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ABSTRACT  
Objective: To establish the influence on soil fertility by spatial variations of physical, chemical, and biological 
properties of two agricultural soils in the state of Hidalgo (Mexico).
Methodology: Soils A, (clay-sandy, shallow horizon imperfect drainage), the municipality of Apan and soil B 
(with a light phase and thick, with stones), the municipality of Emiliano Zapata, were sampled in a network of 
1010 m at 10, 20 and 40 cm Deep. Four plots that have been under a malting barley monoculture system for 
more than 40 years were sampled. Physical, chemical and biological parameters were determined, following 
the official Mexican standard for soils.
Results: The C/N ratio of both soils had a low spatial variation due to its relationship with stable fractions 
of soil organic matter (humus) and relatively low content. The spatial variability increased significantly with 
depth in both soils, while the apparent density showed little spatial variation. In addition, random behavior was 
observed at short distances (for available phosphorus, enzymatic activity and nitrates). The spatial variability of 
interaction between exchangeable bases, K/(CaMg) was greater than that of each element individually. The 
results showed that the concentrations of nutrients and the biological processes that affect their availability in 
the soil did not have a uniform spatial distribution, so that the applications in the fertilizer of the cultivated soil 
must adapt to these variations (site-specific fertilization).
Conclusions: There is a significant spatial of the soils dedicated for more than 40 years to the monoculture 
of malting barley. Nutrients and biological processes see their availability in soils affected. It is understood 
that applications of fertilizers to the soil are required to overcome and adapt to these variations (site-specific 
fertilization).
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INTRODUCTION
	 The increase in global food demand has considerably increased agricultural 
production in the last decades, requiring the use of crop varieties with high yields and 
the application of large amounts of fertilizer. Consequently, soil and water pollution 
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has increased in proportion to the intensity of agriculture developed. Currently, global 
fertilizer use exceeds 195 million tons per year (FAO, 2008), which causes nitrate residue 
(50 mg L1) and phosphate (0.1 mg L1) in aquifers above the permissible limits, and 
results in annual emissions to the atmosphere of 1400 kTon carbon dioxide, methane 749 
kTon and 81 kTon of nitrous oxide (Brethour et al., 2006). This has led to the development 
of agronomic practices that achieve high yields with less environmental impact, such as 
site-specific fertilization.
	 Site specific fertilization involves evaluating the spatial relationships of the properties 
of the soil and its effect on the crop yield. It has been observed that the spatial distribution 
of the physical, chemical, and biological soil, affecting the yield of a crop (Machado et 
al., 2002), however, the spatial dependence of the biological parameters of the soil has 
been underexplored. The purpose of this research was to study the nature of the spatial 
relationships of the physical, chemical, and biological properties of two agricultural soils 
used for growing malting barley (Hordeum distichum L.) for over 40 years as a monoculture 
and its influence on fertility thereof. These spatial relationships in these soils have not been 
reported in the literature.

MATERIALS AND METHODS
	 The study was conducted in two municipalities floors southern state of Hidalgo 
(Mexico). The average annual temperature, altitude and geolocation are indicated in Table 
1. In these territories reaches an average rainfall of 1223 mm year1.
	 Two soils were selected Cambisol, with contents of low activity clays, soil A (two plots of 
the municipality Apan) with clay loam and sandy shallow horizon (26 cm) with imperfect 
drainage, while the ground B (two plots of the municipality of Emiliano Zapata) with a 
light phase and thick, sandy-loam and stony (Prieto et al., 2011). Identified two plots of 
3500 m2, with each soil type respectively.
	 The four plots have spent more than 40 years under a system of monoculture planted 
to malting barley. In early spring and in each experimental plot 40 soil samples taken in 
a network of 1010 m, some samples were collected at 20 cm depth, and other samples 
every 10 cm to 40 cm deep. A portion of the samples were cooled to 4 °C until biological 
analyzes: mineralization potential nitrogen soil incubation in 14 days microbial respiration 
by CO2 evolution; urease activity by incubation of the soil with urea at 37 °C and activity 
Acid and alkaline phosphatases soil by incubation at 37 °C and colorimetry (Pinochet et al., 
1997; Echevarria et al., 2000; Velascos et al., 2004).
	 The other part of the samples was air dried and sieved (2 mm) to determine the 
fractions of sand, silt and clay by hydrometer, Uhland cylinder bulk density, pH 1:2 
suspension, total Kjeldahl nitrogen, nitrate nitrogen and ammonia by acid digestion and 
alloy Devarda MgO and Kjeldahl distillation; Walkley organic carbon-Black, phosphorus, 

Table 1. Location of sampling sites for municipalities.

City Latitude Longitude Altitude (m) Temperature °C
Apan 19° 41ʼ 16.6ʼʼ 98° 23’ 33” 2547 14.1

E. Zapata 19° 54ʼ 16.0ʼʼ 98° 53’ 4” 2355 15.4
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potassium, calcium, and magnesium available Mehlich III (NOM-021-SEMARNAT, 
2000). A soil samples taken every 10 cm depth was determined bulk density, organic 
carbon, and total nitrogen (NOM-021-SEMATNAT, 2000). The coefficient of variation 
and descriptive statistics were calculated using SAS statistical software (SAS Institute 
Inc., 1991). Geostatistical analyzes were performed using SPSS version 17.0 for Windows 
(Robertson, 2000; SPSS, 2007). 

RESULTS AND DISCUSIÓN
	 In both soils, the plots of Apan and E. Zapata, the physical characteristics (bulk 
density and texture) showed coefficients of variation (CV) lower (between 2.91% and 
10.80%) than those observed for chemical and biological parameters (see Table 2), which 
coincided with the observed by Melchiori and Echeverria (2000), Sun et al. (2003) and 
Gho (2004). Despite the differences in the grain size fractions showed textural variation 

Table 2. Descriptive statistics of soil properties Apan series, phase-clay-sandy and Series E. Zapata, thick stage light, 
sandy loam at a depth of 20 cm.

Variable
Ground Apan Ground Emiliano Zapata

Mean Std. Dev CV1 (%) Mean Std. Dev CV1 (%)

Microbial respiration (mg CO2 g1 ss) 0.20 0.03 15.00 0.11 0.03 27.27

Urease activity (g N-NH4 g1 ss)* 23.74 6.33 26.66 12.22 4.58 37.48

Activ. acid phosphatase (g PNP. g1 ss)** 231.84 42.25 18.22 54.66 18.26 33.41

Activ. Alcal. phosphatase (g PNP g1 ss) 87.41 12.66 14.48 42.58 11.15 26.19

NMP*** (mg N-NO3 kg1 ss) 2.48 0.10 4.03 2.09 0.12 5.74

OC (%) 2.23 0.11 5.19 1.68 0.09 5.36

N total (%) 0.13 0.01 10.44 0.11 0.01 10.79

N-NO3 (mg kg1 ss) 4.03 0.15 3.72 2.74 0.74 27.01

N-NH4 (mg kg1 ss) 0.26 0.08 30.77 0.19 0.02 10.53

C/N 16.31 1.10 6.75 15.27 2.02 13.23

P disponible (mg kg1 ss) 0.17 0.01 6.75 0.11 0.02 18.18

K (mg kg1 ss) 17.34 0.38 2.19 1.28 0.10 7.81

Ca (mg kg1 ss) 34.55 0.91 2.63 69.27 1.88 2.71

Mg (mg kg1 ss) 6.27 0.18 2.87 3.68 0.27 7.34

K/(CaMg)½ 0.43 0.02 4.71 0.02 0.01 56.99

Ca/Mg 5.51 1.12 20.33 18.82 2.14 11.37

Da (g.cm3) 1.16 0.08 6.90 1.03 0.03 2.91

Clay (%) 55.86 2.54 4.55 12.50 1.35 10.80

Sand (%) 22.17 1.58 7.13 62.83 4.67 7.43

Moisture (%) 10.20 0.22 2.20 6.95 0.13 1.82

pH (1:2) 6.80 0.21 3.19 6.76 0.32 4.69
1 Coefficient  of Variation 
* Micrograms ammonia nitrogen produced in 1 hour incubation at 37 °C Soil 
** Micrograms p-nitrophenol phosphate produced in 1 hour incubation at 37 °C Soil 
*** Nitrogen mineralization potential (t20days)
OC Organic carbon
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coefficients similar in both soils, although slightly higher for f loors E. Zapata (Prieto et 
al., 2011).
	 The granulometric characteristics of each soil originated correlations with important 
variations in the moisture content thereof, and therefore affect its chemical and biological 
properties. In this way, variations in the average of both soil moisture in early spring and 
immobilization processes of nitrogen mineralization, were the causes of the high spatial 
variability shown by microbial activity, the nitrogen mineralization potential (NMP) and 
inorganic forms of nitrogen (Whitehead, 1995; Melchiori and Echeverria, 2000; Prasolova 
et al., 2000).
	 The coarse textured sandy soils and E. Zapata not favor microbial activity and their 
condition was less uniform (aerobic), so that the coefficient of variation of this soil microbial 
respiration was greater than Apan soils textured heavier and clay, although imperfect 
drainage. The lack of crop rotation and low microbial activity in the cold season, originated 
the high coefficients of variation of enzyme activity in both soils, much higher for the soils 
of E. Zapata as urease and phosphatases were not segregated in significant quantities by 
the roots of barley plants and soil microorganisms, respectively.
	 There is some relation between low variation nitrogen mineralization potential (PMN) 
and microbial activity with low variability exhibited by the types of organic materials 
which served as substrate in these biological processes as organic carbon and total nitrogen 
the C/N showed coefficients of variation 15% in both soils. Possibly, the total nitrogen 
(very low for both soils) as well as organic carbon (Boulding low by classification, 1995) 
were part of the stable fractions humus, whereas little variation shown by the relationship 
C/N, indicated that organic compounds of a similar nature were distributed throughout 
the soil (barley plant debris). Similar results were reported by Chevallier et al. (2000) and 
other authors in studies in different types of soils under agricultural production (Camacho 
et al., 2008; Outeiro et al., 2008).
	 Unlike Apan soils, phosphorus and potassium available soil E. Zapata showed high 
coefficient of variation (three times higher than Apan). Delcourt et al., (1996) and Sun et 
al. (2003) also found high coefficients of variation of phosphorus and potassium in soils 
with low organic carbon content and low nitrogen content. However, a high reactivity of 
the different fractions match with mineral soil caused high variability in space. Moreover, 
the thick texture and sandy soils E. Zapata, favored the movement of potassium with 
water f low in the profile, causing high variation of this element in the topsoil. Although 
pH is a factor that inf luences the availability of soil phosphorus, there was no relationship 
between the high variability shown by this element and the low coefficients of variation 
observed in the pH of both soils, no significant difference was observed in the values pH 
for both soils.
	 Magnesium saturates only 5-20% of the cation exchange capacity (CEC) in soils 
compared with saturating Ca 60-80% of CIC in neutral soils, as is the case study (Boulding, 
1995). For good nutrition was said that needed a Ca/Mg 6:1 (corresponding to 65% /10% 
respectively CIC) (Brady and Weil, 2002). Relationships were found 5.51/1 to Apan soils, 
which is similar to that reported for proper nutrition to the cultivation of barley, but for 
floors E. Zapata was 18.8 /1, i.e. 3-4 times higher than the above.
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	 The overall predominant cation was Ca, denoting the recent distribution of lime in 
the study area. Cations, as a whole, were those who showed greater variability, with CV 
values of 2-8%. The spatial variability of the interaction Ca/Mg showed independence of 
individual spatial variations of calcium and magnesium, in the two soils studied, whereas 
the coefficient of variation of potassium variability appears to influence the interaction 
shown by K/(CaMg)½, given the low content of K in all cases. It should be noted that 
the practice of liming soils usually performs in E. Zapata, which shows the great difference 
between the Ca content of soils.
	 This behavior is common for these elements in the soil, under agricultural production 
(Oliveira et al. 2009). On the other hand, it is stated that the contents of K in soil is one of 
the properties most affected by anthropic management, in terms of variability.  Showed the 
lowest pH variability, which is commonly observed behavior for this property, in different 
types of soil at different depths (Camacho et al., 2008; Hurtado et al., 2009).
	 In both soils there was an increase in the spatial variability of organic carbon, total 
nitrogen and C/N ratio with soil depth 0-20 cm is a slight increase then decreases 
significantly. The bulk density had a less fluctuating distribution in the soil profile (Table 
3) tended to increase with depth, which corresponds to that reported by some authors 
(Alvarado and Forsythe, 2005). Variations observed variation coefficients from the 20 cm 
depth, which indicated the presence of organic compounds of different nature.
	 For this study, adjustments were made bounded models (spherical, exponential and 
gasussiano). Viera (2000) provides a discussion on the characteristics and the conditions 
they must meet. These models have three common parameters, which are the nugget 
effect (Co), Plateau (CoC) and range or scope (Ao). Nugget effect indicates discontinuity 

Table 3. Descriptive statistics of soil properties under study and its variations at depths of 0-40 cm in the A horizon.

Variable Depth (cm)
Ground Apan Ground Emiliano Zapata

Mean Std. Dev % CV Mean Std. Dep % CV

CO (%)

0-10 1.950 0.055 2.82 1.630 0.050 3.07

10-20 2.260 0.072 3.19 1.702 0.083 4.88

20-30 1.550 0.044 2.84 0.960 0.087 9.06

30-40 0.860 0.048 5.58 0.760 0.075 9.87

Ntotal (%)

0-10 0.140 0.022 15.71 0.105 0.022 20.95

10-20 0.126 0.021 16.67 0.120 0.033 27.50

20-30 0.122 0.033 27.05 0.091 0.014 15.38

30-40 0.081 0.011 13.58 0.064 0.011 17.19

C/N

0-10 13.929 2.500 17.95 15.524 2.273 14.64

10-20 17.937 3.429 19.12 14.183 2.515 17.73

20-30 12.705 1.333 10.49 10.549 6.214 58.91

30-40 10.617 4.364 41.10 11.875 6.818 57.42

Da (g cm31)

0-10 1.160 0.080 6.90 1.030 0.030 2.91

10-20 1.150 0.082 7.13 1.039 0.041 3.95

20-30 1.291 0.076 5.89 1.184 0.047 3.97

30-40 1.389 0.066 4.75 1.274 0.064 5.02
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between samples, i.e. spatial variability not detected during the sampling process, the mesa 
is semi-variance value, where the model is stabilized, exhibiting a constant and represents 
the distance range up where there is spatial correlation, indicating that correlation does not 
exist between samples.
	 The spherical model is defined by:

γ γ h oC C h a h a( ) = + ( )− ( )



* . * / . * /1 5 0 5 3 for 0ha and γ h oC C( ) = +  for ha.

	 The exponential model is defined by:

γ h oC C e h a( ) = + − −( ) * /1 3  for 0hd,

	 where d is the maximum distance at which the semi variogram is specified and the 
model Gaussian is defined by:
γ
γ h oC C e h a( ) = + − −( )



* /1 3 2 2 .

	 Once the theoretical model of each property, verification of spatial dependence (DSM), 
by the ratio of the nugget effect and the plateau C C Co/ +( ) . The GDE is classified as a 
sharp, if greater than 75%, moderate between 25% and 75% and weak if less than 25% 
(Cambardella et al., 1994). It should be noted that it is desirable that the nugget effect does 
not exceed 50% of the plateau value for the model describes spatial correlation suitably 
reality (Cressie, 1993). When the DSM is near zero, the model fit the experimental 
variogram is called pure nugget effect (Goovaerts, 1998) and is defined by γ h oC( ) = , for 
h0, denoting random spatial distribution of the property.
	 Both soils parameters showed a spatial structure anisotropic spherical set to an 
equation, and in some cases, an exponential model (Tables 4 and 5). In both soils, both 
available phosphorus and calcium showed the highest values of nugget effect, indicating 
a random behaviour at short distances. Jiang Jin (2002) explained that the random 

Table 4. Anisotropic semi variogram parameters of physical, chemical, and biological soil Apan Township, a depth of 20 cm.

Property Model Nugget Effect 
(Co)

Plateau 1

(CoC)
Range2

(Ao)
Proportion3

C/(CoC) R2

Magnesium (mg kg1 ss) Exponential 8.45 27.13 7.21 0.748 0.853

Calcium (mg kg1 ss) Spherical 12031.36 4516.32 22.58 0.816 0.945

Ca/Mg Spherical 0.15 12.15 18.74 0.929 0.859

Phosphorus (mg kg1 ss) Spherical 12.58 48.66 128.76 0.724 0.933

pH Spherical 0.031 0.132 23.08 0.753 0.942

clay (%) Spherical 0.011 3.658 26.37 1.002 0.911

Da (g cm3) Spherical 0.002 0.003 148.74 0.871 0.823
1 Umbral of semi variance where there is spatial dependence (C) and random behavior of the variable (Co). 
2 Sw Distance spatial dependence in meters (m). 
3 Proporción spatial dependence (C) of the total random structure (Co) more regionalized (C) of the variable.
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structure of phosphorus short distances was caused by its high interaction with the solid 
phase of the soil.
	 In soils E. Zapata, available phosphorus showed higher spatial dependence (86) and a 
nugget effect (9.32) lower than in soils of Apan (12.38). In parallel, the pH, bulk density and 
clay fraction showed nugget effect with values close to zero and a strong spatial dependence 
(75%) in both soils (Figures 1 and 2).
	 The pH of both soils showed a moderate spatial structure and very low nugget effect 
(0.031-0.045). Delcourt work et al. (2000) reported a strong spatial dependence of pH on 
mineral soils, indicating that these soils are only moderately mineralized. In both soils, the 
ranges (Ao) of spatial dependence were very wide and many soil variables showed a spatial 
structure dependent on the direction of the observations (anisotropy).
	 In soils of Apan, total nitrogen and C/N ratio remained random behavior with soil depth 
(Table 3), while for the organic carbon found spatial structure described by an exponential 
equation from the 20 cm deep. The bulk density had a spatial continuity with spherical 
structure to 20 cm deep from this depth had a random behaviour. In soils E. Zapata, the 
spatial dependence of the total nitrogen, organic carbon, the C/N and the bulk density at 
different depths were described by spherical models. In these soils, 20-30 cm depth, there 
was no spatial dependence of these variables, which coincided with a significant increase 
in coefficient of variation.

Table 5. Anisotropic semivariogram parameters of physical, chemical and biological soil Township E. Zapata, a depth of 20 cm.

Property Model Nugget 
Effect (Co)

Plateau 1

(CoC)
Range2

(Ao)
Proportion3

C/(CoC) R2

Microbial respiration (mg CO2 g1 ss) Exponential 0.001 0.010 141.25 0.789 0.895

Urease activity (g N-NH4 g1 ss)* Spherical 28.55 168.42 136.48 0.857 0.977

Activ. acid phosphatase (g PNP g1 ss)** Spherical 1383.24 4369.5 38.24 0.688 0.975

Activ. Alcal. phosphatase (g PNP g1 ss) Spherical 0.85 421.56 41.22 0.987 0.842

NMP4 (mg N-NO3 kg1 ss) Spherical 0.74 6.87 57.49 0.896 0.947

OC (%) Spherical 0.02 0.115 47.58 0.989 0.972

N total (%) Spherical 0.003 0.004 35.56 0.966 0.946

N-NO3 (mg kg1 ss) Exponential 2.66 8.77 129.38 0.623 0.885

C/N Spherical 0.217 1.012 65.87 0.745 0.968

P available (mg kg1 ss) Spherical 9.32 79.89 30.15 0.874 0.959

K (mg kg1 ss) Spherical 275.34 1045.32 137.26 0.658 0.974

Ca (mg kg1 ss) Spherical 14607.6 34256.52 140.26 0.487 0.845

K/(CaMg)½ Spherical 0.000 0.001 184.32 0.768 0.796

Da (g cm3) Spherical 0.001 0.006 49.74 0.823 0.963

Clay (%) Spherical 0.074 8.89 25.69 0.912 0.921

pH (1:2) Spherical 0.045 0.174 128.72 0.687 0.869
1 Umbral of semi variance where there is spatial dependence (C) and random behavior of the variable (Co). 
2 Sw Distance spatial dependence in meters (m). 
3 Proporción spatial dependence (C) of the total random structure (Co) more regionalized (C) of the variable. 
4 Potential for nitrogen mineralization (t20 days).
OCOrganic carbon.
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Figure 1. Omnidirectional semivariograms of physical, chemical, and biological Apan soils to a depth of 20 cm.
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Figure 2. Omnidirectional semivariograms physical and chemical properties of soils of Emiliano Zapata, at a depth 
of 20 cm.
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CONCLUSIONS
	 The fineness of the soil, moisture content-mineralization processes immobilization and 
changes in the nature of the organic compounds affect the spatial distribution of the physical, 
chemical, and biological properties of the soils studied. The physical properties exhibited 
coefficients of variation lower than the chemical and biological properties for both types 
of soil, indicating that the biochemical parameters showed a very complex dynamic, while 
the physical characteristics of the soil generally exhibited a more uniform distribution. 
Organic carbon, total nitrogen and C/N ratio of both soils had low spatial variation due 
to his relationship with stable fractions of soil organic matter (humus) and relatively low 
content. Variability in the space of organic carbon, total nitrogen and C/N ratio increased 
significantly with depth in the two soils studied, whereas the apparent density showed 
little spatial variation. Random behavior at short distances (nugget effect) observed for 
phosphorus available, enzyme activity and nitrates in the two floors, it may be caused by 
moisture variations thereof mineralization processes, nitrogen immobilization, the little 
reactivity with the phosphorus content of the soil solid phase, among other causes. The 
spatial variability of the interaction between exchangeable bases, K/(CaMg) was higher 
than that of each element individually; showing independence in the spatial behavior 
associated perhaps low potassium. The results showed that concentrations of nutrients 
and biological processes affecting their availability in soil did not have a uniform spatial 
distribution, whereby applications in the cultivated soil fertilizer must accommodate these 
variations (site specific fertilization).
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