fertilizer), 
insight in crop performance over time is crucial. The 
effect of management factors, such as tillage 
systems and crop residue management on crop 
development during the crop cycle has not been 
studied intensively. Until now most of the knowledge 

on plant growth has been gathered in conventional 
management practices, including heavy tillage and 
common crop residue removal. Therefore, crop 
performance was measured during the 2007-2008 
crop cycle with an optical handheld NDVI sensor in 
the different management treatments of a long-term 
sustainability trial initiated in 1992 by CIMMYT. The 
treatments included conventionally tilled beds with 
residue incorporation and permanent raised beds 
where residue management varied from full to partial 
retention and burning with different N application 
rates and strategies for a wheat-maize rotation. 

 
MATERIALS and METHODS 
Description of the Site and the Long-term Trial 
The experiment was initiated in 1992 near Ciudad 
Obregón, state of Sonora, Mexico (Lat. 27.33° N, 
Lon. 109.09° W, 38 masl). The mean annual 
temperature is 24.7 °C and average annual 
precipitation 384 mm, with 253.1 mm in a rainy 
season from June until August (1971-2000) 
(http://www.inegi.gob.mx). The soil is a coarse 
sandy clay, mixed montmorillonitic Chromic 
Haplotorrert (Vertisol Calcaric Chromic), low in 
organic matter (< 1%) and slightly alkaline (pH 7.7). 
A detailed description of plot management has been 
reported in Limon-Ortega et al. (2000). Wheat and 
maize are irrigated and managed in an annual 
rotation: wheat as a winter crop planted in late 
November to early December and harvested in May, 
followed by maize as summer crop planted in June 
on the same whole plots and harvested in October. 
Both crops are planted on 0.75 m raised beds with 
wheat in two rows seeded 20 cm apart and maize in 
one row. Irrigation is applied in furrows. The wheat 
winter crop in the 2007-2008 cycle was planted on 
December 7. A total of four irrigations was applied: 
one pre-seeding irrigation (November 8) and three 
auxiliary irrigations (43, 71 and 96 days after 
planting). The experiment includes three replicates of 
each treatment in a randomized complete block 
design with a split plot treatment arrangement. Main 
plots consist of tillage-straw factors as follows: (1) 
CTB-straw incorporated: Conventionally tilled raised 
beds (conventional tillage with beds formed after 
each crop); wheat and maize residues are plowed 
under; (2) PB-straw burned: Permanent raised beds 

T1 - 039 - 2



ISTRO 18th Triennial Conference Proceedings, June 15-19, 2009 Izmir-TURKEY 

(zero tillage with continual reuse of existing beds, 
which are reformed as needed); residues of both 
wheat and maize are burned; (3) PB-straw removed: 
Permanent raised beds; residues of wheat and maize 
are removed by baling; (4) PB-straw partly removed: 
Permanent raised beds; maize residues are removed 
by baling and wheat straw is retained on the soil 
surface; (5) PB-straw retained: Permanent raised 
beds; maize and wheat residues are kept on the soil 
surface. 

Split plots during the winter comprise seven N 
fertilizer treatments of which five were chosen for 
this study: (1) 0 kg N ha-1; (2) 50 kg N ha-1 basal + 
100 kg N ha-1 near 1st node; (3) 150 kg N ha-1 basal; 
(4) 100 kg N ha-1basal + 200 kg N ha-1 1st node; (5) 
300 kg N ha-1 basal. Split plots measured 6 x 13 m. 
Maize receives a uniform application of 150 kg N ha-

1. The N fertilizer is applied as urea in the bottom of 
the furrow and incorporated through irrigation. Each 
year wheat and maize receive 45 kg P2O2 ha-1 
banded in the furrow and incorporated through 
cultivation when reshaping beds. 
 
Normalized Difference Vegetative Index 
A GreenSeeker™ Handheld Optical Sensor Unit 
(NTech Industries, Inc., USA) was used to collect 
NDVI measurements. This device uses a patented 
technique to measure crop reflectance and to 
calculate NDVI. The unit senses a 0.6 by 0.01 m spot 
when held at a distance of approximately 0.6 to 1.0 
m from the illuminated surface. The sensor head was 
oriented so that the 0.6 m sensing width was 
perpendicular to the bed and centered over the bed. 
The sensor unit has self-contained illumination in 
both the red (650 ± 10 nm full width half magnitude 
(FWHM)) and near infra red (NIR) (770 ± 15 nm 
FWHM) bands. The device measures the fraction of 
the emitted light in the sensed area that is returned 
to the sensor (reflectance). These fractions are used 
within the sensor to compute NDVI according to the 
following formula. 

VISNIR
VISNIRNDVI

+
−

=  

where: NIR is the fraction of emitted NIR radiation 
returned from the sensed area (reflectance) and VIS 
is the fraction of emitted visible red radiation 
returned from the sensed area (reflectance). The 

sensor unit is designed to be ‘handheld’ and 
measurements are taken as the sensor is passed 
over the crop surface. The sensor outputs NDVI at a 
rate of 10 readings per second. Travel velocities were 
at a slow walking speed (approximately 1 m s-1), 
resulting in NDVI readings averaged over 
approximately 0.10 m. Measurements were taken in 
the two central beds of each plot twice a week when 
possible (after irrigation measurements were not 
possible for a week). 
 
Statistical Analysis 
The crop growth curves were analyzed with PROC 
MIXED (SAS institute, 1994) using the REPEATED 
statement for the analysis of repeated 
measurements. The ‘repeated measures’ analysis of 
data considers a covariance structure for the 
observed data, in the sense that two measurements 
taken at adjacent times are more highly correlated 
than two measurements taken at times further apart; 
it should be pointed out that the traditional statistical 
analysis assumes that these measurements are 
equally correlated. The variance-covariance structure 
was modeled by the compound symmetry model for 
the correlation between observations. The residual 
maximum likelihood method of estimation was used 
for the estimation of the variances. The growth 
curves were divided in three (the treatment without 
N fertilizer) or four (the remaining treatments) 
periods for the PROC MIXED analysis and the 
analysis was done separately for each period.  

 
RESEARCH RESULTS 
The NDVI values of all treatments increased until day 
54 after planting (Period I, Figures 1-3). In the 
treatments without N fertilizer (Figure 1), the NDVI 
then started decreasing until the end of the season, 
first slowly (day 63-110, Period II) and faster at the 
end of the season (day 118-124, Period III). In the 
treatments with N fertilizer (Figures 2 and 3), the 
NDVI showed a stable period (day 63-85, Period II) 
before starting to decrease when the grains started 
ripening, first slowly (day 91-110, Period III) and 
faster at the end of the season (day 118-124, Period 
IV). 
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The effect of tillage-straw practice on crop 
development 

(Figures 2-3). For Period II, the NDVI was 
significantly lower in the PB-straw burned than in the 
other PB treatments when 300 kg N ha-1 was applied 
basal. In Period III and IV, differences were clearer 
and the NDVI of the PB-straw burned was 
significantly lower than that of all other tillage-straw 
treatments when 300 kg N ha-1 was applied (basal or 
split). When 150 kg N ha-1 was applied, the PB-straw 
burned showed a lower NDVI than PB-straw retained 
and CTB-straw incorporated at the end of the season 
(Period IV). 

Without N fertilizer 
Integrated over Period I (day 11-54), the CTB-straw 
incorporated had a higher NDVI than all other 
treatments (P<0.05) (Figure 1). In the same period, 
the NDVI of PB-straw (partly) removed was 
significantly higher than the one of PB-straw burned 
and PB-straw retained. After day 54, the NDVI values 
decreased faster in the CTB-straw incorporated than 
in the PB, resulting in NDVI values of the CTB-straw 
incorporated that were significantly lower than those 
of the PB-straw partly removed and not significantly 
different from those of the other treatments over 
Period II and III. In the last period of the growing 
season (Period III), PB-straw retained showed 
significantly higher NDVI values than CTB-straw 
incorporated and the PB-straw burned (P<0.05). 

The CTB-straw incorporated continued to have 
high NDVI values compared to the other tillage-straw 
treatments in Period II and III, but differences were 
smaller than in Period I (Figures 2-3). When 300 kg 
N ha-1 was applied, the CTB-straw incorporated had 
significantly higher values than all other tillage-straw 
treatments in Period II and III. When 150 kg N ha-1 
was applied, the CTB-straw incorporated only 
differed significantly from the PB when straw was 
(partly) retained (P<0.05) (with the exception of the 
PB-straw partly removed in the 150 kg N ha-1 basal 
application for Period III). In the last period (Period 
IV), the NDVI decreased slower in the PB-straw 
retained than in the other tillage-straw treatments, 
resulting in NDVI values for this period that were not 
significantly different from CTB-straw incorporated 
(Figures 2-3). With split application of N, the CTB-
straw incorporated and PB-straw retained had higher 
NDVI values than the PB-straw (partly) removed for 
Period IV. 

 
With N fertilizer 
For Period I, the PB-straw retained had significantly 
lower NDVI values than all other tillage-straw 
treatments (P<0.05). For the same period, the CTB-
straw incorporated and the PB-straw burned had the 
highest NDVI values (P<0.05), although the 
differences were not significant in the N treatments 
with 150 kg N ha-1 basal application. The NDVI 
values of the PB-straw (partly) removed were 
intermediate (Figures 2-3). 

After the initial fast increase in NDVI values in the 
PB-straw burned, the NDVI decreased faster in this 
treatment than in other tillage-straw treatments  
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Figure 1: Wheat growth curves (NDVI vs. days after sowing) for the 2007-2008 crop cycle in the long-term 

sustainability trial Ciudad Obregón, Mexico for N fertilizer treatments without N fertilizer. 
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The effect of N fertilizer practice on crop 
development 
For all tillage-straw treatments, the NDVI was lower 
throughout the growing season when no N fertilizer 
was applied than when N fertilizer was applied 
(Figures 4-6). When comparing the treatments with 
N fertilizer, there was little difference between 
treatments at the beginning of the season (Period I, 
day 11-54). Only the treatments that had received 50 
kg ha-1 basal (the 150 kg N ha-1 split applied) lagged 
a little behind the other treatments, especially in the 
PB-straw burned where the NDVI was significantly 
lower for this N treatment than for the other N 
fertilized treatments (P<0.05).  

Later in the season (Period II, III and IV) the 
differences between treatments with N fertilizer 
became clearer, with higher NDVI values when 300 
kg N ha-1 was applied than when 150 kg N ha-1 was 
applied in all tillage-straw treatments, with exception 
of the PB-straw burned in Period II where the 300 kg 
N ha-1 basal applied had the highest NDVI and there 
was no significant difference between the other 
treatments with N fertilizer. In the PB systems, the 
differences between treatments with N fertilizer were 
the smallest when straw was burned and increased 
with increasing level of straw retained (Figures 5-6). 

Split application only resulted in higher NDVI 
values than basal application of the same total 
amount of N in the CTB-straw retained when 150 kg 
ha-1 was applied (Figure 4). In all other cases, split 
application had NDVI values lower than or equal to 
basal application of the same amount of N. In 
general, the basal applied 300 kg N ha-1 had higher 
NDVI values than the split applied 300 kg N ha-1 in 
Period II, III and IV, but the difference was only 
significant in the PB-straw burned in Period III and 
IV and in the PB-straw partly removed in Period II 
and III.  

 
DISCUSSION 
The NDVI has been correlated to plant physiological 
parameters, crop yield and biomass production, 
rainfall and soil moisture. However, rather than 
exclusively reflecting the effect of one parameter, the 
NDVI must be considered as a measurement of plant 
growth reflecting various plant growth factors 
(Govaerts et al., 2006). The NDVI increased when 
the canopy started to close (Period I) and started 
decreasing when wheat maturity was reached 
(Period III). Scotford and Miller (2004) found similar 
results for winter wheat and Mandal et al. (2003) for 
wheat grown after transplanted rice. 
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Figure 2: Wheat growth curves (NDVI vs. days after sowing) for the 2007/08 crop cycle in the long-term 

sustainability trial Ciudad Obregón, Mexico for N fertilizer treatments with basal application for (a) 150 kg N 
ha-1 and (b) 300 kg N ha-1. 
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Figure 3: Wheat growth curves (NDVI vs. days after sowing) for the 2007/08 crop cycle in the long-term 
sustainability trial Ciudad Obregón, Mexico for N fertilizer treatments with split application for (a) 150 kg N ha-1 

and (b) 300 kg N ha-1. 
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Figure 4: Wheat growth curves (NDVI vs. days after sowing) for the 2007-2008 crop cycle in the long-term 

sustainability trial Ciudad Obregón, Mexico for CTB-straw incorporated. 
 
The effect of til

evelopment 

 incorporated took off fast as 
c  systems, but plant performance 

traw incorporated 
could be due to this higher N availability, followed by 

his indicates that apart from the 
general lack in available N in systems where no N 

lage-straw practice on crop The fast initial growth in CTB-s
d
Without N fertilizer 
The CTB-straw
ompared to the PB

decreased abruptly two weeks after the first auxiliary 
irrigation and from then on stayed lower than in the 
PB systems where straw was not burned. The tillage 
operations in CTB-straw incorporated might induce a 
fast N mineralization at the beginning of the season. 
Tillage increases aggregate disruption, making 
organic matter more accessible to soil micro-
organisms (Six et al. 2002, Beare et al. 1994) and 
increasing mineral N release from active and 
physically protected N pools (Kristensen et al. 2000). 

a sharp decrease in plant performance when the 
available N was depleted. The PB where straw was 
not burned showed a slower initial growth, but crop 
performance was more constant over the growing 
season in comparison with the CTB-straw 
incorporated. Consequently, a slower initial growth 
seems to give an advantage later in the season in 
low-input systems.  

Plant performance reached a lower maximum in 
the PB-straw burned than in the other systems and 
was significantly lower than in the other PB-systems 
in Period II and III. T
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fert

-straw (partly) removed and 
the PB-straw retained had the slowest initial growth. 
L (2000) summarized several possible 

at temperature could be 
at 

es N immobilization. Rather than the 
ret

e-straw treatments. 
Mohamed et al. (2007) observed only short-term 

ilizer is applied, crop growth is also constrained 
by other factors in the PB-straw burned as compared 
to the other PB systems. An evaluation of physical 
soil quality in the same experiment showed that soil 
strength was the highest in PB-straw burned and 
aggregate stability was the lowest (Limon-Ortega et 
al., 2002), which leads to top soil slaking and crust 
formation inducing low infiltration and water use 
efficiency (Verhulst et al., 2009). Consequently, the 
PB-straw burned is not a sustainable option in low-
input systems and the adoption of this practice 
should be discouraged. 

 
With N fertilizer 
The CTB-straw incorporated and PB-straw burned 
resulted in faster growth at the beginning of the 
season compared to PB

ockwood et al. 
explanations for an early growth lag under standing 
wheat stubble. Less soil disturbance and increased 
resistance with zero tillage may restrict root growth 
(Chan et al., 1987; 1989). However, a study in the 
same experiment showed that PB-straw burned had 
the highest resistance and CTB-the lowest. In the PB, 
soil resistance decreased as the amount of straw 
retained increased (Limon-Ortega et al., 2002). 
Consequently, differences in soil resistance cannot 
explain the differences in initial growth rate. 
Incorporation of stubble occurs when sowing into 
standing stubble and this may lead to phytotoxic 
effects (Lovett and Jessop, 1982). This, however, 
does not explain why CTB-straw incorporated does 
not show the same phytotoxic effect, unless the 
difference in decomposition rates between 
incorporated residue and top soil retained residue 
influences the phytotoxicity. 

Aston and Fischer (1986) and Cutforth and 
McConkey (1997) showed that the soil temperature 
regime for wheat grown under standing stubble 
differed from that for wheat grown after conventional 
cultivation, and suggested th

least partly responsible for the observed growth 
lag. Soil temperatures in surface layers can be 
significantly lower (mostly 2-8 °C) during daytime 
and summer in zero tilled soils with straw retained 
compared to conventional tillage. During night the 

same insulation effect creates higher temperatures 
(Johnson and Hoyt, 1999; Oliviera et al., 2001). 
Lower temperatures create unfavorable cool soils in 
temperate zones slowing down early crop growth 
and leading to crop yield declines. Nevertheless, in 
hot soils like the ones in this study, soil peak 
temperatures that are too high for optimum growth 
and development are reduced to an appropriate level 
favoring biological activity, initial crop growth and 
root development during the growing season (Phillips 
and Phillips, 1984; Acharya et al., 1998; Oliviera et 
al., 2001).  

Retention of crop residue also induces lower soil 
nitrate concentrations (White, 1984). Decomposition 
of wheat and maize residue has the potential to 
lower soil N availability due to its high C-to-N ratio 
which induc

ention of crop residue as such, the combination of 
crop residue retention and tillage will induce a 
change in the nitrogen cycle and as such the timing 
of N release (Govaerts et al., 2006). As mentioned 
earlier, tillage operations increase mineral N release. 
Like tillage, the burning of straw increases nutrient 
availability on the short term (Mohamed et al., 
2007). Consequently, the change in N-cycling could 
partly explain why the NDVI curves of CTB-straw 
incorporated and PB-straw burned take off more 
quickly in comparison with the PB where straw was 
not burned, i.e. more inorganic N is initially available 
for the growing crop. The difference between PB 
systems where residue is not burned could be due to 
the different amounts of straw retained. The higher 
amount of straw in the PB-straw retained than in the 
PB-straw (partly) removed may result in more N 
immobilization and explain the slower initial crop 
development in PB-straw retained. However, more 
research is needed to determine the causes of the 
observed initial growth lag under PB-straw retained 
and the fast take-off in CTB-straw incorporated and 
PB-straw burned and how this affects final yield and 
other wheat yield components.  

It is important to note that the differences in 
initial growth were not necessarily maintained 
throughout the growing season. After Period I, the 
PB-straw burned showed a faster decrease in plant 
performance than the other tillag
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effe

0 kg N ha-1 was applied than 
wh

sed fertilization will 
increase plant chlorophyll content (Filella et al., 

af chlorophyll content increases with 

 this system cannot take 
adv

a-1 was applied, this advantage 
dis

cts of burning on N, P and Mg availability. After 
an initial period with increased nutrient availability 
due to burning, the detrimental effects of burning on 
physical soil quality could limit plant growth. Burning 
also affects other soil characteristics that might affect 
yields and plant performance, such as belowground 
physical, chemical, and microbial related processes 
(Neary et al., 1999).  

The maintenance of the difference between the 
CTB and the PB where straw was not burned seemed 
to depend on the amount and timing of N fertilizer 
application. In Period II and III, the NDVI values of 
PB-straw retained were closer to those of CTB-straw 
incorporated when 30

en 150 kg N ha-1 was applied. This indicates that 
there was N immobilization in the PB-straw retained 
that was partly compensated by increasing levels of 
N fertilizer. This is in line with the results on N 
mineralization reported by Govaerts et al. (2006). 
The slower decrease of NDVI at the end of the 
season in PB-straw retained could be due to a more 
constant release of N as opposed to the flush in CTB 
or the slower drying of PB-straw retained because 
the mulch cover conserves soil water. The slower 
drying of the soil and the extra soil moisture extend 
the period of grain filling and might have an 
important impact on final yield. 

 
The effect of N fertilizer practice on crop 
development 
Fertilization increased NDVI values over all 
treatments. As long as the maximum in the response 
curve is not reached, increa

1995) and plant biomass growth, thereby increasing 
NDVI values. Le
N supply and is low under conditions of N scarcity. 

Reduced N availability induces chlorophyll depletion 
(Cartelat et al., 2005). 

The differences between N fertilizer treatments 
were the smallest in the PB-straw burned, probably 
because the crop in

 
 
 
 

antage of the increased N fertilizer due to other 
factors limiting crop growth, (e.g. water) because of 
the degradation of soil quality. This indicates again 
that the burning of straw combined with permanent 
bed planting is not a sustainable management 
option, since the N input is not efficiently used due to 
other growth limiting factors. In the PB-systems 
without residue burning, the difference between N 
fertilizer levels increased with increasing amount of 
residue retained, reflecting again the increasing N 
immobilization that is remediated when more N 
fertilizer is added. 

Only wheat on CTB where 150 kg N ha-1 was 
applied seemed to benefit from split application of N. 
When 300 kg N h

appeared, probably because the high amount of N 
fertilizers ensured sufficient N availability throughout 
the season. This confirms that N is released rapidly 
at the beginning of the season in CTB. In the PB 
systems split application did not show any benefit 
over basal application or even resulted in lower plant 
performance when straw was (partly) retained. This 
could be because N fertilizer is needed to 
compensate for N immobilization at the beginning of 
the season in PB systems where straw is retained 
and is liberated gradually during the growing season. 
Current knowledge about N fertilizer management is 
mainly based on research in systems including 
conventional tillage. This paper clearly shows the 
need for the development of appropriate N 
management for conservation agriculture systems 
with different levels of straw retention. 
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Figure 5: Wheat growth curves (NDVI vs. days after sowing) for the 2007/08 crop cycle in the long-term 

sustainability trial Ciudad Obregón, Mexico for (a) PB-straw burned and (b) PB-straw removed. 
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Figure 6: Wheat growth curves (NDVI vs. days after sowing) for the 2007/08 crop cycle in the long-term 
sustainability trial Ciudad Obregón, Mexico for (a) PB-straw partly removed and (b) PB-straw retained. 

 
CONCLUSIONS 

Wheat crop development throughout the season 
clearly depends on tillage, crop residue management 
and amount and timing of N fertilization. In general, 
three different tillage-straw systems could be 
distinguished based on their effect on plant growth: 
CTB-straw incorporated, PB-straw burned and PB 
where straw was not burned. When no N fertilizer 
was applied, the CTB-straw incorporated took off fast 
compared to the PB systems, but plant performance 
decreased abruptly two weeks after the first auxiliary 
irrigation and was lower than in the PB where straw 
was not burned thereafter. This different crop 
development could reflect a difference in N cycling: 
the tillage operations in CTB-straw incorporated 

induce a rapid N mineralization resulting in fast initial 
growth followed by a sharp decrease in plant 
performance when the available N is depleted, 
whereas in the PB where straw is not burned the N is 
released gradually resulting in a more constant 
growth. Also when N fertilizer was applied, the CTB-
straw incorporated showed faster initial growth 
compared to PB where straw was not burned, but in 
contrast to the system without N fertilizer, the high 
plant performance was maintained throughout the 
season. 

In the PB-straw burned, plant performance was 
lower throughout the season than in the other 
tillage-straw treatments when no N fertilizer was 
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applied, reflecting the degradation of physical soil 
quality that is induced by this practice. When N 
fertilizer was applied, this soil degradation was 
initially compensated by the increased nutrient 
availability after burning. This resulted in an initial 
growth in the PB-straw burned that was equally fast 
than in the CTB-straw incorporated. However, after 
the initial fast growth plant performance decreased 
faster in the PB-straw burned than in the other 
tillage-straw treatments. 

When N fertilizer was applied, the PB where 
straw was not burned showed slower initial crop 
growth than CTB and PB-straw burned. The 
difference was more pronounced when more straw 
was retained. The higher amount of straw in the PB-
straw retained than in the PB-straw (partly) removed 
may result in more N immobilization and explain the 
slower initial crop development in PB-straw retained. 
Increasing levels of N fertilizer resulted in plant 
performance closer to that of CTB-straw incorporated 
later in the season, indicating that the N 
immobilization in the PB-straw retained was 
compensated by increasing levels of N fertilizer. At 
the end of the season, plant performance decreased 
the slowest in the PB-straw retained. This extends 
the period of grain filling and could have an effect on 
final yield. More research is needed to determine the 
causes of the differences in crop development in the 
different straw-tillage systems and how they affect 
final wheat yield. 

Increasing the amount of N fertilizer increased 
plant performance in all tillage-straw treatments. The 
differences between N fertilizer treatments were the 
smallest in the PB-straw burned, because the crop in 
this system could not take advantage of the 
increased N fertilizer due to the soil degradation in 
this system. Only wheat on CTB with 150 kg N ha-1 
seemed to benefit from split application of N. In the 
PB systems split application did not show any benefit 
over basal application or even resulted in lower plant 
performance when straw was (partly) retained. 
Current knowledge about N fertilizer management is 
mainly based on research in systems including 
conventional tillage. This paper clearly shows the 
need for the development of appropriate N 
management for permanent bed conservation 
agriculture systems with different levels of straw 
retention. 
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