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Abstract: This study examined the effects of land use change on the potential of soil loss in
the upper-middle basin of the Mira River in Andean Ecuador in the years 1995 and 2017 and
by the future year 2030. The study is based on modeling soil erosion and LULC change by ap-
plying GIS and remote sensing. RUSLE equation was used to quantify soil erosion rates, and
CA-Markov chain analysis was implemented to forecast the LULC change for the 2030 year.
The results showed that the annual average soil erosion passed from 14.72 t/ha/year to 32.78
t/ha/year and will probably achieve 41.01 t/ha/year by 2030. Between 1996-2018 and 2018-
2030, the conversion and probable conversion towards bare soils and crops led to soil loss and
unsustainable production rates by far greater than >10 t/ha/year. Some recommended meas-
ures to prevent soil erosion include restoring areas with scarce vegetation cover and integrat-
ing soil conservation measures with tillage practices and grazing activities. Practices such as
strip cropping, contour cropping, building terraces on sloping areas, grazing regulation, or im-
plying deep tillage and soil amendments are recommended.
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1 INTRODUCTION

In recent years, land use change and land cover (LULC) have been the main
risk drivers because they can cause system perturbations and lead to global environ-
mental changes (Anand et al., 2018). LUCC can cause impacts ranging from
changes in soil structure (Zhong et al., 2019), agricultural and urban expansion (Pul-
lanikkatil et al., 2016), hydrology (Martinez-Retureta et al., 2020), biodiversity
(Hansen et al., 2012) to increased susceptibility to extreme events such as floods,
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landslides, erosion ( Pisano et al., 2017; Borrelli et al., 2020). Losses of vegetation
cover can lead to the formation of soil seals, which causes increased runoff and
erosion in the early stages of seal formation (Singer and Le Bissonnais, 1998). The
soil seal formation is most common in humid regions by the raindrop effect and by
sediment deposition from the infiltration of sediment-laden overland flow (Moss,
1991; Holz et al., 2015). Different models have been developed to calculate the spa-
tial differences in erosion rates, which result mainly from differences in topography
and land covers (Wischmeier and Smith, 1978; Skidmore, 1986; Obiahu and Elias,
2020).

Land use changes affect the intensity of runoff and soil erosion (Ozsahin et al.,
2018; Yang and Lu, 2018; Martinez-Retureta et al., 2020). Land cover changes to-
wards more anthropogenic land cover cause changes in soil physical and chemical
properties, as well as in the variation of soil erosion rates (Li et al., 2020). Authors
such as (Borrelli et al.,, 2017) found that globally between 2001 and 2012, soil
erosion rates increased by about 0.6 million tons per year, which they attributed 80%
to the increase in crops. Consequently, the presence of crops implies a direct rela-
tionship with increased erosion (Alkharabsheh et al., 2013; Vijith et al., 2018;
Devaty et al., 2019; Viteri-Salazar and Toledo, 2020). This background makes the
route to save natural vegetation a tool to keep erosion rates under control (Woo et
al., 1997; La Manna et al., 2021; Vanacker et al., 2022).

In Ecuador, erosion is the leading cause of soil degradation (De Noni and
Trujillo, 1986a). Anthropogenic factors that increase erosion range from deforesta-
tion, intensive soil use, expansion of smallholdings, and poor agricultural technolo-
gical development (Espinosa, 2014). Agricultural expansion shaped the spatial or-
ganization of the country, mainly in the foothills of the Andes, the coastal lowlands
of Ecuador, and the Amazon region (Barbieri et al., 2005; Stadel, 2005; Curatola
Fernandez et al., 2015; Viteri-Salazar and Toledo, 2020). Although agricultural de-
velopment has led to population growth in Ecuador through colonization and the de-
velopment of new settlements, it also is one of the causes of biodiversity loss and
environmental degradation (Jokisch, 2002; Haro-Carrion and Southworth, 2018).
Agricultural expansion, both rainfed and irrigated, towards the foothills of the
Andes, in addition to colonization and agricultural expansion into the high Andean
zones, has also caused an increase in erosion in these sectors (De Noni and Trujillo,
1986b; Viteri-Salazar and Toledo, 2020). By the 1980s, 60% of the country's area
was affected by erosion in the high Andean zones (De Noni and Trujillo, 1986b).

The Mira River basin is a binational hydrography located between Ecuador and
Colombia. The basin is distributed mainly through the high Andean regions. In the
upper-middle section, located in the Ecuadorian sector, the population has shown
moderate growth, with a projected total of 647,598 inhabitants by 2020 (Instituto
Nacional de Estadistica y Censos, 2010). The population increase within the water-
shed, along with economic development, has led to an increase in the demand for re-
sources and changes in the consumption patterns of the inhabitants, generating the
growth of various economic activities such as livestock, agriculture, mining, and
forestry.
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These activities have been developing in unsustainable management, causing
decreased vegetation cover, increased urban and rural areas, and increased exposure
to risks such as erosion. (Gonzalez et al., 2018) determined that 22 and 40 tons per
hectare are lost annually in the middle-upper section of the Mira River basin. Des-
pite these soil loss rates, there is no evidence of the implementation of soil conserva-
tion techniques during and after harvest or pasture management in the watershed
(CISPDR, 2016). There is no evidence of a permanent abandonment of rural agricul-
tural sectors and its impact on soil erosion. Consequently, assessing the temporal dy-
namics of LULC change and its effects on erosion risk allows decision-making for
the sustainable use of natural resources and the efficient use of soil covers.

In this study, the main aim was to determine the effects of land use change on
the potential of soil loss in the upper-middle basin of the Mira River in Andean
Ecuador. It was aimed firstly to identify and predict the changes in LULC classes
over time, secondly to obtain the temporal variation and spatial distribution of soil
erosion by utilizing temporal LULC change, and finally to assess the effects of
changes in land use on soil erosion. The approach is based on modeling soil erosion
and LULC change by applying GIS and remote sensing. RUSLE equation was used
to quantify soil erosion rates, and CA-Markov chain analysis was implemented to
forecast the LULC change for the 2030 year. The employment of RUSLE and
CA-Markov in a mountainous area is anovel contribution of this study in an
Ecuadorian Andean region.

2 MATERIALS AND METHODS

2.1 Study area

The research is limited to the section upper-middle basin of the Mira River lo-
cated in the Ecuador Nor-West Region, between 78°26'44" and 77°46'01"" longitude
West and between 0°11'09” to 0°52'25" of latitude North. The upper-middle basin
area is 5320.87 km? with a varied relief, characterized by valleys and mountains in
its highest regions. The relief descends gradually as a hillside until it flows into the
Pacific Ocean. The climate is characterized by a mean temperature of 21.7° and
a mean annual precipitation of 1152 mm. The annual precipitation varies between
500 mm and 2900 mm (Instituto Nacional de Meteorologia ¢ Hidrologia, 2005)
(Figure 1).

2.2 Methodology

Acquisition and image processing

According to the project, multispectral satellite images of the group of satellites
were used by the satellite group Landsat Thematic Mapper (TM) and Sentinel-2. For
1996, 2007, and 2018, the images captured by the Landsat 5 TM (row 10/routes 59

and 60 of the WRS-2) on July 8th, 1996, Landsat 7 ETM (row 10/routes 59 and 60
del WRS-2) on December 6th, 2007, and Sentinel-2B with dates on August 5 and
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24th, 2018, were used respectively. In each image, a preprocessing was performed,
including geometric, radiometric, and atmospheric corrections. These data were
georeferenced to the study area using the reference system WGS84 projecting UTM,
zone 17 South. The study area was extracted from the acquired satellite images us-
ing the watershed boundary generated. This boundary was generated in a GIS envir-
onment. The information used was river data and the space Shuttle Radar Terrain
Mission (SRTM) digital elevation model (DEM) product, with a 30 m spatial resolu-
tion (http://srtm.csi.cgiar.org/). Due to Sentinel satellite images having a different
spatial resolution to images of Landsat, these images were resampled using the
nearest resample method to keep the images’ resolution uniformity (Astola et al.,
2019).
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Figure 1 Map of the study area

Field data in 2018 using geospatial positioning system (GPS) records, besides
information from Google Earth in 2011 and aerial photographs from 1999 taken by
the Military Geographic Institute of Ecuador, were collected to prepare the land use
maps using ArcGIS and “Idrissi TerrSet” software. The supervised classification
technique, maximum likelihood, was applied to obtain eight land covers: forest,
paramo, scrubland, crops, pastures, urban zone, bare soil, and bodies of water. The
paramo is a particular ecosystem in the Andean zones of South America, located
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between the forest line and the perpetual snow. It is generally found at altitudes
above 3500 meters above sea level, although it can vary according to latitude and the
specific topography of the region (Buytaert et al., 2006). Finally, the classification
accuracy assessment was performed for each LULC map by applying the matrix
confusion and the corresponding Cohen’s Kappa index using the collected GCPs
(Ground Control Points) (Arévalo-Morocho et al., 2023).

Analysis of the change of LULC and prediction of its future dynamic to
2030

The CA-Markov model is a hybrid model used to predict and show a better sim-
ulation of quantitative and spatial change of the LULC. The hybrid model allows the
forecast of changes generated by Markov analysis from observed rates of change in
one period (T1 to T2) to the simulation period (T2 to T3) to have a spatial dimension
using automata cells (ACs) (Eastman, 2006). The prediction of future LULC dynam-
ics to the 2030 year in the Mira basin was performed by using the software TerrSeT
2020. For this purpose:

a. It is determined variables and maps suitable based on an evaluation of mul-

tiple criteria.

b. The matrix of transparency and the matrix of the transition state probability

are generated using the Markov model.

c. The LCM (Land Change Modeler) integrated into the TerrSet software was

used to predict the future LULC for 2030.

Suitability maps show the suitability of converting a land use/land cover to an-
other one by each map cell (Figure 2). The suitability maps were developed follow-
ing the inductive approach, MCE, which consists of converting a set of weighted
factors and constraints into maps using fuzzy membership functions (Cabral and
Zamyatin, 2009). These maps were elaborated on an empirical basis considering the
environmental factors that are significant for land use change or that will generate
change restrictions in a region (Eastman, 2006; Eastman and Toledano, 2018) The
change factors can be static or dynamic. For the study, the static factors identified
were elevation and slope (derivate of DEM-SRTM). The statics variable used the
distances to the communication and distance routes to urban areas. The only restric-
tive variable was the protected natural areas to keep the coverage of these spaces
without changes inside the projection. These protected natural areas are zones that
will keep intact over time since being protected by current environmental regula-
tions. Distance is an indicator of accessibility and a critical factor in expanding
urban spaces (Leta et al., 2021). As a complement to this last is found the distance to
the urban zones because the closer these spaces are, the easier it is to convert cover-
age close to an urban use (Gharaibeh et al., 2020). The elevation and the slope are
topographic factors that affect the change of LULC because of the profit of urban
and agricultural zones, which are concentrated mainly on relatively flat slopes, and
deforestation decreases with the increasing gradient of slopes (Wang et al., 2021).

119



78°200"W 77955'0"W 78°20'0"W T1°55'0"W 78°20'0"W 77°55'0"W
L 1 [} [ ! '

1°1510"N
T
N
T
1°15'0"N

>z

z N ‘.\ 7
2l L & o LS
7 1 e, 2
s 4 =
4 e Y
J»\ &
z b
=1 _ | £
in 5
o Fe I
5 p » g
¥ 3 =]
J
e A “;
i Basin boundary | Basin boundary 7 Basin boundary
DEM/ Elevation Slope Distance from roads
Value Value Value i
- High : 4881 - Tigh : 83.67 - High : 22826
Low : 137 ~Low:0 - Tow:0
ML ML Mo LMk
0510 0510 0510
78°20'0"W 77°55'0"W 78°20'0"W 77°55'0"W 78°20'0"W 77°55'0"W
. 1 1 1 1 1 1
o] L 4 L 4 L&
2 ) €) Hre
o N N N I
A A 4 A
. |
FLe 4
£ X z
g L F A LS
2 = g
& e ©
. =
& il
t\\ b b >
“ 4
\. y
£ I - | =
I s s
& 5 &
i &
Vs
S ¢
| Basin boundary | Basin boundary
Distance from urban zones Likelihood.
Value i Basin boundary Value
High : 26911.7 — High : 0.05
. [7] Natural protected areas .
Low: 0 Low :-0.018
MMkm MMkn UMk
0510 0510 0510

Figure 2 Suitable maps. a) Elevation, b) Slope, c) Distances to the roads of commu-
nication, d) Distance to the urban zones, e) Protected natural areas, f) Map of au-
thenticity. Source: National Planning Secretary of Ecuador (2013), own elaboration

In the second place, the percentages of changes that occurred in LUCL between
1996-2007 and 1996-2018 were determined using the Earth Change Modeler of the
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software TerrSET 2020. The possible factors causing the change in land use are
identified through the test of V of Cramer in TerrSET software. These results are
used to generate the matrix of the probability of transition of the classes LULC and
the transition potential maps. This pixel transition analysis did not include areas
smaller than 100 hectares. In the Land Change Modeler integrated into the TerrSET
software, land use coverages for 1996 and 2007 were entered, and the potential
transition map for 2018 was simulated using the MLP tool. The LULC 2018 projec-
tion was validated with the Ground Control Points taken by the 2018 year. The ob-
tained model was compared with the real data captured, as recommended by Zon-
cova and Masny (2022). Once the prediction has been validated, the future scenario
for 2030 was simulated, using 1996 as time one and 2018 as time two.

Revised Universal Soil Loss Equation

Soil water erosion was quantified using the universal soil loss equation (Equa-
tion 1), RUSLE (Renard, 1997).

A=R*K*LS*xC*P | (1

where A is the annual soil loss (t/ha/year); R is the rainfall erosivity (MJ mm/ ha/
year); K is the soil erodibility (t h ha/ ha MJ mm); LS is the topographic factor rep-
resenting the length and steepness of the slope (dimensionless); C is the cover man-
agement (dimensionless), and the P factor represents the conservation practices (di-
mensionless).

The erosion factor R measures the effect of rainfall intensity on soil erosion. An
average of 20 to 25 years or even longer of data is recommended to calculate the
R factor (Wischmeier and Smith, 1978). The R factor was calculated by applying
Equation (2) proposed by (Wischmeier and Smith, 1978) and later modified by
(Arnoldus, 1980).

2
1,5log 10(%)—0,08188)

Factor R=3" 1,735+10 ; @)
where R (X, y) is the R factor (MJ mm ha-1 h-1 yr-1) in cell size (X, y), p: is monthly
precipitation (mm), and p is annual precipitation (mm).

For the present study, historical precipitation WorldClim records for 1970-2000
years in TIF format were used (Fick and Hijmans, 2017). A statistical downscaling
was performed to obtain a raster with a spatial resolution of 30 meters. The predictor
variables were latitude and longitude. This process was performed as recommended
by (Arias-Muiloz et al., 2023), who found that between the data obtained from the
statistical downscaling for the study area and data from the meteorological stations,
there is a correlation of R2=0.91, a BIAS=1.03 and aroot mean square error
RMSE =219.85 mm.

The K factor represents the susceptibility to soil erodibility (Wischmeier and
Smith, 1978). The following equation was used for the calculation of the K factor.

K=27,66 Xm""*x10"°(12—a)+0,0043(b—2)+0,0033(c-3) , 3)
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where m = (silt (%) + very fine sand (%) *(100 — clay (%)); a is organic matter (%);
b is structure code; ¢ is permeability code. The information was obtained from the
spatial database of soil texture, organic matter, and permeability at a scale of
1:25,000 developed by the (Military Geographic Institute of Ecuador, 2022), and
soil properties were interpreted using the monogram.

The topographic factor (LS) represents the combined effect of slope steepness
(S) and slope length factor (L) on soil loss (Zhang et al., 2017). The LS factor was
calculated using LS-Tool software (Zhang et al., 2017) from the 30-meter spatial
resolution DEM-SRTM elevation model.

The cover management factor (C) corresponds to the relationship between soil
loss and vegetation types and can be qualitatively classified according to vegetation
types (Wischmeier and Smith, 1978). In this study, C factor values for the land
cover were allocated according to the determined by (Arias-Muiioz et al., 2023) for
the Mira basin (Table 1).

Table 1 Values of Factor C by land cover

Land cover Factor C
Forest 0,01
Scrubland 0,035
Paramo 0,040
Pasture 0,037
Crops 0,35
Bare soil 0,43

Source: Own research based on Arias-Mufioz et al. (2023)

Factor (P) vary between zero (0) and one (1). The first value represents the ef-
fective presence of conservation practices, and the second value represents the non-
existence of conservation practices (Vijith et al., 2018). Finally, Figure 3 shows the
methodology process.

3 RESULTS

3.1 Land use change

The supervised classification of coverage and using the watershed Mira River
obtained a Kappa rate of 0.88. Figure 4 presents the LULC maps and their changes
in 1996 and 2018 in the upper-middle basin of the Mira River. By 2018, the forest
surface of 195367.29 ha had decreased by 20.04% since 1996. The scrublands were
reduced even more than the woods, losing 67.36% of their area. On the contrary,
bare soils and crops are the most expanded, increasing their extension by 196.54%
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and 165.21%, respectively. The urban center also is incremented and almost dupli-
cates its surface, passing from 2403.71 ha in 1996 to 4607.87 ha in 2018 (Table 2).
During this period, other coverage, like pastures and paramos, decreased their sur-
faces by 13.83% and 2.26%, respectively. However, this decrease is relatively lower
than the rest of the coverages. In summary, land cover changes between 1996-2018
in the watershed of Mira River show a clear tendency of profit in anthropic and loss
in natural cover.
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Figure 3 Methodology process, own elaboration

3.2 Prediction of LULC changes based on the CA-Markov
model

Baseline, the model created for the forecast of the changes of LULC of the wa-
tershed Mira River, obtained a value of 0.72 of Kappa rate for the model project of
2018 concerning the map generated with satellite images. It is evidenced that the
pathway used in this study was valid when carrying out the prediction for the year
2030.
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Figure 4 LULC maps and their changes in 1996 and 2018 in the upper-middle basin of
the Mira River. a) map of LUCL of the year 1996, b) LULC of the year 2018, c) trans-
ition of the changes of land cover between 1996 and 2018. Source: (Earth
Resources Observation and Science Center, 2022), own elaboration

Table 2 Land use change from 1996 to 2018

Covertures 1996 (ha) 2018 (ha) Net change (ha) Net change (%)
Bare soil 5195.63 15407.14 10211.51 196.54
Crops 69917.61 185425.52 115507.91 165.21
Urban zone 2403.71 4607.87 2204.16 91.69
Water bodies 1671.35 1667.28 -4.07 -0.23
Paramo 67206.09 65685.79 -1520.3 -2.26
Pastures 76523.13 65934.96 -10588.17 -13.83
Forest 195367.29 156219.42 -39147.87 -20.04
Scrubs 113802.23 37139.12 -76663.11 -67.36

Source: (Earth Resources Observation and Science Center, 2022), own elaboration
The LULC scenario forecasted for 2030 showed a gain in anthropic coverture

and a loss in natural coverage as in 1996-2018 (Table 3, Figure 5). This projection
indicates that urban centers and crop areas are the only coverage that will present
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Table 3 Changes in the land cover from 2018 to 2030

Covertures 2018 (ha) 2030 (ha) Net change (ha) Net change (%)
Urban zone 4607.87 7001.71 2393.84 51.95
Crops 185425.52 216782.34 31356.82 16.91
Bare soil 15407.14 15405.25 -1.89 -0.01
Scrubs 113802.23 37130.34 -76671.89 -0.02
Water bodies 1667.28 1654.87 -12.41 -0.73
Forest 156219.42 145537.36 -10682.06 -6.84
Pastures 65934.96 56367.17 -9567.79 -14.51
Paramo 65685.79 52208.06 -13477.73 -20.52
Source: (Earth Resources Observation and Science Center, 2022)
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Figure 5 LULC maps and their projected changes from 2018 to 2030 in the upper-
middle basin of the Mira River. a) LULC map of the year 2018, b) LULC of the projec-
ted map to the year 2030, c) transition of the land cover changes projected between
2018 and 2030. Source: (Earth Resources Observation and Science Center, 2022),
own elaboration

growth in 2030. The coverage changes in bare soils and the scrublands are minimal
compared to 1996-2018. Likewise, the projection for 2018-2030 evidenced a reduc-
tion of 20.52% for the paramo, which was higher than the 2.26% observed in 1996-
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2018. On the contrary, the forest reduction will only be 6.84% compared to the
20.04% observed in 1996-2018.

3.3 RUSLE Factors

RUSLE factors determined in this study are presented in Figure 6. The rainfall
erosivity (R-factor) values ranged from 208.905 to 1,954.9 MJ mm/h ha year (mean
of 550.47 MJ mm/h ha year) (Figure 6a). The soil erodibility (K-factor) values
ranged from O t ha h/ha MJ mm to 0.11 t ha h/ha MJ mm (Figure 6b). The LS factor
values ranged from 0.01 in the flat sectors of the watershed to 67.5 in sectors with
slopes higher than the average slope (Figure 6¢). The cover management factor
(C-factor) present values were in the range of 0 to 1. Generally, the lowest values
are present in the western and southwestern parts of the study area, where the pre-
sence of forests characterizes the sectors. The highest values are characterized by
bare soil. This last cover increases in the middle section of the basin, mainly in the
eastern sectors of the city of Ibarra. The C values vary between the years 1996,
2018, and 2030 (Figure 6d-f). Finally, conservation practices were not identified in
the basin, so the P-factor was assigned a value of 1.

3.4 Spatial and temporally soil erosion

In 1996 the annual average soil erosion was 14.72 t/ha/year, and in 2018 the
mean soil loss increased to 32.78 t/ha/year. By 2030, soil erosion will be 41.01 t/ha/
year. Figure 7 shows the spatial distribution of soil erosion intensity for each year.
The annual average soil erosion rates between 1996 and 2018 increased by 123%,
which means a rate of 5.57% per year. In 2030, an increase in erosion of 25% is ex-
pected, which means a rate of 2.09% per year since 2018. The maximum erosion
rate increased from 802.79 t/ha/year in 1996 to 812.3 t/ha/year in 2018 (Figure
7a-b). By 2030, however, soil erosion will grow to 2590.98 t/ha/year (Figure 7c).

Contribution of LULC Conversions to Soil Erosion

Although they are not the cover conversions that occupy more surface area for
the year 2018, conversion from forests to crops leads to soil loss with average
erosion rates of 119.24 t/ha/year. The major conversions of LULC were 55255.47 ha
of pastures and 53339.36 ha of scrubs to crops, losing less soil with a mean of 62.41
t/ha/year and 70.49 t/ha/year, respectively. Other conversions exceed 10 t/ha/year of
soil loss, considered the sustainable threshold for erosion in tropical areas. There are
land conversions that do not exceed, which means either exits vegetation conserva-
tion or the presence of water bodies or urban areas (Figure 8a-g and Table 4).

Likewise, quantities of soil loss through erosion observed will follow a similar
trend to LULC conversions until 2030 (Table 4). For the future, the highest soil
erosion rate is expected in the conversion of 40998.55 ha of pastures to crops. In ad-
dition, transitions of paramo to crops with 8467.99 ha, and forests to crops with
7696.99 ha, will show a mean erosion rate of 99.90 t/ha/year and 80.45 t/ha/year, re-
spectively (Table 4 and Figure 9a-g). While in the future, areas that either will con-
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vert to urban or will pass from one will keep mean soil erosion lower by 10/ha/year,
as will areas that will revert to paramo.
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Figure 6 RUSLE Factors. a) R-factor, b) K-Factor, c) LS-Factor, d) C-Factor by 1996,
e) C-Factor by 2018, f) C-Factor by 2030. Source: (Earth Resources Observation and
Science Center, 2022), Military Geographic Institute of Ecuador (2022), Fick and Hij-
mans, (2017), Zhang et al. (2017), own elaboration
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Figure 7 Soil erosion a) 1996, b) 2018, c) 2030. Source: Own elaboration in base of
Rusle Equation (Renard, 1997)

4 DISCUSSION

In this research, we examined soil erosion in the Mira watershed using the
RUSLE model in a GIS environment. The study showed that the spatial distribution
of rainfall- erosivity in the watershed was consistent with the amount of precipita-
tion received per sector. The consensus is that precipitation is the principal climatic
agent in erosive processes since the main conditioning factors are soil cover and sur-
face flow (Mulligan, 1998). Erodibility in the watershed presents a range between
0to 0.11 t/ha/MJ-1mm-1 ha-1, a variation very similar to that found in other moun-
tain watersheds in Andes Mountains (Ochoa-Cueva et al., 2015; Correa et al., 2016).
Erodibility is severe when it presents values higher than 0.10 t ha h/ha MJ mm
(Ramirez et al., 2009). The zones with severe erodibility found present silty soils
(0.05-0.002 mm), clay loam (< 0.002 mm), and on average, 3% organic matter.
(Evans, 1980) mentions that soils with less than 3.5% organic matter are considered
erodible, and (Kumar and Kushwaha, 2013) notes that soil erodibility increases as
soil texture becomes finer. Therefore, soils are very vulnerable to erosion in heavy
runoff because they have low infiltration and stability (Kogo et al., 2020).

The erosion ranges between 1996 and 2018 found in the watershed, ranging
from 0 to a maximum of 812.30 t/ha/year, are higher compared to other parts of the
world. Even the expected maximum erosion rate of 2580.90 will exceed the current
maximum rates in other regions. In China, soil erosion varies between 0.1-360 ton/
ha/year; in the USA, it varies between 0.03-170 ton/ha/year; in India, it varies
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Table 4 Soil erosion under different under different LULC conversion categories

LULC Conversions

Years: 1996-2018

Years 2018-2030

Mean Soil Erosion

Mean Soil Erosion

Area (ha) (t/halyear) Area (ha) (t/halyear)
From forest to crops 16473.43 119.24 3413.87 80.45
From scrubs to bare soil 10420.18 83.14 0 0
From forest to bare soil 54.69 73.58 0 0
Unchanged Bare soil 3628.2 72.55 15372.35 81.79
From scrubs to crops 53339.37 70.49 135.81 94.21
From pastures to crops 55255.47 62.41 40998.56 150.08
Unchanged Crops 58966.39 60.03 163740.04 64.2
From bare soil to crops 1293.23 52.53 25.55 45.49
From paramo to crops 79.13 50.82 8468 98.9
From crops to bare soil 921.63 40.96 23.26 43.22
From crops to forest 226.93 39.75 142.9 7.02
From pastures to scrubs 70.65 31.63 44.57 8.77
From bare soil to scrubs 21.72 29.22 0 0
From paramo to bare soil 17.22 27.47 0.53 121.25
From pastures to bare soil 365.24 26.86 9.1 71.63
From scrubs to paramo 54.08 25.61 0.41 7.82
From pastures to forest 246.48 24.41 53.36 7.28
From bare soil to forest 3.94 23.94 0 0
From crops to paramo 29.17 23.24 10.39 7.45
From pastures to paramo 54.83 22.43 11.74 8.12
From forest to pastures 13153.37 22.13 7696.99 16.36
Unchanged Pastures 20412.05 21.45 24816.59 9.39
From crops to scrubs 160.98 20.83 70.26 10.7
From scrubs to forest 592.16 20.46 3.46 6.86
From forest to scrubs 10522.29 18.07 8.86 12.93
From crops to pastures 8127.76 17.78 19056.82 15.96
From scrubs to pastures 24062.57 17.75 19.88 12.83
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From paramo to pastures 46.81 15.08 477017 8.09
Unchanged Scrubs 24846.87 14.7 36977.83 11.62
From paramo to scrubs 1516.63 10.23 22.95 11.26
From bare soil to pastures 130.58 10.12 1.01 3.43
From urban zones to crops 14.49 9.01 0.08 0
Unchanged Paramo 65546.06 8.77 52142.26 7.87
From bare soil to paramo 1.65 8.4 0.18 8.57
Unchanged Forest 155149.66 6.36 145055.75 8.39
From water bodies to crops 4 5.74 0.43 0.05
From urban zones to pastures 1.51 4.32 0.14 0.01
From pastures to urban zones 118.42 3.06 1.03 0
From forest to urban zones 13.87 1.69 0.87 0
From scrubs to urban zones 487 1.5 1.73 0
From crops to urban zones 1484.75 0.71 2381.85 0
From bare soil to urban zones 116.33 0.57 8.05 0
Unchanged Urban zones 2387.5 0 4607.64 0
Unchanged Water bodies 1667.28 0 1655.41 0
From forest to paramo 0 0 43.08 9.19
From paramo to forest 0 0 281.88 5.16
From urban zones to forest 0.25 0 0 0
From water bodies to pastures 0.32 0 5.56 0
From water bodies to scrubs 0 0 5.88 0.02

Source: Own elaboration in base of Rusle Equation (Renard, 1997) and information from (Earth Resources
Observation and Science Center, 2022)

between 0.5-185 ton/ha/year; in Australia, it varies between 0-150 ton/ha/year (Mor-
gan, 2009) and in Europe, it is lower by varying between 0.5 and 325 ton/ha/year
(Maetens et al., 2012). In Africa, erosion has also been estimated to be lower by
fluctuating between 10.8 and 146 tons/ha/year (Stocking, 1984). The erosion found
is also very different from other mountainous areas. In the case of Nepal, the soil
erosion rate ranges between 0.5 and 185 tons/ha/year (Koirala et al., 2019), and the
Sierra de Manantlan Biosphere Reserve in Mexico fluctuates between 0 and 100
tons/ha/ha/year (Millward and Mersey, 1999). In the Andes, erosion varies similarly.
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Soil erosion rates range from 0.5 to 836 t/ha/year in the central Ecuadorian Andes
(Harden, 1988), 1.5 -936 t/ha/year in the Andes south of Ecuador (Ochoa-Cueva et
al., 2015) and 514-873.3 t/ha/year in bare soil in the Colombian Andes (Suarez de
Castro and Rodriguez Grandas, 1962). This trend of leading soil loss worldwide will
be maintained in the future. The maximum rate will reach 2580.98 t/ha/year, like the
2021 t/ha/year found by Ochoa-Cueva et al. (2015) in the Andes of Southern
Ecuador.

The highest soil erosion rates are concentrated in the basin hills in zones with
high slope lengths and steepness of more than 60°, coupled with low vegetation
cover. The data demonstrated that low vegetation cover is generated by increasing
deforestation, agricultural and livestock activities, and urban expansion. In addition,
these zones receive higher rainfall, with mean values of more than 1000 mm. In hu-
mid tropics, the influence of cover vegetation on erosion rates reduces when annual
precipitation exceeds ~2,000 mm (Avwunudiogba and Hudson, 2014). Therefore,
the main determinants of erosion in Andean watersheds are first the soil cover and
then the slope, as concluded by authors as (Harden, 1988).

The results revealed that soil erosion was highest in cropland and bare soils
compared to paramos and forests. The reason is a cause from 1996 until 2018, farm-
ing lands and bare soils increased. During these years, 59% of the agricultural areas
and 64% of the bare soils increased in areas with slopes greater than 12°. It means
the expansion of human activities and degraded zones does not occur in flat zones,
and continuous cultivation of lands for crop production leads to the degradation of
soils. The loss of natural cover reduces the organic matter content, which affects soil
stability (Barbera et al., 2012). The forest, paramo, scrub, and pasture areas are also
susceptible to soil erosion, but the rate of erosion in these areas is lower than in
crops and bare soils due to better soil cover.

The advance of crops to higher altitudes in Andean is caused by new flow chan-
nels that more easily transport soil particles downhill were shaped. Additionally, the
presence of fallow due to cultural practices, according to (CISPDR, 2016), in the
Andean basin each year reaches 30% of the total sowing area does not generate plant
succession in fallow or abandoned lands, which does not reduce erosion (Harden,
2001). Another problem is overgrazing, even above 3,000 meters above sea level
(m a.s.l.). According to Harden (1988) when the Andean slope soils are transformed
into bare soils because of overgrazing and agricultural advancement, they become
more vulnerable to wind and water erosion. In addition, the trails and unpaved roads
interconnecting rural communities form runoff channels transporting sediment
(Harden, 2001).

The transformation of land cover accelerated agricultural frontier expansion in
the watershed. By 2030, agricultural areas will expect an increase of 16.91%. In
Ecuador's inter-Andean region, it is common for agricultural expansion to occur in
areas with steep slopes, increasing soil erosion and the formation of cangahua-type
soils (Espinosa, 2014; Hidrobo et al., 2015). Cangahua is a soil matrix with low ni-
trogen and organic matter content where agriculture is impossible (Zebrowski and
Vicuiia, 1997).
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Therefore, reducing deforestation and regulating overgrazing is necessary be-
cause these activities pave the way for advancing the agricultural frontier and in-
creasing erosion rates. Restoration of degraded areas is another activity that will re-
duce soil losses. In addition, implementing appropriate tillage practices that include
terraces, contour cropping, row cropping, and agroforestry practices became neces-
sary. Evidence shows that undisturbed vegetation cover significantly retards laminar
erosion and that reforestation in degraded pastures controls erosion and prevents loss
of organic matter (Woo et al., 1997; La Manna et al., 2021). In the Andean region
has been demonstrated that when natural vegetation is conserved and prevented from
being replaced by crops, there is a positive effect on soil quality because more or-
ganic carbon is stored (Vanacker et al., 2022).

5 CONCLUSIONS

In the upper-middle basin of the Mira River, the projected land use changes
between 2018-2030 will present a trend like those observed between 1996-2018.
There is evidence of a decrease in natural cover, especially of forests and pastures,
compared to an increase in anthropic covers, such as crop areas and urban areas. The
conversion of different covers to bare soil is a dangerous trend, due to achieved
185% between the years 1996-2018. The study findings show widespread soil
erosion of low to high values when existing land cover conversions, especially from
natural to anthropic covers and bare soil. The effect of bare soil and crops causes in-
creased current and future erosion. Between 1996 and 2018, the conversion from
forests to crops leads to soil loss with average erosion rates, following from scrubs
to bare soil and forest to bare soil. Between 2018 and 2030, the probable conversion
from pastures to crops leads to soil loss, following from paramo to bare soil and
scrubs to crops. These soil loss rates are unsustainable and by far greater than >10 t/
ha/year, considered the sustainable threshold. However, land covers such as paramo
and forests are the least prone to these losses. The other dominant causes of soil
erosion in the basin are the presence of steep slopes and high precipitation. The
highest soil erosion, concentrated in zones with low vegetation cover, are in the
basin hills with high slope lengths and steepness of more than 60° and precipitation
with mean values of more than 1000 mm. Although precipitation triggers erosion,
mountain geomorphology relegates its role to the background because the main
factors that generate these erosion rates in the basin are soil cover and slope. These
territory conditions and land use change generate the annual average soil erosion
passed from 14.72 t/ha/year to 32.78 t/ha/year and will probably achieve 41.01 t/ha/
year by 2030. At the same time, the maximum soil erosion loss passed from 802.79
t/ha/year in 1996 to 812.3 t/ha/year in 2018, and by 2030 will probably increase to
2590.98 t/ha/year. These values are among the highest in the world and make the
Andean basin one of the regions that lose and will lose the most soil on the planet.
Therefore, it is necessary to limit deforestation and advance the agricultural frontier
towards the upper areas of the watershed, mainly along steep slopes, to avoid an in-
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crease in erosion rates in the region. Restoring areas with scarce vegetation cover
and integrating soil conservation measures with agricultural and grazing activities is
necessary. Some measures for preventing soil erosion include the following conser-
vation tillage practices, water conservation and management, and restoration of ve-
getation cover. The recommended tillage practices are strip cropping, contour crop-
ping, and terraces on sloping areas. Grazing regulation in high altitudes is necessary
to avoid increased soil erosion by overgrazing. Deep tillage and soil amendments are
recommended as measures for the cangahua restoration. Afforestation and grass
cover are recommended to recover degraded areas and natural vegetation. Finally, to
recover eroded soil on steep slopes, suggest the program “grain for green” that re-
places eroded crops on steep slopes by forests.
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Vplyv zmeny vyuzitia krajiny na eréziu pédy v hornej a strednej casti
povodia rieky Mira v Ekvadore

Suhrn

V hornej a strednej Casti povodia rieky Mira v Ekvadore je predpoklad, Ze zmeny
vyuzitia zeme medzi rokmi 2018 — 2030 budt kopirovat’ trend tych, ktoré boli po-
zorované v rokoch 1996 — 2018. Existuji dokazy o znizeni prirodzenej pokryvky,
najmi lesov a pasienkov, v porovnani s narastom antropickych pokryvok, ako st
oblasti s po'nohospodarskymi plodinami alebo zastavané oblasti. Nebezpecnym
trendom je premena réznych pokryvov na odkryti podu, ked’ze medzi rokmi 1996 —
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2018 bol dosiahnuty index zmien v tomto pripade na urovni 185 %. Zistenia $tadie
ukazuju rozsiahlu erdziu pody s nizkymi az vysokymi hodnotami pri premene exis-
tujucej krajinnej pokryvky, najmi z prirodzenej na antropicktl a odkryti pddu.
Vplyv odkrytej, resp. pol'nohospodarskej pody navyse zvysuje riziko d’alsej budi-
cej erozie. V rokoch 1996 az 2018 viedla zmena z lesnej na polnohospodarsku
pddu k tbytku pddy s priemernou mierou erdzie, ktord vznikla premenou trvalych
travnych porastov a lesnej pody na odkrytd pddu. V rokoch 2018 az 2030 prav-
depodobny prechod z pasienkov na pol'nohospodarsku podu povedie k strate pody,
rovnako ako zmena vyuzitia zeme z trvalo travnych porastov na pol'nohospodarsku
podu. Tieto miery straty pody su neudrzatelné a ovela vyssie ako >10 t/ha/rok, co
sa povazuje za udrzatel'ny prah.

Hornaté oblasti a lesy st viak najmenej nachylné na tieto straty. Dalsimi dominant-
nymi pri¢inami podnej erdzie v povodi st strmé svahy a vydatné zrazky. Najvyssia
podna erozia, sustredena do pasiem s nizkym vegetaénym krytom, je v kotlinovych
pahorkatinach s velkymi dizkami svahov a strmostou nad 60° a zrarkami s prie-
mernymi hodnotami nad 1000 mm. Hoci zrazky spustaju eréziu, horska geomorfo-
logia odsuva svoju ulohu do tizadia, pretoze hlavnymi faktormi, ktoré generuju tieto
miery erdzie v povodi, su podny kryt a svah. Tieto uzemné pomery a zmeny vyuzi-
vania pody generuju priemernt roént eréziu pody, ktora presla zo 14,72 t/ha/rok na
32,78 t/ha/rok a do roku 2030 pravdepodobne dosiahne 41,01 t/ha/rok. Strata presla
z 802,79 t/ha/rok v roku 1996 na 812,3 t/ha/rok v roku 2018 a do roku 2030 sa
pravdepodobne zvysi na 2590,98 t/ha/rok. Tieto hodnoty patria medzi najvyssie na
svete a robia z Andského udolia jeden z regionov, ktoré stracaju a stratia najviac
pddy na planéte.

Preto je potrebné obmedzit' odlesiiovanie a posuntit’ polnohospodéarsku hranicu
smerom k hornym oblastiam povodia, najmé pozdiz strmych svahov, aby sa zabra-
nilo zvySeniu miery erdzie v regione. Nevyhnutna je obnova oblasti s obmedzenym
vegetaénym krytom a integracia opatreni na ochranu pddy s pol'nohospodarskymi
a pastvinarskymi ¢innostami. Niektoré opatrenia na zabranenie er6zie pody zahtia-
ju nasledujice postupy konzervaéného obrabania pody, ochranu a hospodarenie
s vodou a obnovu vegeta¢ného krytu. Odporucané postupy obrabania pody st paso-
vé a obrysové orezdvanie, a terasy na svahovitych plochach. Regulacia pastvy vo
vysokych nadmorskych vySkach je nevyhnutna, aby sa zabranilo zvySenej erdzii
pody nadmernym spasanim. Hlboké obrabanie pddy a jej uprava sa odporticaju ako
opatrenia na revitalizaciu pody s nizkym obsahom dusika a organickej hmoty, kde
je pol'nohospodarstvo za danych podmienok nemozné (tzv. cangahua). Na obnovu
degradovanych ploch a prirodzenej vegetacie sa odporuca zalesiiovanie a podpora
trvalych travnych porastov. A v neposlednom rade, na obnovu erodovanej pody na
strmych svahoch je potrebné nahradit’ pestovanie plodin nachylnych na eréziu lesmi.



	In recent years, land use change and land cover (LULC) have been the main risk drivers because they can cause system perturbations and lead to global environmental changes (Anand et al., 2018). LUCC can cause impacts ranging from changes in soil structure (Zhong et al., 2019), agricultural and urban expansion (Pullanikkatil et al., 2016), hydrology (Martínez-Retureta et al., 2020), biodiversity (Hansen et al., 2012) to increased susceptibility to extreme events such as floods, landslides, erosion ( Pisano et al., 2017; Borrelli et al., 2020). Losses of vegetation cover can lead to the formation of soil seals, which causes increased runoff and erosion in the early stages of seal formation (Singer and Le Bissonnais, 1998). The soil seal formation is most common in humid regions by the raindrop effect and by sediment deposition from the infiltration of sediment-laden overland flow (Moss, 1991; Holz et al., 2015). Different models have been developed to calculate the spatial differences in erosion rates, which result mainly from differences in topography and land covers (Wischmeier and Smith, 1978; Skidmore, 1986; Obiahu and Elias, 2020).
	Land use changes affect the intensity of runoff and soil erosion (Ozsahin et al., 2018; Yang and Lu, 2018; Martínez-Retureta et al., 2020). Land cover changes towards more anthropogenic land cover cause changes in soil physical and chemical properties, as well as in the variation of soil erosion rates (Li et al., 2020). Authors such as (Borrelli et al., 2017) found that globally between 2001 and 2012, soil erosion rates increased by about 0.6 million tons per year, which they attributed 80% to the increase in crops. Consequently, the presence of crops implies a direct relationship with increased erosion (Alkharabsheh et al., 2013; Vijith et al., 2018; Devátý et al., 2019; Viteri-Salazar and Toledo, 2020). This background makes the route to save natural vegetation a tool to keep erosion rates under control (Woo et al., 1997; La Manna et al., 2021; Vanacker et al., 2022).
	In Ecuador, erosion is the leading cause of soil degradation (De Noni and Trujillo, 1986a). Anthropogenic factors that increase erosion range from deforestation, intensive soil use, expansion of smallholdings, and poor agricultural technological development (Espinosa, 2014). Agricultural expansion shaped the spatial organization of the country, mainly in the foothills of the Andes, the coastal lowlands of Ecuador, and the Amazon region (Barbieri et al., 2005; Stadel, 2005; Curatola Fernández et al., 2015; Viteri-Salazar and Toledo, 2020). Although agricultural development has led to population growth in Ecuador through colonization and the development of new settlements, it also is one of the causes of biodiversity loss and environmental degradation (Jokisch, 2002; Haro-Carrión and Southworth, 2018). Agricultural expansion, both rainfed and irrigated, towards the foothills of the Andes, in addition to colonization and agricultural expansion into the high Andean zones, has also caused an increase in erosion in these sectors (De Noni and Trujillo, 1986b; Viteri-Salazar and Toledo, 2020). By the 1980s, 60% of the country's area was affected by erosion in the high Andean zones (De Noni and Trujillo, 1986b).
	The Mira River basin is a binational hydrography located between Ecuador and Colombia. The basin is distributed mainly through the high Andean regions. In the upper-middle section, located in the Ecuadorian sector, the population has shown moderate growth, with a projected total of 647,598 inhabitants by 2020 (Instituto Nacional de Estadística y Censos, 2010). The population increase within the watershed, along with economic development, has led to an increase in the demand for resources and changes in the consumption patterns of the inhabitants, generating the growth of various economic activities such as livestock, agriculture, mining, and forestry.
	These activities have been developing in unsustainable management, causing decreased vegetation cover, increased urban and rural areas, and increased exposure to risks such as erosion. (Gonzalez et al., 2018) determined that 22 and 40 tons per hectare are lost annually in the middle-upper section of the Mira River basin. Despite these soil loss rates, there is no evidence of the implementation of soil conservation techniques during and after harvest or pasture management in the watershed (CISPDR, 2016). There is no evidence of a permanent abandonment of rural agricultural sectors and its impact on soil erosion. Consequently, assessing the temporal dynamics of LULC change and its effects on erosion risk allows decision-making for the sustainable use of natural resources and the efficient use of soil covers.
	In this study, the main aim was to determine the effects of land use change on the potential of soil loss in the upper-middle basin of the Mira River in Andean Ecuador. It was aimed firstly to identify and predict the changes in LULC classes over time, secondly to obtain the temporal variation and spatial distribution of soil erosion by utilizing temporal LULC change, and finally to assess the effects of changes in land use on soil erosion. The approach is based on modeling soil erosion and LULC change by applying GIS and remote sensing. RUSLE equation was used to quantify soil erosion rates, and CA-Markov chain analysis was implemented to forecast the LULC change for the 2030 year. The employment of RUSLE and CA-Markov in a mountainous area is a novel contribution of this study in an Ecuadorian Andean region.
	2.1 Study area
	The research is limited to the section upper-middle basin of the Mira River lo-cated in the Ecuador Nor-West Region, between 78°26′44′′ and 77°46′01′′ longitude West and between 0°11′09′′ to 0°52′25′′ of latitude North. The upper-middle basin area is 5320.87 km2 with a varied relief, characterized by valleys and mountains in its highest regions. The relief descends gradually as a hillside until it flows into the Pacific Ocean. The climate is characterized by a mean temperature of 21.7° and a mean annual precipitation of 1152 mm. The annual precipitation varies between 500 mm and 2900 mm (Instituto Nacional de Meteorología e Hidrología, 2005) (Figure 1).
	2.2 Methodology
	Acquisition and image processing
	According to the project, multispectral satellite images of the group of satellites were used by the satellite group Landsat Thematic Mapper (TM) and Sentinel-2. For 1996, 2007, and 2018, the images captured by the Landsat 5 TM (row 10/routes 59 and 60 of the WRS-2) on July 8th, 1996, Landsat 7 ETM (row 10/routes 59 and 60 del WRS-2) on December 6th, 2007, and Sentinel-2B with dates on August 5 and 24th, 2018, were used respectively. In each image, a preprocessing was performed, including geometric, radiometric, and atmospheric corrections. These data were georeferenced to the study area using the reference system WGS84 projecting UTM, zone 17 South. The study area was extracted from the acquired satellite images using the watershed boundary generated. This boundary was generated in a GIS environment. The information used was river data and the space Shuttle Radar Terrain Mission (SRTM) digital elevation model (DEM) product, with a 30 m spatial resolution (http://srtm.csi.cgiar.org/). Due to Sentinel satellite images having a different spatial resolution to images of Landsat, these images were resampled using the nearest resample method to keep the images’ resolution uniformity (Astola et al., 2019).
	Figure 1 Map of the study area
	Field data in 2018 using geospatial positioning system (GPS) records, besides information from Google Earth in 2011 and aerial photographs from 1999 taken by the Military Geographic Institute of Ecuador, were collected to prepare the land use maps using ArcGIS and “Idrissi TerrSet” software. The supervised classification technique, maximum likelihood, was applied to obtain eight land covers: forest, paramo, scrubland, crops, pastures, urban zone, bare soil, and bodies of water. The paramo is a particular ecosystem in the Andean zones of South America, located between the forest line and the perpetual snow. It is generally found at altitudes above 3500 meters above sea level, although it can vary according to latitude and the specific topography of the region (Buytaert et al., 2006). Finally, the classification accuracy assessment was performed for each LULC map by applying the matrix confusion and the corresponding Cohen’s Kappa index using the collected GCPs (Ground Control Points) (Arévalo-Morocho et al., 2023).
	Analysis of the change of LULC and prediction of its future dynamic to 2030
	The CA-Markov model is a hybrid model used to predict and show a better simulation of quantitative and spatial change of the LULC. The hybrid model allows the forecast of changes generated by Markov analysis from observed rates of change in one period (T1 to T2) to the simulation period (T2 to T3) to have a spatial dimension using automata cells (ACs) (Eastman, 2006). The prediction of future LULC dynamics to the 2030 year in the Mira basin was performed by using the software TerrSeT 2020. For this purpose:
	a. It is determined variables and maps suitable based on an evaluation of multiple criteria.
	b. The matrix of transparency and the matrix of the transition state probability are generated using the Markov model.
	c. The LCM (Land Change Modeler) integrated into the TerrSet software was used to predict the future LULC for 2030.
	Suitability maps show the suitability of converting a land use/land cover to another one by each map cell (Figure 2). The suitability maps were developed following the inductive approach, MCE, which consists of converting a set of weighted factors and constraints into maps using fuzzy membership functions (Cabral and Zamyatin, 2009). These maps were elaborated on an empirical basis considering the environmental factors that are significant for land use change or that will generate change restrictions in a region (Eastman, 2006; Eastman and Toledano, 2018) The change factors can be static or dynamic. For the study, the static factors identified were elevation and slope (derivate of DEM-SRTM). The statics variable used the distances to the communication and distance routes to urban areas. The only restric-tive variable was the protected natural areas to keep the coverage of these spaces without changes inside the projection. These protected natural areas are zones that will keep intact over time since being protected by current environmental regulations. Distance is an indicator of accessibility and a critical factor in expanding urban spaces (Leta et al., 2021). As a complement to this last is found the distance to the urban zones because the closer these spaces are, the easier it is to convert coverage close to an urban use (Gharaibeh et al., 2020). The elevation and the slope are topographic factors that affect the change of LULC because of the profit of urban and agricultural zones, which are concentrated mainly on relatively flat slopes, and deforestation decreases with the increasing gradient of slopes (Wang et al., 2021).
	Figure 2 Suitable maps. a) Elevation, b) Slope, c) Distances to the roads of communication, d) Distance to the urban zones, e) Protected natural areas, f) Map of authenticity. Source: National Planning Secretary of Ecuador (2013), own elaboration
	In the second place, the percentages of changes that occurred in LUCL between 1996-2007 and 1996-2018 were determined using the Earth Change Modeler of the software TerrSET 2020. The possible factors causing the change in land use are identified through the test of V of Cramer in TerrSET software. These results are used to generate the matrix of the probability of transition of the classes LULC and the transition potential maps. This pixel transition analysis did not include areas smaller than 100 hectares. In the Land Change Modeler integrated into the TerrSET software, land use coverages for 1996 and 2007 were entered, and the potential transition map for 2018 was simulated using the MLP tool. The LULC 2018 projection was validated with the Ground Control Points taken by the 2018 year. The obtained model was compared with the real data captured, as recommended by Žoncová and Masný (2022). Once the prediction has been validated, the future scenario for 2030 was simulated, using 1996 as time one and 2018 as time two.
	Revised Universal Soil Loss Equation
	Soil water erosion was quantified using the universal soil loss equation (Equation 1), RUSLE (Renard, 1997).
	, (1)
	where A is the annual soil loss (t/ha/year); R is the rainfall erosivity (MJ mm/ ha/year); K is the soil erodibility (t h ha/ ha MJ mm); LS is the topographic factor representing the length and steepness of the slope (dimensionless); C is the cover management (dimensionless), and the P factor represents the conservation practices (dimensionless).
	The erosion factor R measures the effect of rainfall intensity on soil erosion. An average of 20 to 25 years or even longer of data is recommended to calculate the R factor (Wischmeier and Smith, 1978). The R factor was calculated by applying Equation (2) proposed by (Wischmeier and Smith, 1978) and later modified by (Arnoldus, 1980).
	, (2)
	where R (x, y) is the R factor (MJ mm ha-1 h-1 yr-1) in cell size (x, y), pi is monthly precipitation (mm), and p is annual precipitation (mm).
	For the present study, historical precipitation WorldClim records for 1970-2000 years in TIF format were used (Fick and Hijmans, 2017). A statistical downscaling was performed to obtain a raster with a spatial resolution of 30 meters. The predictor variables were latitude and longitude. This process was performed as recommended by (Arias-Muñoz et al., 2023), who found that between the data obtained from the statistical downscaling for the study area and data from the meteorological stations, there is a correlation of R2=0.91, a BIAS=1.03 and a root mean square error RMSE = 219.85 mm.
	The K factor represents the susceptibility to soil erodibility (Wischmeier and Smith, 1978). The following equation was used for the calculation of the K factor.
	, (3)
	where m = (silt (%) + very fine sand (%) *(100 – clay (%)); a is organic matter (%); b is structure code; c is permeability code. The information was obtained from the spatial database of soil texture, organic matter, and permeability at a scale of 1:25,000 developed by the (Military Geographic Institute of Ecuador, 2022), and soil properties were interpreted using the monogram.
	The topographic factor (LS) represents the combined effect of slope steepness (S) and slope length factor (L) on soil loss (Zhang et al., 2017). The LS factor was calculated using LS-Tool software (Zhang et al., 2017) from the 30-meter spatial resolution DEM-SRTM elevation model.
	The cover management factor (C) corresponds to the relationship between soil loss and vegetation types and can be qualitatively classified according to vegetation types (Wischmeier and Smith, 1978). In this study, C factor values for the land cover were allocated according to the determined by (Arias-Muñoz et al., 2023) for the Mira basin (Table 1).
	Table 1 Values of Factor C by land cover
	Source: Own research based on Arias-Muñoz et al. (2023)
	Factor (P) vary between zero (0) and one (1). The first value represents the effective presence of conservation practices, and the second value represents the non-existence of conservation practices (Vijith et al., 2018). Finally, Figure 3 shows the methodology process.
	3.1 Land use change
	The supervised classification of coverage and using the watershed Mira River obtained a Kappa rate of 0.88. Figure 4 presents the LULC maps and their changes in 1996 and 2018 in the upper-middle basin of the Mira River. By 2018, the forest surface of 195367.29 ha had decreased by 20.04% since 1996. The scrublands were reduced even more than the woods, losing 67.36% of their area. On the contrary, bare soils and crops are the most expanded, increasing their extension by 196.54% and 165.21%, respectively. The urban center also is incremented and almost dupli-cates its surface, passing from 2403.71 ha in 1996 to 4607.87 ha in 2018 (Table 2). During this period, other coverage, like pastures and paramos, decreased their surfaces by 13.83% and 2.26%, respectively. However, this decrease is relatively lower than the rest of the coverages. In summary, land cover changes between 1996-2018 in the watershed of Mira River show a clear tendency of profit in anthropic and loss in natural cover.
	Figure 3 Methodology process, own elaboration
	3.2 Prediction of LULC changes based on the CA–Markov model
	Baseline, the model created for the forecast of the changes of LULC of the watershed Mira River, obtained a value of 0.72 of Kappa rate for the model project of 2018 concerning the map generated with satellite images. It is evidenced that the pathway used in this study was valid when carrying out the prediction for the year 2030.
	Figure 4 LULC maps and their changes in 1996 and 2018 in the upper-middle basin of the Mira River. a) map of LUCL of the year 1996, b) LULC of the year 2018, c) transition of the changes of land cover between 1996 and 2018. Source: (Earth Resources Observation and Science Center, 2022), own elaboration
	Table 2 Land use change from 1996 to 2018
	Source: (Earth Resources Observation and Science Center, 2022), own elaboration
	The LULC scenario forecasted for 2030 showed a gain in anthropic coverture and a loss in natural coverage as in 1996-2018 (Table 3, Figure 5). This projection indicates that urban centers and crop areas are the only coverage that will present
	Table 3 Changes in the land cover from 2018 to 2030
	Source: (Earth Resources Observation and Science Center, 2022)
	Figure 5 LULC maps and their projected changes from 2018 to 2030 in the upper-middle basin of the Mira River. a) LULC map of the year 2018, b) LULC of the projected map to the year 2030, c) transition of the land cover changes projected between 2018 and 2030. Source: (Earth Resources Observation and Science Center, 2022), own elaboration
	growth in 2030. The coverage changes in bare soils and the scrublands are minimal compared to 1996-2018. Likewise, the projection for 2018-2030 evidenced a reduction of 20.52% for the paramo, which was higher than the 2.26% observed in 1996-2018. On the contrary, the forest reduction will only be 6.84% compared to the 20.04% observed in 1996-2018.
	3.3 RUSLE Factors
	RUSLE factors determined in this study are presented in Figure 6. The rainfall erosivity (R-factor) values ranged from 208.905 to 1,954.9 MJ mm/h ha year (mean of 550.47 MJ mm/h ha year) (Figure 6a). The soil erodibility (K-factor) values ranged from 0 t ha h/ha MJ mm to 0.11 t ha h/ha MJ mm (Figure 6b). The LS factor values ranged from 0.01 in the flat sectors of the watershed to 67.5 in sectors with slopes higher than the average slope (Figure 6c). The cover management factor (C-factor) present values were in the range of 0 to 1. Generally, the lowest values are present in the western and southwestern parts of the study area, where the pre-sence of forests characterizes the sectors. The highest values are characterized by bare soil. This last cover increases in the middle section of the basin, mainly in the eastern sectors of the city of Ibarra. The C values vary between the years 1996, 2018, and 2030 (Figure 6d-f). Finally, conservation practices were not identified in the basin, so the P-factor was assigned a value of 1.
	3.4 Spatial and temporally soil erosion
	In 1996 the annual average soil erosion was 14.72 t/ha/year, and in 2018 the mean soil loss increased to 32.78 t/ha/year. By 2030, soil erosion will be 41.01 t/ha/year. Figure 7 shows the spatial distribution of soil erosion intensity for each year. The annual average soil erosion rates between 1996 and 2018 increased by 123%, which means a rate of 5.57% per year. In 2030, an increase in erosion of 25% is expected, which means a rate of 2.09% per year since 2018. The maximum erosion rate increased from 802.79 t/ha/year in 1996 to 812.3 t/ha/year in 2018 (Figure 7a-b). By 2030, however, soil erosion will grow to 2590.98 t/ha/year (Figure 7c).
	Contribution of LULC Conversions to Soil Erosion
	Although they are not the cover conversions that occupy more surface area for the year 2018, conversion from forests to crops leads to soil loss with average erosion rates of 119.24 t/ha/year. The major conversions of LULC were 55255.47 ha of pastures and 53339.36 ha of scrubs to crops, losing less soil with a mean of 62.41 t/ha/year and 70.49 t/ha/year, respectively. Other conversions exceed 10 t/ha/year of soil loss, considered the sustainable threshold for erosion in tropical areas. There are land conversions that do not exceed, which means either exits vegetation conservation or the presence of water bodies or urban areas (Figure 8a-g and Table 4).
	Likewise, quantities of soil loss through erosion observed will follow a similar trend to LULC conversions until 2030 (Table 4). For the future, the highest soil erosion rate is expected in the conversion of 40998.55 ha of pastures to crops. In addition, transitions of paramo to crops with 8467.99 ha, and forests to crops with 7696.99 ha, will show a mean erosion rate of 99.90 t/ha/year and 80.45 t/ha/year, respectively (Table 4 and Figure 9a-g). While in the future, areas that either will convert to urban or will pass from one will keep mean soil erosion lower by 10/ha/year, as will areas that will revert to paramo.
	Figure 6 RUSLE Factors. a) R-factor, b) K-Factor, c) LS-Factor, d) C-Factor by 1996, e) C-Factor by 2018, f) C-Factor by 2030. Source: (Earth Resources Observation and Science Center, 2022), Military Geographic Institute of Ecuador (2022), Fick and Hijmans, (2017), Zhang et al. (2017), own elaboration
	Figure 7 Soil erosion a) 1996, b) 2018, c) 2030. Source: Own elaboration in base of Rusle Equation (Renard, 1997)
	4 DISCUSSION
	In this research, we examined soil erosion in the Mira watershed using the RUSLE model in a GIS environment. The study showed that the spatial distribution of rainfall- erosivity in the watershed was consistent with the amount of precipitation received per sector. The consensus is that precipitation is the principal climatic agent in erosive processes since the main conditioning factors are soil cover and surface flow (Mulligan, 1998). Erodibility in the watershed presents a range between 0 to 0.11 t/ha/MJ-1mm-1 ha-1, a variation very similar to that found in other mountain watersheds in Andes Mountains (Ochoa-Cueva et al., 2015; Correa et al., 2016). Erodibility is severe when it presents values higher than 0.10 t ha h/ha MJ mm (Ramírez et al., 2009). The zones with severe erodibility found present silty soils (0.05-0.002 mm), clay loam (< 0.002 mm), and on average, 3% organic matter. (Evans, 1980) mentions that soils with less than 3.5% organic matter are considered erodible, and (Kumar and Kushwaha, 2013) notes that soil erodibility increases as soil texture becomes finer. Therefore, soils are very vulnerable to erosion in heavy runoff because they have low infiltration and stability (Kogo et al., 2020).
	The erosion ranges between 1996 and 2018 found in the watershed, ranging from 0 to a maximum of 812.30 t/ha/year, are higher compared to other parts of the world. Even the expected maximum erosion rate of 2580.90 will exceed the current maximum rates in other regions. In China, soil erosion varies between 0.1-360 ton/ha/year; in the USA, it varies between 0.03-170 ton/ha/year; in India, it varies
	Table 4 Soil erosion under different under different LULC conversion categories
	Source: Own elaboration in base of Rusle Equation (Renard, 1997) and information from (Earth Resources Observation and Science Center, 2022)
	between 0.5-185 ton/ha/year; in Australia, it varies between 0-150 ton/ha/year (Morgan, 2009) and in Europe, it is lower by varying between 0.5 and 325 ton/ha/year (Maetens et al., 2012). In Africa, erosion has also been estimated to be lower by fluctuating between 10.8 and 146 tons/ha/year (Stocking, 1984). The erosion found is also very different from other mountainous areas. In the case of Nepal, the soil erosion rate ranges between 0.5 and 185 tons/ha/year (Koirala et al., 2019), and the Sierra de Manantlán Biosphere Reserve in Mexico fluctuates between 0 and 100 tons/ha/ha/year (Millward and Mersey, 1999). In the Andes, erosion varies similarly.
	Soil erosion rates range from 0.5 to 836 t/ha/year in the central Ecuadorian Andes (Harden, 1988), 1.5 -936 t/ha/year in the Andes south of Ecuador (Ochoa-Cueva et al., 2015) and 514-873.3 t/ha/year in bare soil in the Colombian Andes (Suárez de Castro and Rodríguez Grandas, 1962). This trend of leading soil loss worldwide will be maintained in the future. The maximum rate will reach 2580.98 t/ha/year, like the 2021 t/ha/year found by Ochoa-Cueva et al. (2015) in the Andes of Southern Ecuador.
	The highest soil erosion rates are concentrated in the basin hills in zones with high slope lengths and steepness of more than 60°, coupled with low vegetation cover. The data demonstrated that low vegetation cover is generated by increasing deforestation, agricultural and livestock activities, and urban expansion. In addition, these zones receive higher rainfall, with mean values of more than 1000 mm. In humid tropics, the influence of cover vegetation on erosion rates reduces when annual precipitation exceeds ~2,000 mm (Avwunudiogba and Hudson, 2014). Therefore, the main determinants of erosion in Andean watersheds are first the soil cover and then the slope, as concluded by authors as (Harden, 1988).
	The results revealed that soil erosion was highest in cropland and bare soils compared to paramos and forests. The reason is a cause from 1996 until 2018, farming lands and bare soils increased. During these years, 59% of the agricultural areas and 64% of the bare soils increased in areas with slopes greater than 12°. It means the expansion of human activities and degraded zones does not occur in flat zones, and continuous cultivation of lands for crop production leads to the degradation of soils. The loss of natural cover reduces the organic matter content, which affects soil stability (Barbera et al., 2012). The forest, paramo, scrub, and pasture areas are also susceptible to soil erosion, but the rate of erosion in these areas is lower than in crops and bare soils due to better soil cover.
	The advance of crops to higher altitudes in Andean is caused by new flow channels that more easily transport soil particles downhill were shaped. Additionally, the presence of fallow due to cultural practices, according to (CISPDR, 2016), in the Andean basin each year reaches 30% of the total sowing area does not generate plant succession in fallow or abandoned lands, which does not reduce erosion (Harden, 2001). Another problem is overgrazing, even above 3,000 meters above sea level (m a.s.l.). According to Harden (1988) when the Andean slope soils are transformed into bare soils because of overgrazing and agricultural advancement, they become more vulnerable to wind and water erosion. In addition, the trails and unpaved roads interconnecting rural communities form runoff channels transporting sediment (Harden, 2001).
	The transformation of land cover accelerated agricultural frontier expansion in the watershed. By 2030, agricultural areas will expect an increase of 16.91%. In Ecuador's inter-Andean region, it is common for agricultural expansion to occur in areas with steep slopes, increasing soil erosion and the formation of cangahua-type soils (Espinosa, 2014; Hidrobo et al., 2015). Cangahua is a soil matrix with low nitrogen and organic matter content where agriculture is impossible (Zebrowski and Vicuña, 1997).
	Therefore, reducing deforestation and regulating overgrazing is necessary because these activities pave the way for advancing the agricultural frontier and increasing erosion rates. Restoration of degraded areas is another activity that will reduce soil losses. In addition, implementing appropriate tillage practices that include terraces, contour cropping, row cropping, and agroforestry practices became necessary. Evidence shows that undisturbed vegetation cover significantly retards laminar erosion and that reforestation in degraded pastures controls erosion and prevents loss of organic matter (Woo et al., 1997; La Manna et al., 2021). In the Andean region has been demonstrated that when natural vegetation is conserved and prevented from being replaced by crops, there is a positive effect on soil quality because more organic carbon is stored (Vanacker et al., 2022).
	In the upper-middle basin of the Mira River, the projected land use changes between 2018-2030 will present a trend like those observed between 1996-2018. There is evidence of a decrease in natural cover, especially of forests and pastures, compared to an increase in anthropic covers, such as crop areas and urban areas. The conversion of different covers to bare soil is a dangerous trend, due to achieved 185% between the years 1996-2018. The study findings show widespread soil erosion of low to high values when existing land cover conversions, especially from natural to anthropic covers and bare soil. The effect of bare soil and crops causes increased current and future erosion. Between 1996 and 2018, the conversion from forests to crops leads to soil loss with average erosion rates, following from scrubs to bare soil and forest to bare soil. Between 2018 and 2030, the probable conversion from pastures to crops leads to soil loss, following from paramo to bare soil and scrubs to crops. These soil loss rates are unsustainable and by far greater than >10 t/ha/year, considered the sustainable threshold. However, land covers such as paramo and forests are the least prone to these losses. The other dominant causes of soil erosion in the basin are the presence of steep slopes and high precipitation. The highest soil erosion, concentrated in zones with low vegetation cover, are in the basin hills with high slope lengths and steepness of more than 60° and precipitation with mean values of more than 1000 mm. Although precipitation triggers erosion, mountain geomorphology relegates its role to the background because the main factors that generate these erosion rates in the basin are soil cover and slope. These territory conditions and land use change generate the annual average soil erosion passed from 14.72 t/ha/year to 32.78 t/ha/year and will probably achieve 41.01 t/ha/year by 2030. At the same time, the maximum soil erosion loss passed from 802.79 t/ha/year in 1996 to 812.3 t/ha/year in 2018, and by 2030 will probably increase to 2590.98 t/ha/year. These values are among the highest in the world and make the Andean basin one of the regions that lose and will lose the most soil on the planet. Therefore, it is necessary to limit deforestation and advance the agricultural frontier towards the upper areas of the watershed, mainly along steep slopes, to avoid an increase in erosion rates in the region. Restoring areas with scarce vegetation cover and integrating soil conservation measures with agricultural and grazing activities is necessary. Some measures for preventing soil erosion include the following conservation tillage practices, water conservation and management, and restoration of vegetation cover. The recommended tillage practices are strip cropping, contour cropping, and terraces on sloping areas. Grazing regulation in high altitudes is necessary to avoid increased soil erosion by overgrazing. Deep tillage and soil amendments are recommended as measures for the cangahua restoration. Afforestation and grass cover are recommended to recover degraded areas and natural vegetation. Finally, to recover eroded soil on steep slopes, suggest the program “grain for green” that replaces eroded crops on steep slopes by forests.

