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ABSTRACT
Objective: To estimate the potential and current water erosion in the Necaxa system and to propose alternatives 
aimed to reduce the siltation problem in the hydraulic infrastructure.
Design/methodology/approach: The Universal Soil Loss Equation (USLE) was applied, using a Geographic 
Information System to process the map algebra.
Results: The current estimated water erosion was 159 t ha1 per year; this factor impacts the loss of farmland 
and soil nutrients, the accumulation of matter towards urban areas, the siltation of riverbeds and dams, and 
the loss of the system’s hydraulic works capacity.
Study limitations/implications: No data about runoff plots in the field is available; therefore, it is not 
possible to compare current water erosion values with those obtained by the USLE applied, using the map 
algebra technique.
Findings/conclusions: The reforestation and conservation agriculture proposal would help to reduce erosion 
to 16 t ha1 per year. However, if control actions are not carried out and the current vegetation cover is not 
preserved, the problem can increase until it reaches potential erosion values 200 t ha1 per year.

Keywords: erosion, basin management, map algebra.

INTRODUCTION
	 The United States Department of Agriculture (USDA) has been carrying out researches 
about water erosion and applying soil loss quantification models since the middle of the 
19th century; the USDA analyzed the effects of different vegetable covers and crop rotation 
on the surface runoff and the erosion in experimental runoff plots (Oropeza Mota, 2007).
	 In 1935, with the creation of the Soil Conservation Services, the USDA started their 
studies about the mechanics of the erosion processes. These studies included the research 
about the raindrop impact on bare soil (splash erosion), which enabled the establishment 
of the first models used to estimate the soil loss caused by water erosion. In Mexico, similar 
studies started in 1970 by the Área de Física de Suelos of the Colegio de Postgraduados 
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(currently, the postgraduate department of Edaphology). In the basin of the Texcoco River, 
50-m2 experimental plots with different soil uses were established for this purpose (Oropeza 
Mota, 2007).
	 In 1958, Wischmeier and Smith (1978) developed the USLE using erosion production 
mathematical models. The USLE was aimed to predict the average soil loss in agricultural 
plots, under different farming systems, handling practices, soil types, precipitation patterns, 
and topography. The USLE application allowed to estimate crop soil loss, soil nutrients 
loss, drag and accumulation of matter towards urban areas, siltation of riverbeds and dams, 
and the loss of hydraulic works capacity (Montes-León et al., 2011).
	 Studies about erosion have been carried out in other countries and regions, including: 
Argentina (Rodríguez-Vagaría and Gaspari, 2015; Olmos et al., 2008); Spain (Lozano-
García and Parras-Alcántara, 2011); Africa (Dumas, 2012); Guatemala (Luna Lemus, 
2016); Morocco (Saldaña Días et al., 2014); Venezuela (Pacheco Gil, 2012); Chile (Bonilla 
et al., 2010; Muñoz-Marcillo et al., 2014; Laval Molkenbuhr, 2009; and Pizarro et al., 
2009); Central Greece (Stefanidis et al., 2017); Haiti (Morales Ascarrunz, 2014);and Peru 
( Jiménez Callejo et al., 2008; Díaz R., 2015; and Portuguez M., 2015).
	 In Mexico, the main erosion studies have been carried out in the following states: 
Chihuahua (Alatorre et al., 2014); Veracruz (Melchor-Marroquín and Chagoya-Fuentes, 
2016); Tabasco (Río Grijalva basin) (Zavala-Cruz et al., 2011); Durango (López-Santos et 
al., 2012); Durango, Zacatecas, Sonora, Chiapas, and Tabasco (Flores Islas, 2016); San 
Luis Potosí (Durán Trejo, 2012); Jalisco (Flores-López et al., 2002; and Torres Benites et 
al., 2003); Querétaro (Alejandrina et al., 2013); and Estado de México (Pedraza Villafaña, 
2015). Montes-León et al. (2011) developed a national map of potential erosion in Mexico. 
The objective of this study is to calculate the potential and current erosion and control 
alternatives, based on land use change and soil conservation practices in the basins that 
make up the Necaxa system, in northern Puebla, Mexico.

MATERIALS AND METHODS
	 The study was carried out in the X hydrological-administrative region (Golfo 
Centro), 27th Hydrological Region (Tuxpan-Nautla). The following sub-basins were 
analyzed: the San Marcos River (1,635 km2) in the Cazones River basin and the 
Necaxa River (900 km2) and the Laxaxalpan River (1,608 km2) in the Tecolutla River 
basin (Figures 1 and 2).
	 The following dams can be found in the hydrological system of the study sub-basins: 
Los Reyes, Laguna, Nexapa, Tenango, and Necaxa (Figure 3).

Collected data
•	 	Digital Elevation Model (DEM), with a 15-m pixel resolution, 1:50,000 scale 

(INEGI, 2013).
•	 Edaphological, series II, 1:250,000 scale (INEGI, 2007).
•	 Land use and vegetation, VI, 1:250,000 scale (INEGI, 2003).
•	 Average annual precipitation of the Extractor Rápido de Información Climatológica, 

ERIC III (SMN, 2017).
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Figure 1. Location of the sub-basins of the San Marcos, Necaxa, and Laxaxalpan rivers.

Puebla
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Gulf of Mexico
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Figure 2. Hydrology of the sub-basins of the San Marcos, Necaxa, and Laxaxalpan rivers.

	 The USLE proposed by Wischmeier & Smith (1978) was used to determine hydric 
erosion:

		  AR * K * L * S * C * P 	 (1)

Where: AAverage annual soil loss (ton/ha*year); RRainfall erosivity (MJ*mm/ha*h); 
KSoil erodibility factor (ton*ha/MJ*mm); LSlope length gradient factor (Dimensionless);
SSlope inclination gradient factor (Dimensionless); CCover Management Factor 
(Dimensionless); PSupport Practice Factor (Dimensionless).
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Figure 3. Linear diagram of the dams of the Necaxa system (SRH, 1969).

Rainfall runoff erosivity factor (R)
	 The R-factor is related to the weather factor and represents the potential energy of the 
rainfall produced by a storm when it reaches its maximum intensity in 30 m. The method 
proposed for Mexico by Becerra (2017, quoted by Montes-León et al. (2011)) was used, 
selecting Region 9.

R7.0458 * P0.002096* P2 (2)

Where: Pis the average annual precipitation (mm).

	 The average annual precipitation (P) data was obtained from the ERIC III data base, 
which includes 97 stations within and nearby the study area (SMN, 2017). Forty-four 
stations met the criteria: 20 years and 80% of available data.
	 Using the geographical coordinates (Long. X and Lat. Y) and the P values, a raster 
model was created for each station, using R-factor interpolated data, from the vectorial 
factor (*.shp), ArcGIS (ESRI, 2016), Figure 4.

Soil Erodibility Factor (K)
	 The term “soil erodibility” indicates the susceptibility of a given soil to erosion. The 
K-factor indicates the said susceptibility degree and is defined based on the characteristics 
of the soil: texture, organic matter content, structure, and permeability.
	 The edaphological data of the series II maps (INEGI, 2007) includes the type of soils 
and textures. Based on this information, the method proposed by the Food and Agriculture 
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Figure 4. Spatial distribution of the R-factor. The Erosivity values (R) range from 428 to 6,306 MJ*mm/
ha1h1; the lower values of the analyzed basins can be found in the middle strip.

Organization (FAO) (FAO, 2015) was used to determine the K-factor. The K values (t h1/
MJ1mm) were assigned based on this data (presented in a vectorial format (*.shp)). This 
information can be found in Table 1.
	 The minimum K values (0.007) match Nitisol and Phaeozem which are fine-textured soil 
types. The maximum K-factor value (0.079) matches the medium-textured Durisol. Based 
on this vectorial data (*.shp), a raster model (*.tif ) was generated, using the interpolated K 
values, Figure 5.

Table 1. K-factor values for each type of soil in the study area.

Type of soil Order
Texture

Heavy Medium Fine
Acrisol AC 0.04 0.013

Andosol AN 0.04

Cambisol CM 0.04

Durisol DU 0.079

Fluvisol FL 0.026

Kastanozem KS 0.013

Leptosol LP 0.02

Luvisol LV 0.04 0.013

Nitisol NT 0.007

Phaeozem PH 0.02 0.007

Planosol PL 0.026

Regosol RG 0.04

Umbrisol UM 0.04

Vertisol VR 0.026
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Figure 5. K-factor distribution.

	 The higher values of K can be found in the high parts of the basins, while the lower 
values can be found in the low parts (Figure 5).

Slope length gradient factor (L)
	 This factor is defined as the distance between the point where the runoff originates and 
any other point where the slope diminishes, promoting sediment deposition; or between 
the origin point and the point where the runoff water enters in a well-defined channel, 
which can be part of a stream network or a built interception channel (e.g., a diversion 
channel). The L-factor is calculated using the Geographic Information System proposed 
by Desmet and Gover (Luna Lemus, 2016):
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Where: LSlope length gradient factor, dimensionless. ix-direction index, from i1, 
2, …, limit, number of pixels in x. jy-direction index, from j1, 2, …, limit number 
of pixels in y. AUnit Contributing Area of each pixel, m2. DSide of each pixel, m. 
xForm coefficient (x1 for pixel systems). mCoefficient dependent on the slope-length 
interactions, calculated as follows:

	 m
F

F
=

+1
	 (4)

F is calculated according to the following formula:
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Where: Slope at each pixel level (expressed in radians; radians to degrees conversion 
factor: 0.01745), radians.

	 The SIG ArcGis software (ESRI, 2016) was used to calculate equations (3), (4), and (5), 
based on the digital elevation model (DEM).
	 Based on the visualization of the properties of the raster model of the DEM, the value 
obtained is D15.203 m, which matches the length of each pixel.
	 The value factor L(i,j) was calculated using all these elements.

Slope length gradient factor (S)
	 The S-factor was calculated using the methodology proposed by Renard (Montes-León 
et al., 2011), where two conditions on the slope are analyzed. It is expressed as:

	 tan (i,j) 0.09    S(i,j)10.8 * sin (i,j)0.03 	 (6)
	 tan (i,j) 0.09    S(i,j)16.8 * sin (i,j)-0.50 	 (7)

	 The DEM and the SIG ArcGis software (ESRI, 2016) were used to obtain the S-factor for 
the abovementioned conditions; when all the above mentioned conditions are introduced, 
the layer-factor S(i,j) is obtained.
	 Subsequently, using the L(i,j) and S(i,j) rasters, the following multiplication was carried 
out, L(i,j) * S(i,j), Figure 6.

Figure 6. Distribution of the L(i,j) * S(i,j) factors.
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	 The highest LS values were obtained in the central part of the basins, while the lowest 
values were found at the basin exit, mainly in the sub-basin of the San Marcos River.

Cover Management Factor (C)
	 The C-factor measures the combined effect of vegetal cover and handling practices on 
the erosion rates. This factor is the main element to plan soil conservation and to calculate 
how these covers can eventually impact soil recovery. This factor ranges from 0 to 1 (1: 
plots without cover; 0: completely covered plots). In order to assign a value to C, the 
table developed by Montes-León (2011) was used, along with the land use and vegetation 
vectorial layer, series VI; the vectorial, polygon-shaped file was transformed into a raster 
format (Figure 7).
	 The main land use and vegetation that prevails in the sub-basins belong to the annual 
rainfed agriculture type; vegetation covers 22.3% of the study area, with a C value of 
C0.75.

Support Practices Factor (P)
	 Mechanical practices are frequently used in farmlands that have 2% slopes, to control 
water erosion and surface runoff, as well as to preserve the soil. The most important 
mechanical practices are contour furrows, strip cropping, and terraces systems parallel to 
the contours.
	 The USLE’s P-factor is defined as the ratio of the soil loss under a conservation practice 
to the soil loss without such conservation practice when the crops are established in the 
same direction of the slope. The superficial roughness created by tilling, sowing, and 
farming, as well as other mechanical treatments directed to the level curves seek to reduce 
erosion. The assessment of the P-factor includes the following support practices: contours 

Figure 7. C-factor distribution.
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furrows (tilling, sowing, farming), strip cropping, terraces, and superficial drainage. Factor 
1 means that no conservation practices were carried out in the area; therefore, mechanical 
practices do not reduce erosion.

RESULTS AND DISCUSSION
	 Potential erosion, Ap. The ArcGIS (ESRI, 2016) software was used to process the 
ApR * K * L * S factors data of equation (1) and the product of the Figures 4*5*6, 
obtaining the potential t ha-1 erosion per year (Figure 8). The prevailing erosion values 
in the study area exceeded 200 t ha1 per year, distributed in a central strip of the 
basins.
	 Current erosion, Aa. Equation 1, ApR * K * L * S * C * P (the product of Figures 
4*5*6*7) was applied to obtain the current erosion; P1 was taken into consideration, 
given that there are no support conservation practices (Figure 9).
	 When estimating the average potential and current erosion for each sub-basin, we 
observed that the average erosion would range from 187 to 200 t ha1 per year, if there 
were no cover in the sub-basins surface (Table 2). According to the classification of Table 
2 and compared with the national map developed by Montes-León et al. (2011), we can 
observe that the sub-basins erosion is intense or very high, just like the values reported by 
UNESCO - PHI (2017). Additionally, Colín-García et al. (2013) obtained similar values 
for a basin inf luenced by the Gulf area, with losses between 10 and 200 t ha1 per year. 
We also took into consideration the values obtained by Montes-León et al. (2011), which 
were higher than 200 t ha1. The highest potential erosion is located in the sub-basins of 
the middle part of the Necaxa system (Figure 9).
	 In order to analyze the current erosion of the San Marcos sub-basin, we observed an 
intense erosion with a soil loss higher than 200 t ha1 per year in an area of 423.08 km2 

Figure 8. Potential water erosion (ton/ha/year).
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(25.89%). If the current handling remains unmodified, the potential erosion will increase, 
reaching an area of 852.71 km2 (52.17%): a surface increase of 26.28% (Table 2).

Table 2. Potential and current erosion of the sub-basins.

Sub-basins Erosion range
t ha1 year Class

Potential erosion area Current erosion area
km2 % km2 %

Río San Marcos

0.5 Normal 11.48 0.70 119.39 7.31

0.5-5 Light 65.07 3.98 343.54 21.02

5-15 Moderate 64.46 3.94 219.45 13.43

15-50 Severe 177.91 10.88 211.48 12.94

50-200 Very severe 462.91 28.32 317.12 19.41

200 Intense 852.71 52.17 423.08 25.89

Río Necaxa

0.5 Normal 20.22 2.25 47.64 5.29

0.5-5 Light 16.32 1.81 160.01 17.77

5-15 Moderate 23.72 2.63 113.46 12.60

15-50 Severe 78.26 8.69 95.59 10.62

50-200 Very severe 237.37 26.36 217.00 24.10

200 Intense 524.45 58.25 266.55 29.61

Río Laxaxalpan

0.5 Normal 6.99 0.43 32.90 2.05

0.5-5 Light 36.26 2.26 243.01 15.12

5-15 Moderate 68.87 4.28 268.19 16.68

15-50 Severe 183.85 11.43 258.34 16.07

50-200 Very severe 458.52 28.52 385.74 24.00

200 Intense 853.41 53.08 419.36 26.09

Figure 9. Current erosion (ton/ha/year).
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	 In order to analyze the current erosion of the Necaxa River sub-basin, we observed an 
intense erosion with a soil loss higher than 200 t ha1 per year in an area of 266.55 km2 
(29.61%). If the current handling remains unmodified, the potential erosion will increase, 
reaching an area of 524.45 km2 (58.25%): a surface increase of 28.64% (Table 2).
	 Finally, in order to analyze the current erosion of the Laxaxalpan River sub-basin, we 
observed an intense erosion with a soil loss higher than 200 t ha1 per year in an area of 
419.36 km2 (26.09%). If the current handling remains unmodified, the potential erosion 
will increase, reaching an area of 853.41 km2 (53.08%): a surface increase of 26.99% 
(Table 2).
	 The Necaxa system does not include all the sub-basins (Figure 8 and 9); therefore, the 
solution proposed only apply to those sub-basins located in the north side, not to the whole 
system (Figures 10 and 11). Figure 11 shows that the greatest surface of current erosion is 
located in the low parts of the basin, as a result of the topographic slopes and the rainfed 
agriculture areas.
	 After calculating the current erosion of the San Marcos sub-basin of the Necaxa 
system, we observed an intense erosion with a soil loss higher than 200 t ha1 per year in 
an area of 18.93 km2 (33.16%). If the current handling remains unmodified, the potential 
erosion will increase, reaching an area of 43.69 km2 (76.48%): a surface increase of 
43.32% (Table 3).
	 Regarding the current erosion of the Necaxa River sub-basin of the Necaxa system, 
we observed an intense erosion with a soil loss higher than 200 t ha1 per year in an 
area of 120.75 km2 (27.07%). If the current handling remains unmodified, the potential 
erosion will increase, reaching an area of 274.00 km2 (61.42%): a surface increase of 
34.35% (Table 3).

Figure 10. Potential erosion in the Necaxa system.
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Figure 11. Current erosion in the Necaxa system.

	 Finally, regarding the current erosion of the Laxaxalpan River sub-basin of the Necaxa 
system, we observed an intense erosion with a soil loss ranging from 50 to 200 t ha1 per 
year in an area of 190.91 km2 (21.40%). If the current handling remains unmodified, the 

Table 3. Potential and current erosion in the sub-basins of the Necaxa system.

Sub-basins Erosion range
t ha1 year Class

Potential erosion area Current erosion area
km2 % km2 %

Río San Marcos

0.5 Normal 0.25 0.43 0.56 0.98

0.5-5 Light 0.01 0.02 9.92 17.37

5-15 Moderate 0.56 0.98 13.86 24.28

15-50 Severe 0.63 1.09 1.40 2.46

50-200 Very severe 12.00 21.00 12.42 21.76

200 Intense 43.69 76.48 18.93 33.16

Río Necaxa

0.5 Normal 11.07 2.48 19.43 4.36

0.5-5 Light 5.69 1.28 81.67 18.31

5-15 Moderate 10.33 2.32 76.27 17.10

15-50 Severe 36.78 8.24 52.19 11.70

50-200 Very severe 108.24 24.26 95.74 21.46

200 Intense 274.00 61.42 120.75 27.07

Río Laxaxalpan

0.5 Normal 5.95 0.67 21.52 2.41

0.5-5 Light 31.92 3.58 180.05 20.18

5-15 Moderate 59.67 6.69 181.91 20.39

15-50 Severe 135.42 15.18 160.34 17.97

50-200 Very severe 277.14 31.06 190.91 21.40

200 Intense 382.16 42.83 157.34 17.64
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potential erosion will increase, reaching an area of 382.16 km2 (21.43%): a surface increase 
of 26.99% (Table 3).
	 Overall, the Necaxa system reports a current average erosion of 159 t ha1 per year, 
which indicates an erosion increase of 183%, as a result of the lack of appropriate soil 
surface and vegetation handling. Unless appropriate handling activities are carried out in 
the basin, the siltation of the dams will continue.
	 As an alternative solution to the siltation problems of the water bodies and the hydraulic 
infrastructure, actions that strengthen the protection of natural resources must be proposed. 
These measures must be based on modifications to the C- and P- parameters, through 
reforestation measures and mechanical agricultural practices (Figure 12).
	 A conservation proposal for the edaphic resources of the Necaxa River system includes 
reforesting 214 km2 of pine-oak forests in zones that currently hold secondary vegetation. 
Additionally, agricultural management practices based on conservation agriculture have 
been proposed: leaving approximately 30% of the harvest waste on the soil surface, planting 
crops on the contour of the plot, and implementing terraces. All these measures should 
be carried out on of the three sub-basins (704 km2) of the Necaxa system under study, 
consequently allowing a decrease in the erosion problem (Table 4).
	 A reduction of the moderate erosion has been reported as a result of the measures 
proposed for the San Marcos sub-basin of the Necaxa System: 5-15 ha1 per year in a 
22.34 km2 area (39.15%). Meanwhile, a reduction of the light erosion has been reported 
as a result of the measures proposed for the Necaxa sub-basin of the Necaxa system: 0.5-5 
ha1 per year in a 163.74 km2 area (36.72%).
	 Finally, reduction of the light erosion has been reported as a result of the measures 
proposed for the Laxaxalpan sub-basin of the Necaxa system: 0.5-5 ha1 per year in a 

Figure 12. Solution option based on basin management practices.
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413.72 km2 area (46.39%). The proposed measures aim to achieve a tenfold reduction of 
erosion with regard to the current situation: i.e., reducing the current 159 ton/ha*year 
erosion to an average of 0.5 (light) to 15 (moderate) t ha1 per year. This measure would 
guarantee a longer useful life for the Necaxa system.

CONCLUSIONS
	 This study about the current and potential erosion shows that reforestation measures 
and conservation agricultural practices would cut down erosion in the Necaxa system 
from the current annual average of 159 t ha1 to 0.5-15 t ha1 per year. This study also 
proposes possible solutions based on the basin management, applying the USLE through 
the Geographical Information Systems. Otherwise, if no action is carried out, erosion 
could exceed 200 t ha1 per year, which would worsen siltation problems in water bodies 
and infrastructure; additionally, soils will lose their productivity and the ecosystem will 
face adverse changes.
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