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    Chapter 24   
 Field Evaluation of Extensive Crops 
Inoculated with  Azospirillum  sp. 

                   Martín     Díaz-Zorita     ,     María     Virginia     Fernández     Canigia     ,     Oscar     Ángel     Bravo     , 
    Ariadna     Berger     , and     Emilio     Horacio     Satorre    

    Abstract     The available information about the changes in growth and production of 
extensive crops due to the inoculation with formulations containing  Azospirillum  
sp. is abundant. The crop responses to the presence of  Azospirillum  sp. are generally 
related with changes in their growth during early stages of development. It leads to 
variable contributions to the fi nal grain production depending on the differences in 
the occurrence of abiotic stresses (i.e., water and nutrient uptake). We present, based 
on recently available articles, the design of fi eld trials and its analysis for describing 
the value of the inoculation practice in terms of grain production as a tool to support 
crop management decisions. The ecophysiological responses require the interpreta-
tion of the results based on the frequency of their occurrence as well as the discrimi-
nation among hierarchical productivity factors (i.e., spatial and temporal variability). 
Because of the variability in the crop responses to the inoculation with  Azospirillum  
sp., a large number of observations are needed to describe signifi cant differences 
between treatments. In the case of rainfed wheat ( Triticum aestivum  L.) crops from 
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the semiarid pampas (Argentina), the range can vary between 60 in seasons with 
normal rainfall patterns and almost 200 cases in dry seasons. The analysis of distri-
bution response values is a more realistic approach to measure the crop perfor-
mance to inoculation under the interaction of complex random factors and provides 
also a probabilistic answer to stakeholders. For example, based on the distribution 
of maize ( Zea mays  L.) responses to  Azospirillum  sp. from 316 cases located in the 
pampas region of Argentina it was observed that in more than 81.1 % of the cases 
the incremental revenue of the practice exceeded its cost and it could be included as 
a crop management practice under the current production conditions.  

24.1         Introduction 

 The diverse single modes of actions to enhance plant growth and crop production in 
the presence of  Azospirillum  sp. has been widely studied also under diverse experi-
ences setups. In general, the modes of action that partially explain crop growth and 
yield responses to the inoculation with  Azospirillum  sp. are both direct and derivate 
effects enhancing the nutritional status of the plants and mitigating other abiotic 
stresses. Abundant studies show that  Azospirillum  sp. has the capability, within 
other attributes, for fi xing nitrogen from the air, delivering hormones and enzymes 
to the rhizosphere that can enhance root growth and promote also the growth of 
other microbes (Bayan and Levanony  1990 ; Okon and Labandera-Gonzalez  1994 ; 
Dobbelare et al.  2003 ). Most of the studies that describe several of its modes of 
action have been performed within pots under controlled conditions in greenhouses 
(Van Dommelen et al.  2009 ; Rodrigues et al.  2008 ) with limitations for the extrapo-
lation to regular crop conditions. 
 Field trials analyzing the contribution of the inoculation with  Azospirillum  sp. on 

extensive crops under regular crop production conditions are less abundant. 
Furthermore, the interpretations of their results are variable and not always conclu-
sive. This could be partially explained because of the complexity in the design of the 
fi eld studies in response to the diverse mode of interaction of  Azospirillum  sp. and 
plants under multiplicity in abiotic stress conditions to be mitigated in the presence 
of the microorganism. The objective of this contribution is to briefl y describe sev-
eral fi eld and data analysis procedures for the evaluation of crop production 
responses to the inoculation with  Azospirillum  sp.  

24.2     Design of Field Experiments 

 We reviewed 47 articles worldwide published during the last decade showing grain 
crop production in response to the application of diverse  Azospirillum  sp. inoculants 
in 12 countries, collecting 347 cases. Most of the studies were performed in cereals’ 
crops (86.7 %), mainly rainfed maize ( Zea mays  L.) and they were located in Latin 
America, mostly Brazil, and Asia. Approximately, among all the reported crops, 
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10 % was the mean grain response to the inoculation with  Azospirillum  sp. A greater 
response was observed in winter cereals (14.0 %) [i.e., wheat ( Triticum aestivum  
L.), barley ( Hordeum vulgare  L.)] than in summer cereals (9.5 %) [maize, sorghum 
( Sorghum bicolor  L.), rice ( Oryza sativa  L.)] or legumes (6.6 %) [beans ( Phaseolus 

vulgaris ), soybean ( Glycine max  (L.) Merrill)]. 
 The frequent procedure for the introduction of the  Azospirillum  sp. in fi eld crops 

is treating the seeds or applying it directly in the sowing furrow with diverse inocu-
lant formulations containing the microorganism. Transplanting seedlings soaked in 
a solution containing  Azospirillum  sp. was also described in the bibliography to 
deliver it to the rhizosphere for example of rice crops (Govindarajan et al.  2008 ; 
Islam et al.  2012 ; Khalid et al.  2011 ). But, because this procedure is not practical 
and has limited application for extensive production we did not described it in this 
article. The foliar application of  Azospirillum  sp. was also described in several of 
the reviewed studies, but with controversial results and not clear recommendations 
about the moment of application relative to the crop development stage or the envi-
ronmental conditions for its adequate use (El Habbasha et al.  2013 ). 
 The seed treatment with formulations containing  Azospirillum  sp. is preferred to 

be done without the application in slurry with other products (i.e., micronutrients, 
fungicides, insecticides, polymers). This is mainly for avoiding potential interac-
tions with the active ingredients as well as with other components of the formula-
tions (i.e., colorants, dispersants, stabilizers). Few studies describe the application 
of formulations containing  Azospirillum  sp. in the planting furrow during sowing 
(Hungria et al.  2013 ). It is a recommended option for reducing the risk of low com-
patibility treatments applied with the seeds that can reduce the survival of the 
microbes. In the case of in-furrow treatments   , the inoculants were diluted in water- 
free chlorides in a pH range between 6.0 and 8.0 and were applied at a rate and work 
pressure that allowed for the delivery of large drops in almost a continues stream 
below the seedbed (i.e., 30–40 L ha −1 , 1.0–2.0 bar and perforated discs as nozzles). 
 However, several formulations containing  Azospirillum  sp. have been developed 

for allowing its application on the seeds long term before sowing (Díaz-Zorita et al. 
 2012 ), most of the studies described that the inoculated seeds were in the ground 
within less than 6 h after the application of the biological treatment. Independently 
of the moment of application of the treatments, it is critical to avoid excessive 
manipulation of the treated seeds because it can damage the  Azospirillum  sp. cells 
when exposed to desiccation, high temperatures, ultraviolet light, or toxic com-
pounds. Also, the sowing should be done in a moist seedbed avoiding leaving the 
seeds exposed to desiccation or direct sun light. 
 Similar to other inoculation studies, large plots with more than 10 m long are com-

monly used performing all crop measurements in the central part of them and dis-
charging the borders. This helps to diminish the risk of contamination between 
treatments as well as for the reduction in the manipulation of the treated seeds because 
of the use of large seed amounts for sowing. To reduce the potential contamination 
among different biological seed treatments during the sowing operation, it is recom-
mended the cleaning of the machinery after changing the treatments to be planted as 
well as to initiate the sowing with the control treatment without inoculation. 
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 Crop management practices that modify the growth of the crops in the presence 
of abiotic stresses (i.e., nutrient defi ciencies, water stress) also affect the perfor-
mance of the crops treated with  Azospirillum  sp. Thus, it is critical to defi ne crop 
management practices like irrigation, fertilization, and planting dates and other pro-
duction conditions (i.e., soil type) in agreement with the objectives of the study. In 
general, for the quantifi cation of the integral crop performance to  Azospirillum  sp. 
inoculation, the crop management should reproduce regular production practices 
avoiding excessive nutrient availability or irrigation practices that limit the possible 
occurrence of moderate abiotic stresses to be mitigated for the inoculated  Azospirillum  
sp. Both, under strong stressful growing conditions (i.e., severe droughts, major 
nutrients limitations) or in the absence of growth limitations the responses to the 
biological seed treatment are barely observed (Lana et al.  2012 ; Mehnaz et al.  2010 ; 
Naiman et al.  2009 ; Naseri et al.  2013 ). In general, the studied cases were fertilized 
to rich the crops requirements, mainly NPK, for normal production and only in few 
situations the crops performed under limited nutrient availability conditions. 
 The frequent experimental design of these fi eld studies for single locations dur-

ing few production seasons or few locations during a single season was mostly 
described in randomized replicated complete blocks. This experimental design has 
limitations for the analysis of the results and for the interpretation of the contribu-
tion of  Azospirillum  sp. to crop production because of the occurrence of random 
temporal and spatial interactions. Few studies were performed under abundant loca-
tions and growing seasons for the contribution of the biological treatment over a 
range of environmental conditions and regular production practices showing vari-
able results on fi xed (i.e., soil type) or random (i.e., production seasons) factors 
(Díaz-Zorita and Fernández-Canigia  2009 ). This is the reason why in the following 
sections of this chapter we will briefl y describe two approaches for the interpreta-
tion of the crops grain yield responses to the presence of  Azospirillum  sp. taking into 
account both the spatial (i.e., soil type, crop management practices) and temporal 
(i.e., production season) variability.  

24.3     Soil Type and Temporal Variability Effects on Crop 
Responses to  Azospirillum  sp. Inoculation 

 For the quantifi cation of the contribution of wheat seeds inoculation with a formula-
tion containing  Azospirillum brasilense  strain INTA Az39 a fi eld trial was per-
formed during three-consecutive growing seasons in a 50 ha production fi eld located 
in Bahia Blanca (Buenos Aires Province, Argentina) within the semiarid pampas 
region. The fi eld lies in a rolling landscape located in the upper valley of the 
Saladillo Dulce creek containing complex slight to moderate slopes and soils clas-
sifi ed as Entic Haplustolls, saline to sodic saline Entic Haplustolls, moderately deep 
Petrocalcic Paleustols, and shallow and deep Petrocalcic Calciustolls (Soil Survey 
Staff  1999 ) always with loam to sandy loam textures in the upper profi les. All the 
seasons, the wheat crops were managed applying best practices recommended for 
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high attainable grain production in the semiarid region [i.e., zero tillage practices 
with chemical weed control, sowing dates during late June and fertilized with 
40 kg ha −1  of diammonium phosphate (18:46:0)]. The two treatments (control with-
out inoculation and treated seeds with  Azospirillum brasilense ) were yearly placed 
in paired strips of 8 ha across the described soil types. The shoot dry matter and 
grain yield measurements were yearly performed in 15 geopositioned sites and then 
classifi ed into four predominant soil types in pairs of inoculated and control treat-
ments. Descriptive statistics (mean and dispersion parameters) for each of the treat-
ments among spatial (soil type) and temporal (growing seasons) and analysis of 
variance (ANOVA) based on a factorial split plot design with seasons and the bio-
logical seed treatments as main factors and the soil types as split factor were per-
formed. Only the data of shoot dry matter was transformed for the homogenization 
of the variances (Di Rienzo et al.  2013 ). 
 The wheat crops inoculated with  Azospirillum brasilense , under the studied con-

ditions and averaged among soil types and growing seasons, were observed in 74 % 
of the sites and trend to show 15 % more shoot dry matter and 17 % grain yield than 
the control without inoculation (Table  24.1 ). From the ANOVA, signifi cant effects 
of the seasons ( P  < 0.01) and the biological seed treatments ( P  < 0.05) on the grain 
yields were described with no signifi cant interactions between them ( P  < 0.21). The 
available information was not enough to describe differences among the soil types 
( P  < 0.28). Sixty-fi ve percent ( P  < 0.01) of the wheat grain yield variability was 
attributed to differences in yearly weather conditions explained mainly for the 
amount and the distribution of the rainfalls during the growing conditions. The 
inoculation with  Azospirillum brasilense  explained 4 % ( P  < 0.05) of the variability 
in grain yields, the soil types only 1 % ( P  > 0.50), and the remaining 30 % was allo-
cated in the interaction among the studied factors and the experimental error. The 
greatest response to inoculation, in each of the seasons, was observed in the sites 
with the highest soil productivity indices corresponding mostly to deep Entic 
Haplustolls. But, the absence of signifi cant differences between biological treat-
ments within each soil type was attributed to the limited quantity of samples.
   The available information from this study showed different deviations of the 

means among seasons (Table  24.2 ). Thus, that the sample size for describing differ-
ences between the biological treatments with a 95 % of confi dence also varied among 
seasons. For example, in seasons with regular growing conditions 60–75 samples 

   Table 24.1    Shoot dry matter and grain production of wheat crops grown in a fi eld during three 
seasons from the semiarid pampas inoculated with  Azospirillum brasilense    

 Variable  Treatment 

 Mean  SD  Min.  Max. 

 CV (%)  Mg ha −1  

 Shoot dry 
matter 

 Control without inoculation     5.8 a   2.7  2.5  14.2  46.6 

 Inoculated  6.7 b   3.1  2.5  13.6  46.9 

 Grain yield  Control without inoculation  1.2 a   0.5  0.5  2.8  39.0 

 Inoculated  1.4 b   0.5  0.6  2.6  36.0 
   SD  standard deviation,  CV  coeffi cient of variation. In each variable, mean values with different 
letters show least signifi cant differences ( P  < 0.05)  
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were needed to describe differences between the means while in the driest and low 
yielding season more than 200 samples should be required. This large number of 
observations needed for describing signifi cant differences between the treatments 
could be diminished limiting the location of samples to spatially homogeneous sites.

24.4        Applying Experimental Data to Evaluate Crop 
Management Decisions 

 Experimental data are particularly valuable if they are used to support management 
decisions. In the previous sections of this chapter, it was shown that  Azospirillum  sp. 
inoculation is expected to increase crop yields. However, response to  Azospirillum  
sp. cannot be predicted with certainty since it is a random variable partially because 
of its diverse modes of actions mitigation also multiple abiotic stresses during crop 
growth. In fact, negative, neutral, and positive responses to inoculations with 
 Azospirillum  sp. were found in any crop species (Araujo et al.  2013 ; Hungria et al. 
 2013 ; Piccinin et al.  2011 ; Turan and Fikrettin  2013 ). So, how can the experimental 
information be used to take decisions? To choose some experiments according to 
predefi ned criteria (i.e., soil type or growing season) could be a way and has been 
discussed in the previous section. But, incorporating particular criteria to select 
information could be misleading, particularly if it is done by inexperienced persons. 
In this section, we are analyzing an alternative way to look and explore experimen-
tal data to evaluate the convenience of crop inoculations. For this purpose, we used 
results from 316 fi eld experiments where the grain yields of maize crops under 
control without inoculation and inoculated with  Azospirillum brasilense  strain 
INTAAz39 treatments were measured in Argentina. The data were obtained in vari-
ous locations of the pampas region under regular production practices (i.e., NP fer-
tilization, rotated land, mostly uner zero tillage practices) and during 12 consecutive 
growing seasons (M. Díaz-Zorita, unpublished data). Because, an ANOVA analysis 
of the treatment response showed no signifi cant ( P  = 0.05) differences among them, 
the whole database (316 data set) was used. 

       Table 24.2    Maize distribution parameters of control and  Azospirillum brasilense  inoculated 
maize crops in a database from 316 fi eld experiments performed in Argentina   

 Percentile 

 Mean  SD  0  5  25  50  75  95  100 

 Treatment  Grain yield (kg ha −1 ) 

 Control  2,020  4,563  7,169  8,792  10,545  12,855  15,924  8,794  2,512 

 Inoculated  2,394  5,092  7,583  9,196  11,015  13,095  18,654  9,237  2,562 

 Relative yield increase to inoculation (%) 

 −43  −8  1  4  9  24  66  6  11 

   SD  Standard deviation  
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 Crop management decisions are usually evaluated on the basis of the difference 
between incremental revenue and incremental costs. If the incremental revenue is 
higher than the incremental cost, there appears to be an advantage in the technology. In 
this case, incremental revenue is provided by yield response (yield increment provided 
by the technology) multiplied by net price (gross price discounted all marketing 
expenses). As both yield response and price are random variables, incremental income 
turns out to be a random variable itself. As such, it cannot be described by a static 
value. Instead, it needs to be described by a distribution function. Using empirical data, 
the probability distribution of maize yield in the control and inoculated treatments 
may be described by various percentile values in the range from 0 to 100 (Table  24.2 ). 
Moreover, maize yields may be compared statistically in various percentile ranges 
(Table  24.3 ). In the database used, the treatments were compared in a wide range of 
conditions, from crops yielding as low as 2,020 kg ha −1  to as high as 18,654 kg ha −1  
(Table  24.2 ). Although percentile values differed along the whole distribution, 
only mean yields of the treatments distribution in the range from 5 to 95 % were sig-
nifi cant (Table  24.3 ). The probability to fi nd differences in both extremes of the data 
distribution was low; however, in the central 90 % of the  distribution, in crops yielding 
between 6,000 and 12,000 kg ha −1 , crops inoculated with  Azospirillum brasilense  had 
a consistent higher probability of greater yields than control crops (Table  24.3 ).
   Potent tools may be used to extend and analyze the data described. One of this, 

Monte Carlo simulation, is a technique that allows estimating the probability distribu-
tion of an outcome that depends on random variables. Even though it was originally 
developed with other purposes (i.e., operations research fi eld), it has been widely 
applied to crop decision analysis under uncertainty (Clow and Flaskerud  2001 ; 
Ferreyra et al.  2001 ; Berger and Pena  2013 ). In order to use Monte Carlo simulation, 
probability distributions need to be defi ned for any random variable involved. From 
the experimental data of maize yield responses to  Azospirillum brasilense  inoculation 
in Argentina, a general probability distribution was built showing a range from −43 to 
66 % and less than 20 % change of negative responses (Table  24.2 ). But, as crop 
response data are not normally distributed, other probability distributions that are 

     Table 24.3    Mean values of percentile ranges in the empirical distribution of maize grain yields 
from control and  Azospirillum brasilense  inoculated crops in a database from 316 fi eld experiments 
performed in Argentina   

 Range of the empirical distribution 

 0–5  5–25  25–75  75–95  95–100 

 Treatment  Grain yield (kg ha −1 ) 

 Control  3,691  6,118  8,755  11,541  13,838 

 Inoculated  3,912  6,566  9,216  11,948  14,448 

  P   ns  <0.001  <0.001  <0.001  ns 

  n   16  63  157  64  16 

 SE  209  92  78  82  316 

   P  statistical signifi cance,  n  number of sites considered in each range,  SE  standard errors of the 
means,  ns  nonsignifi cant differences between means  
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frequently employed, betapert and cumulative, were also tested. The betapert distri-
bution is simple to use in a variety of situations, both when counting with observed 
data and when working with limited information or also just with only expert opin-
ion. The cumulative distribution can be chosen when large amount of data is available 
because it implies no data manipulation. These distributions need the subjective esti-
mation of two values to be used as parameters for the range. The values defi ned as 
minimum and maximum have zero probability of being sampled in a Monte Carlo 
simulation process. Therefore, the lowest and the highest values of a sample of real 
data cannot be used as estimators, which for the exercise performed here were set at 
−45 and 75 %. In this example, the maize grain yield response to the inoculation with 
 Azospirillum brasilense  in 316 sites from Argentina was better reproduced when 
using a cumulative distribution (Table  24.2 ). The normal and general distribution 
replicated better the observed data than the betapert distribution but both overesti-
mate the probability of null responses. 
 To analyze and to make decisions with the results, the maize price has to be 

described and it is also a random variable. In this analysis, the maize price distribu-
tion was defi ned using a betapert function and the parameters were estimated on the 
basis of historical prices with infl ation adjustment and expert opinion. This is a 
common procedure when using Monte Carlo simulation in daily decision making. 
Because of structural changes in commodities markets long time series may not be 
relevant for producer’s decision making in Argentina and we used the last 7 years of 
maize prices in Argentina at harvest. The resulting betapert distribution for gross 
price was: 118.7 (minimum), 170.0 (most probable), and 200.0 (maximum) US$ 
ton −1 . For the analysis, the marketing expenses were set at current values with fi xed 
expenses (freight and drying) of 38 US$ ton −1  and 3 % of commissions and taxes. 
Then, the net price was calculated as 97 % of the gross price minus the fi xed 
expenses per produced ton. Using agricultural simulation models and expert opin-
ion, a betapert distribution was defi ned for maize “base yield” without  Azospirillum 

brasilense  inoculation. The parameters for this distribution were 5,009 (minimum), 
10,630 (most probable), and 12,623 (maximum) kg ha −1 , with an expected grain 
yield of 10,025 kg ha −1 . The revenue was calculated as the product between the base 
yield, the percent of response and the net price. With the distribution shown in the 
Fig.  24.1 , the probability of incremental revenue exceeding the cost of inoculation 
with  Azospirillum brasilense  can be calculated. If this probability is high enough, 
there may be no doubt that  Azospirillum brasilense  inoculation will be included as 
a crop management practice. In this case, based on the distribution of maize 
responses to  Azospirillum  sp. from 316 cases located in the pampas region of 
Argentina, it was observed that in more than 81 % of the cases the incremental rev-
enue of the practice exceeded its cost, and it could be included as a crop manage-
ment practice under the current production conditions.  
 The approach presented is quite different from the way that usual experimental 

results are used to help stakeholders. A deterministic result, usually the mean response 
value, was here replaced by a distribution of values and a probabilistic answer to the 
stakeholders. This may be considered a more realistic approach to measure the 
response of the maize crops to inoculation with  Azospirillum brasilense  in Argentina.  
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24.5     Conclusions 

 Abundant fi eld studies, mostly in Latin America and Asia show the increase in grain 
yields of crops inoculated with  Azospirillum  sp. mainly in cereals. Although this 
microbe can enhance the nutritional status of the inoculated crops, as well as to 
reduce minor water or other abiotic stresses, the design of the experiences requires 
the implementation of normal production practices avoiding major nutrient limita-
tions and extreme water stress conditions. 
 In general, the delivery of the inoculum to the production system is with the 

seeds, and it is recommended a careful handling and storage of the treated seeds to 
facilitate a high survival of the inoculated microbes. The compatibility with other 
seed treatments and the long-term survival of  Azospirillum  sp. is variable depending 
on the formulations containing them. 
 A better interpretation of the results requires the analysis based on the frequency 

of their occurrence as well as the discrimination among hierarchical productivity 
factors. And, because of the large variability in the crop responses to the inoculation 
with  Azospirillum  sp., also large number of observations is needed to describe sig-
nifi cant differences between treatments. The analysis of distribution response val-
ues is a more realistic approach to measure the crop performance to inoculation 
under the interaction of complex random factors and provides also a probabilistic 
answer to stakeholders.     

  Fig. 24.1    Incremental revenue distribution for  Azospirillum brasilense  inoculation in maize crops 
from the North of Buenos Aires Province, Argentina       
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