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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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indexes describing the behavior of R. Among indicators 
of R, the most common algorithms are: (1) the universal 
soil loss equation (USLE) (R1), recognized as one of the 
best parameters for predicting erosive potential by rain-
drop impact (Muñoz et al. 2011; Oñate 2004; De Santos, 
De Azevedo 2001); (2) regression curves calculated from 
empirical pluviographic and pluviometric data for each 
region (R2) (Martínez 2005; Pérez, Mesa 2002); (3) the 
modified Fournier index, better known as climate ag-
gressiveness (MFI) (Yuksel et al. 2008) and (4) the Lal 
index (AIm) or rainfall erosivity (Lal 1976). Throughout 
the world, determining the behavior of R is a problem 
related to climate, especially in agricultural areas where 
it implicitly has both an environmental and economic 
impact (Arshad, Martin 2002).
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abstract. This study is motivated by the problem of erosivity (R), exacervated in semiarid zones by intense seasonal 
storms. The purpose was to estimate the spatial variation of R in a coastal area covering 37500 km2 which is one of 
the most important agricultural areas in northwestern Mexico. Four methods were used. Rainfall data from 11 SMN-
CONAGUA weather stations (from 1966 to 2013) were used to calculate R. The annual average R1 was 1181.08, and R2 
was 1084.51 MJ mm ha–1 h–1 with ranges of 2.35–5220.55 and 2.93–4711.38 MJ mm ha–1 h–1. Statistical tests showed 
that a transformation of the data of the form y = log (x), was appropriate for an ANOVA analysis of the data. The value 
of the test statistic was F = 1.77 with p = 0.149, showing interdependence between the indicators P (α = 0.05). The 
values of the correlation coefficients for the data were P vs. R1 = 0.96, P vs. R2 = 0.99, P vs. AIm = 0.98, P vs. MFI = 0.99. 
The classification of risk in this region showed that 2017.5 km2 of the study area was at a very high risk of rain ero-
sion, 2407.5 km2 under high risk, 5662.5 km2 under medium to high risk, and 14250 km2 under low risk. The results 
are shown on 1:10,000 maps. Results are a set of useful information for soil management programs and for cultivation 
planning that takes the seasonal variation of R into account in this region where large volumes of extensive crops are 
grown.

keywords: rainfall, risk, indicators, semiarid zones, coastal area.

Introduction

Preventing tillage, wind, and the erosive force of rain 
from reducing soil fertility and degrading the cultural 
record depends to some degree on successful manage-
ment of agricultural and forest resources and of water 
resources to reduce the loss of sediments (FAO 2015; 
Morgan 2005). A major factor determining soil ero-
sion processes by water is the erosive potential caused 
by raindrop impact. This issue is of special interest in 
the agriculture and forestry industries due to the harm-
ful effects of rain erosion on the soil. It is also a key agent 
in the process of sediment production. Many models 
have been developed for studying raindrop erosivity (R) 
and its properties. Parameters such as intensity, speed, 
size, and kinetic energy are commonly used to develop 
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In northwestern Mexico, three of the most important 
agricultural valleys; Guasave Valley, El Fuerte Valley and 
Mocorito Valley, are intensely cultivated. Erosion pro-
duced by misuse of the soil has been reported to be an 
important environmental problem (Llanes et al. 2011).

This, together with the additional factor of intense 
rainfall (P), motivated the present study. The goal is to esti-
mate R by the four indexes listed above. To date, there have 
been no studies of the progress of erosion, so it is not known 
how potential soil loss scenarios might play out in the re-
gion. The height of the rainy season (July to September) is 
a particularly critical period. Furthermore, the absence of 
any sediment management plans (soil use plans, for exam-
ple), makes it difficult to counteract erosion and favors fac-
tors that promote it. It is important to note that this study 
was carried out in a region where large volumes of corn, 
tomatoes, potatoes and other crops of great domestic and 
international importance are grown. As in other parts of the 
world, the population explosion and the sharp increase in 
agriculture and trade in recent years have stimulated a set of 
environmental problems that have increased erosion levels 
directly related to structural soil stability (Núñez et al. 2007; 
Llanes et al. 2013). The results of this study will provide soil 
users with a fundamental understanding of the agents that 
govern sediment production processes. Finding the spatial 
distribution of R and its risks will enable the development 
of strategies to reduce erosivity in both coastal and moun-
tain environments in this region which is influenced by the 
dynamics of climate, topography, vegetation and other fac-
tors that favor erosion.

1. Materials and methods

The methodologies for measuring indicators of spatial 
variation of R were applied to an area covering approxi-
mately 37  500 km2 in northwestern Mexico. The study 
area included various hydric conditions and extensive 
coastal plains with typical rainy seasons from July to 
September. The main water tributaries are the Sinaloa, 
El Fuerte and Mocorito Rivers. They arise in the Sierra 
Madre Mountains in Chihuahua State where the Mohi-
nora and Basoapa currents join (Toutcha et  al. 2005). 
After approximately 380 km, they empty into the Gulf of 
California with annual average rates of flow (Q) of 700 to 
2,240 m3 s–1. The high carrying capacities of these rivers 
readily transport their sediment loads to the final desti-
nation. In particular, the sediments of the Sinaloa River 
are freely carried to its delta due to the dredging carried 
out by the state government in 2013 that put an end to 
the problem of accumulated sediments, but increased 
output of the products of continuous erosion. There 
are other secondary tributaries; Arroyo De Cabrera, De 
Ocoroni and De San Rafael, which with their respective 
flow rates of 18 to 25, 12.3 to 15.2 and 125 to 150 m3 s–1 
also transport sediment loads (Fig. 1).

Pluviographic and pluviometric data from 1966 
to 2013 were obtained from weather Data Base North-
west México of SMN-CONAGUA (Mexican National 
Meteorological Service-Mexican National Water Com-
mission). The R1 index was calculated by the method of 
Almoza et al. (2007), R2 was calculated using the loga-
rithmic algorithm of Pérez, Mesa (2002). The AIm index 

Fig. 1. Location of study area
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(rainfall erosivity) was calculated using the method of 
Lal (1976):
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where a was daily rainfall (cm), Imax the maximum intensi-
ty of rainfall at 7 minutes (cm h–1), n the number of storms 
in a month and i indicates the month. The MFI index or 
climate aggressiveness was calculated by the method of 
Yuksel et al. (2008):
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where Pi was the mean monthly rainfall (mm) and p2 the 
mean annual rainfall. The variables used for the estimates 
R1 and R2 were total kinetic energy of rain (E) in MJ ha–1 

and the maximum intensity of each storm at 30 minutes 
(I30) in mm h–1 (Khosrowpanah, Leroy 2001). R2 was cal-
culated using the intensity of rainfall and/or a specific in-
crease of rain in pluviophase k (Δik), and the period of in-
crease of the storm or duration of the pluviophase k (Δtk), 
both in mm h–1 (for more information see Almoza et al. 
2009). Using pluviographic data, the number of down-
pours per year (n), the pluviophase of the downpours (q) 
and unit kinetic energy (ek = k); or kinetic energy per mm 
of rain (MJ ha–1 mm–1) were determined. For E, the loga-
rithmic regression E = a + b log10 Ij  

proposed by Elaheh 
et  al. (2012) was used, for which the constants a and b 
and the intensity of P (Ij) in mm hr–1 were estimated. The 
AIm index (cm2 h–1) was calculated using daily P (a) in cm, 
maximum intensity of the rain for 7 minutes in cm h–1 

(Imax7) and the number of downpours per month (n); and 
for the MFI index, P and its monthly average (p2), both in 
mm, were used. The criteria of Da Silva (2004) were used 
to classify the risk of R by means of R1 and R2. The classes 
were: very low <2452, low 2452–4905, moderate 4905–
7357, high 7357–9810, and very high >9810. To compare 
the annual average of R1 and R2 to values in other regions 
of the world, the ranges shown in Table 1 were used.

To classify risk based on MFI values, the categories 
of Lobo, Gabriels (2005) were applied: 0–60 very low, 
60–90 low, 90–120 moderate, 120–160 high, >160 very 
high. Based on the relationship between the spatial vari-
ance of MFI and of AIm (Almoza et al. 2007), the follow-
ing classification was proposed for MFI: very low 0–100, 
low 100–200, moderate 200–450, high 450–1050, and very 
high >1050.

A statistical analysis was performed to compare the 
behavior of P with respect to the four indicators. The 
Shapiro-Wilk test was applied to test for normality in the 
distributions of the indicators, with significance level a = 
0.05. As all the distributions were found to be skewed, the 
transformation y = log (x) was applied to the data in order 
to make a linear model appropriate and enable estimates 
of the respective correlations between the dependent 
variables (R1, R2, MFI and AIm) and P to be calculated. To 
determine whether there were significant differences, a 
one-factor ANOVA test was applied with five levels, at a 
significance level of α > 0.05. Groups that showed a dif-
ference in the ANOVA (F > 1, p < 0.05), were tested using 
a Tukey HSD (Honestly Significant Difference) test, using 
the criterion 0.05 (95 %). For the ANOVA analysis, the 
PAST 2.17 b program (Hammer et al. 2001) was used and 
corroborated with the IBM SPSS Statistics 2.1 program 
(IBM 2012).

The maps were drawn on a scale of 1:10,000 in geo-
graphic coordinates (UTM), using kriging interpolation 
in the SURFER 10.0 program (Emery 2007) and a spatial 
variation in two regions (UTM: Zone 12 and 13). To rep-
resent these two zones, the distance between one station in 
Zone 12 and another in Zone 13 was measured and added 
to the initial coordinate, to provide continuity to the inter-
polations. The maps were finished using CorelDRAW X7.

2. results and discussion

The averages of P, P2 and a were 753.31 mm year–1, 
62.77 mm month–1 and 2.09 mm day–1 respectively, and 
their ranges of variation were 70.9–2174.5 mm year–1, 

Table 1. Average annual variation of rainfall erosivity (R) for comparison of R1 and R2 with other regions of the world (MJ mm ha–1 h–1)

Rainfall erosivity (R)

Country Region Maximum Value  
(MJ mm ha–1 h–1 )

Minimum Value 
(MJ mm ha–1 h–1 ) Author

Ecuador Ucabanba and San Cristóbal 1, 140.3 1, 231.4 Suffis 2004

Portugal Flanders 20 3, 741.8 De Santos, De Azevedo 2001
Brazil Center of  Brazil 20, 000 24, 000 Da Silva 2004
Colombia Caldas Department 800 860 Ramírez, Hincapié 2009
Chile Curicó Valley 180 285 Mancilla 2008
Cuba Cuyaguateje Valley 8, 200 18, 000 Almonza 2007
Spain Provinces of Córdoba, Jaén and Cadiz 40 600 De la Rosa, Moreira 1987
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8.90–181.20 mm month–1 and 0.74–6.04 mm day–1 respec-
tively. Rainfall in the wettest months, July, August and 
September, with annual monthly averages of 6.09, 113.27 
and 143.97 mm year–1, accounted for 78.8 % of total P. 
February, March, April and May, with 3.6 % average an-
nual rainfall, were the driest months (Fig. 2, part A). Dur-
ing the course of the year, n varied and was directly pro-
portional to P. The highest rainfall occurred during the 
wettest months and was moderate to low along the coast, 
moderately low to high in the agricultural area and high-
est in the Sierra Madre Mountains.

A total of 70 downpours were recorded at six weather 
stations in the Sierra Madre Mountains; 25 at three coastal 
stations and 20 at two stations in the central agricultural 
region. Given that rain is the main cause of damage to 
structural stability of the soil during the first few min-
utes of a downpour, the values of n were used as a first 
approximation of the susceptibility of the soil to erosiv-
ity (R) (Núñez et  al. 2007) and thus as a first indicator 
of the expected value of R1, R2, MFI and AIm (Fig. 2, part 

B). The average annual values of I30 and Imax7 were 20.72 
and 4.8 mm year–1 and the ranges of variation in daily 
values were 15–30 and 3.5–7 mm. The ranges of Δik and 
Δtk were 2.4–3.45 mm h–1 and 1.54–3.22 hours, and the 
average annual ek = k per mm of rain was 0.105–114 MJ 
ha−1 mm–1. These environmental conditions in the region 
produced rainy, stormy weather with spatial variation in 
E from 211 to 4474.60 MJ ha–1 and an annual average of 
1105.47 MJ ha–1. This indicates high P and a high expected 
value for R (Fig. 2, part C). The variation of E is shown in 
part C of Figure 3. In the eastern part of the study region, 
values of E were small; they were larger in the central area 
and intermediate in the west. The Guanana and Bacurato 
weather stations recorded the highest values. Note in Fig-
ure  3 that the variation of E is similar to that of n and 
P, suggesting that the spatial variance of these variables is 
correlated (Chica 2005).

Six stations in hilly country and in the Sierra Madre 
Mountains had a variance of 0.99 (Yecorato, La Lajita, 
Guanana, Bacurato, Jaina and Guadalupe y Calvo), three 

Fig. 2. (A) Spatial variation of annual average rainfall (P) in mm, (B) Spatial variation of annual numbers 
of downpours (n) and (C) total kinetic energy (E) of rainfall in MJ ha–1 in northwestern Mexico
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weather stations on the coast had a variance of 0.007 (Juan 
Jose Ríos, Ruiz Cortínez and Guasave), and two stations in 
the agricultural region also had a variance of 0.007 (Zopi-
lote and Ocoroni). The high values of n, E and P from local-
ities at higher elevation are 99%, indicative of expected high 
values for R, particularly during the rainiest months. How-
ever, considering that R is based not only on the amount 
of rainfall, but also on the intensity of Imax7, I30 and E, high 
values of R in the agricultural and coastal areas cannot be 
ruled out. The average annual value of R1 was 1161.30 and 
of R2 1084.51 MJ mm ha–1 h–1, with ranges 2.4–3701.2 and 
2.93–4081.1 MJ mm ha–1 h–1 respectively. As shown in Table 
1, where these results are compared to values from other 
regions in the world, these results are similar to those found 
by Suffis (2004) for Ecuador (Ucabanba and San Cristobal) 
with annual averages of 1140.3–1231.4 MJ mm ha–1 h–1. 
Considering the influence of the climate, which is less influ-
ential than P, and except for values from Brazil where rain-
fall amounts are high (Da Silva 2004), the annual averages 
of R1 and R2 from northwestern Mexico can be considered 
high. The spatial variations of R1 and R2 are shown on maps 
A and B in Figure 4, and it can be seen that with a variance 
of 0.98 in the indicators, they are quite similar, as are E, P 
and n. The small differences between the maps in Figure 4 
were attributed to use of the appropriate logarithmic regres-
sion equation that determined E and which was represented 
by the constants a = 0.32 and b = 2.08.

The average annual MFI was 130.30 cm2 h–1 and AIm 
781.78 mm. Their ranges were 14.1–362.56 cm2 h–1 and 
84.50–2175.22 mm respectively. The values of AIm and 

MFI are shown in Figure 5 A and B. As in the maps of 
R1 and R2, there is a spatial pattern in which values are 
lower in the east, higher in the central area, and inter-
mediate in the west. The Bacurato and Guanana stations 
showed the highest values. The fraction of AIm and MFI 
is analogous to the fraction of R1 and R2 in most seasons, 
as would be expected. The areas where each indicator 
reached its with the highest risk to the soil as indicat-
ed by R. These were the places with the highest values 
of annual precipitation and the heaviest downpours. In 
the total 37,500 km2 study area, using the criteria of Da 
Silva (2004), the risk as measured by R1 indicates that 
5.38% of the region (2017.5 km2) has a high to very high 
risk of erosion by rain, 6.42% (2407.5 km2) a medium 
to high risk, 15.1% (5662.5 km2) a low to medium risk, 
38.2% (14325 km2) low risk and 34.9% (13087.5 km2) a 
very low risk. In terms of R2, the percentage of high to 
very high was 10.2% (3825 km2), 14.7% medium to high 
(5512.5 km2), 13.7% low to medium (5137.5 km2), 23.2% 
low (8700 km2) and 38.2% very low (14325 km2). The 
results obtained for AIm using the territorial classifica-
tion of Lobo, Gabriels (2009) were 38% very low risk 
(14250 km2), 31.2% low (11 700 km2), 13.5% moderate 
(5062.5 km2), 12.3% high (4612.5 km2) and 5% very high 
risk (1875 km2). Using MFI, 28% of the area (10 500 km2) 
was classified as very low risk, 24.7% low (9262.5 km2), 
20.3% moderate (7612.5 km2), 15% high (5625 km2) and 
12% (4500 km2) very high risk. The results of the statisti-
cal analysis are presented in Table 2, showing that P spa-
tially resembles R1, R2, AIm and MFI. The Shapiro-Wilk 

Fig. 3. (A) Spatial variation of annual average factors of rainfall erosivity according to USLE (R1), (B) annual average 
factor of erosivity according to the curves of logarithmic regressions (R2) both in MJ mm ha–1 h–1 and their respective 
ranges of risks for soils in northwestern Mexico
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Fig. 4. Spatial variation of the MFI index (mm) and AIm index (cm2 h–1)

Table 2. Magnitude of annual average precipitation (P) in mm, annual averages of indicators of erosivity: R1 (MJ mm ha–1 h–1), R2 (MJ 
mm ha–1 h–1), AIm (cm2 h–1) and MFI (mm) and ANOVA results in northwestern Mexico.

Number Weather Station P (mm year–1) R1 (MJ mm ha–1 h–1) R2 (MJ mm ha–1 h–1) MFI (mm) Alm (cm2 h–1)

1 Juan José Ríos 368 810 104 70 417

2 Ruiz Cortínez 202 9 19 38 230

3 Guasave 125 6 8 24 144

4 Zopilote 71 2 3 14 84

5 Yecorato 84 2 4 16 93

6 La Lajita 565 453 359 98 588

7 La Guanana 2171 5221 4711 340 2037

8 Bacurato 2174 3701 4081 363 2175

9 La Jaina 1553 2349 2306 318 1910

10 Gpe. y Calvo 577 127 213 87 519

11 Ocoroni 394 94 121 67 401

One-way ANOVA

Sum of sqrs df Mean Square F p (same)

Between groups: 5.469 4 1.367 1.772 0.149

B  Within groups: 38.589 50 0.772

Total: 44.058 54

Omega2: 0.0531

Levene’s test for homogeneity of variance, based on means: p (same) = 0.00062

Based on medians: p (same) = 0.00072
Welch F test in the case of unequal variances: F = 3.961, df = 24.45, p = 0.01293
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test was applied to test for a normal distribution, α < 
0.05. The resulting test statistics and significance lev-
els were: R1 (W = 0.714, p = 0.0007), R2 (W = 0.663, p = 
0.0002), MFI (W = 0.756, p = 0.0025) and AIm (W = 0.755, 
p = 0.0024), indicating that none of the indices were nor-
mally distributed. The data were therefore transformed by 
y = log(x) (α > 0.05). A one-factor ANOVA test was ap-
plied to the transformed data. The resulting statistics were 
R1 (W = 0.905, p = 0.21), R2 (W = 0.925, p = 0.36), MFI 
(W = 0.917, p = 0.29), AIm (W = 0.916, p = 0.28), support-
ing the log transformation for the data.

The value of the ANOVA test statistic was F = 1.772 
with p = 0.149. Considering the established level for sig-
nificant differences, a test statistic >1 indicated that means 
of the groups were not significantly different. However, 
since the F statistic >1, the results of the Tukey HSD 
test indicated which of the estimated means were differ-
ent. The results of the HSD test were: t (20) = 4.16, MSE 
(Mean square error) = 0.77 and HSD = 1.10. The pair-
wise comparisons of HSD between indices were: [P] vs. 
[R1] = 0.553, [P] vs. [R2] = 0.529, [P] vs. [MFI] = 0.746, [P] 
vs. [AIm] = –0.03, [R1] vs. [R2] = –0.023, [R1] vs. [MFI] = 
0.193, [R1] vs. [AIm] = –0.583, [R2] vs. [MFI] = 0.216, [R2] 
vs. [AIm] = –0.559, [MFI] vs. [AIm] = –0.776.  Using the 
criterion of 0.05 (95%) significance level in the pairwise 
comparisons, [P] vs. [MFI] and [MFI] vs. [AIm] are the 
pairs with the highest differences between their averages, 

with HSD = 1.10. The results of the ANOVA and Tukey 
tests show that the 80 % of the results are dependent on P, 
and any differences observed can be attributed to random 
variation.

The correlation and interdependence between indi-
cators of R in the region are illustrated in Figure 5, where 
the graphs are the result of applying a multivariate linear 
model with four dependent variables characterized by the 
following coefficients of determination: P vs. R1 = 0.91, P 
vs. R2 = 0.95, P vs. AIm = 0.98, P vs. MFI = 0.97.

Taking into account the spatial behavior of the results 
in this agricultural region of northwestern Mexico, farm-
ers should schedule tillage and irrigation to prevent dam-
age to the soil; that is, mainly during the months when R 
is highest, which is manifested not only by the value of P, 
but also by the influence of I30, Imax7  and E.

The rainfall in the region has a high erosive poten-
tial that is highest in the Guanana and Bacurato region, 
at elevations between 250 and 350 meters above sea 
level. This range is the source of both surface water and 
groundwater in the valley. The variations illustrated in 
the maps are of great utility for farmers since they in-
dicate which places have greater and lesser R risk and 
enable planning for sustainable agricultural systems, 
which is of great importance for the regional and na-
tional economy.

Fig. 5. Linear regression of annual average precipitation (P) in mm with respect to indicators of erosivity: (A) 
R1 in MJ mm ha–1 h–1, (B) R2 in MJ mm ha–1 h–1, (C) MFI index in mm and (D) AIm index in cm2 h–1; applied in 
northwestern Mexico.



M. Norzagaray-Campos et al. Erosivity indicators based on rainfall in Northwestern Mexico140

conclusions

The most important cause of degradation that puts soil 
fertility at risk is erosion caused by water (Zhu et al. 2011). 
It reduces sustainable sources of income in every country 
and threatens the principles of Conservation Agriculture 
(CA) (Morgan 2005). Any methodology that can contrib-
ute to conserving soil stability is important; and studies 
such as the present one that can define the erosivity risk 
of soils in a given agricultural region (here northwestern 
Mexico) enables management plans that can focus on the 
first of the three CA principles: (1) Direct planting of crop 
seeds with minimal mechanical disturbance of the soil; 
(2) permanent soil cover, especially by crop residues and 
cover crops and (3) crop diversity.

In spite of increasing interest in CA, there are still 
sustainable soil management approaches that focus mainly 
on an input-product approach. Studies such as the pres-
ent one can help change this by directing attention to a 
comprehensive vision based on sustainable management. 
To achieve this, appropriate models and baseline indexes 
of erosion rates are required, which are rarely considered 
in developing countries (Seyed, Shahla 2015).

In the context of CA, the results of spatial variation 
of the four indicators in these agricultural valley regions 
enabled the areas with the largest values of R to be identi-
fied. These coincided with the areas showing the greatest 
erosion problems, and vice versa. This reciprocal behavior 
between erosion and R is attributed to the effect of other 
factors including the slope of the land, and soil texture and 
porosity. On the behavior of the slope, note in Figure 3 
that in the west where R is lower (agricultural area), gen-
tle, rolling hills predominate. In the west where R is higher 
(less erosion), there are steep, rugged slopes (mountainous 
areas). Integrating information from the four indicators 
that define soil risk in terms of R enabled inference of the 
spatial nature of a phenomenon that is released in discrete 
“jumps” and is therefore highly energetic and damaging 
the longer it interacts with the soil system. Given these 
properties, the behavior of R should be investigated in ag-
ricultural valleys around the world and at the same time 
validated by the methodology described here. The results 
obtained from applying this methodology can be used as 
a first indicator of soil loss. However, the reciprocal ero-
sion-erosivity behavior points out the need to take other 
USLE factors into account in studies predicting total water 
erosion, as suggested by Wischmeier, Smith (1960). It is 
urgently recommended that this methodology be applied 
in areas with gentle slopes where large quantities of rain 
fall in a short time, in order to develop emerging plans 
for sites where R is high, to recover the dynamic equi-
librium of the soil and to conserve dynamic equilibrium 
where it is low, avoiding losses caused by high E when 
raindrops fall on the soil. This is due to the fact that when 
R is of long duration, the risk of breaking the dynamic 

equilibrium of the soil is greater than when R is frequent 
and of short duration. When the soil system is broken, it 
is difficult to restore, and the losses that occur are irrevers-
ible. Considering that each system has a different thresh-
old of resistance, that R is different in each environment 
and if R surpasses the soil resistance threshold it can result 
in loss, and that systems tend to evolve, it is important to 
know and monitor these thresholds in the agricultural val-
leys of the world. It is therefore important to quantify the 
risk and the spatial variation of R – as in this study – in 
different scenarios around the world in order to carry out 
erosion management to control soil loss caused by rain, 
especially during rainy seasons. In light of this problem, 
appropriate measures should be taken to minimize the 
erosive effect of the rainy season, such as maintaining a 
permanent vegetative cover and refraining from working 
the land to remove or expose soil during the seasons of 
heaviest rain. In addition, further studies are needed to es-
timate R at a finer scale. A monitoring network should be 
established involving more weather stations to provide in-
dexes calculated from rainfall data and/or more complete 
pluviographic data to create a comprehensive specialized 
database that will enable numerical modeling of R using 
geographic information systems and specialized software.

In this study, data from eleven weather stations were 
available, limiting the available data in time and space. 
Many parts of the world lack a suitable meteorological 
infrastructure to generate sufficient pluviographic and 
pluviometric data for such studies, making the necessary 
data difficult or impossible to obtain. This is commonly 
the situation in developing countries (Yu et al. 2001).

In some countries, the lack of daily and long term 
data on the intensity of precipitation means that any at-
tempt to model soil erosion and sediment yield based on 
the USLE-R, USLE and RUSLE factors will be more dif-
ficult to calibrate and often inapplicable.

The calculation of actual values of R depends on pre-
cise estimation of E and I30, and the original USLE and 
USLE-RUSLE method requires pluviographic and plu-
viometric records from numerous weather stations over 
a considerable amount of time for calculating EI30. In this 
context, the present study had data that met these criteria 
in time but not in geographical distribution, which means 
that the estimates of R are not as precise in space as might 
be desired. More weather stations should be established 
and monitored if future studies are to produce better esti-
mates of R. The present study was designed following the 
criteria of Petrovsek, Mikos (2004), who stated that broad 
approximations can be made with the available data, so it 
was deemed feasible to proceed with the study and esti-
mate the magnitude and behavior of R in space with the 
existing data. However, it must be acknowledged that the 
results of this study reflect the variation of the available 
data in time and space.
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González et  al. (2010) and Taguas et  al. (2013) re-
port for precipitation regimes in the Mediterranean zone, 
that high variability in long term records of rain intensity 
makes the treatment of data less appropriate for calculat-
ing the correct values of R. Analysis using data ranging 
over shorter periods tends to result in more accurate esti-
mates of the behavior of R. Given this, future work should 
focus on the use of annual, monthly and daily pluvio-
graphic and pluviometric data, which is the form in which 
these data are normally reported (Shamshad et al. 2008). 
This is the format in which SMN-CONAGUA has always 
handled the data in Mexico, and if other private and pub-
lic agencies did so too, it would contribute to soil conser-
vation and CA. Moreover, it would help avoid slow, labo-
rious treatment of long term rain intensity data year after 
year (Diodato 2005; Da Silva 2004). The application of this 
methodology to shorter time periods (days, months, one 
year) would be even better under the recommendations 
of Ziadat, Taimeh (2013), who state that rain intensity is 
the most important factor affecting soil erosion, which can 
occur in relatively small-scale areas of moist soil caused 
by previous rainfall events. In consequence, locating and 
identifying areas of moist soil and measuring annual, 
monthly and daily P can help protect against erosion, and 
potentially reduce future soil fertility loss and the effects of 
seasonal dry periods, with resulting benefits to food secu-
rity and world food subsistence, contributing to meeting 
the challenges of CA.
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